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Enzymatic Degradation of Lactose in Milk

Acidophilic p-Galactosidase from Aspergillus niger AHU7120 with Lactose
Hydrolytic Activity Under Simulated Gastric Conditions
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Acidophilic B-galactosidase is a useful enzyme as digestive supplement used to
alleviate symptoms of lactose intolerance. Aspergilli are the source of several
acidophilic B-galactosidases that retain enzymatic activity under gastric conditions. In
this study, we investigated the extracellular acidophilic B-galactosidase activity of six
Aspergillus niger strains, AHU7104, AHU7120, AHU7217, AHU7294, AHU7295,
and AHU7296; A. niger AHU7120 was selected as an enzyme source. 3-Galactosidase
from A. niger AHU7120 (AnBGal) was purified from culture supernatant. Its
N-terminal sequence was identical to that of An01g12150, which belongs to the
glycoside hydrolase family 35, from A. niger CBS 513.88. The DNA sequence of
AnBGal was identical to An01g12150. Recombinant AnBGal (rAnBGal) harboring
yeast a-factor signal sequence was expressed in Pichia pastoris, and 21.9 mg of
purified rAnBGal with 129 U/mg of enzyme activity was isolated from 200 mL of
culture supernatant. Native and recombinant AnBGal enzymes showed similar pH
optima, pH stability, and kinetics for p-nitrophenyl p-D-galactopyranoside and lactose;
rAnBGal showed slightly lower thermal stability than the native enzyme. Lactose in
milk was rapidly degraded by rAnBGal at higher pH values (range, 2.0-3.5), consistent
with the pH optimum of AnBGal. We estimated that 3.5 uM AnBGal may degrade
>66% of lactose before gastric half-emptying of ingested milk. These data indicate that

AnBGal may help alleviate symptoms of lactose intolerance.

Key words: g-galactosidase, lactose intolerance, Aspergillus niger, milk, lactose
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Lactose is a disaccharide found in the milk of mammals. In vivo, lactose is
hydrolyzed to D-glucose and D-galactose by intestinal lactase (lactase-phlorizin
hydrolase [LPH]), a B-galactosidase expressed exclusively on the brush border of small
intestine epithelial cells. Lactase activity is high during the newborn period when milk
is the sole nutrient, but declines markedly after weaning to a low adult level. As a
consequence of this natural decline in enzyme level, some human adults may present
with LPH deficiency.” In these individuals, ingestion of lactose causes mild to severe
gastrointestinal symptoms, including abdominal pain, diarrhea, and flatulence.?
Deficiency of LPH may result in insufficient consumption of milk and other lactose
containing products.

B-Galactosidases originating from microorganisms such as bacteria and fungi have
been widely used to hydrolyze lactose in milk and related products. These enzymes
render dairy products consumable for lactose-intolerant individuals. In fact, digestive
supplementation with B-galactosidase may alleviate symptoms of lactose intolerance.
Acidophilic B-galactosidases are especially beneficial as they are active under gastric
conditions. Several acidophilic enzymes have been isolated from Aspergilli.>®
O’Connell and Walsh showed that -galactosidases from Aspergillus carbonarius
ATCC6276 and Aspergillus niger van Tiegh retain their activity under gastric
conditions, and that these enzymes are useful for digestive supplementation;*® lactose
hydrolytic activity of A. niger van Tiegh B-galactosidase was demonstrated under
simulated gastric conditions.®’ However, degradation of lactose in milk with these
enzymes have not been fully investigated. In this study, we screened acidophilic
[-galactosidases from six Aspergillus niger strains to develop an enzyme supplement

ingested with milk and related products. We selected one strain and investigated the
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characteristics of its B-galactosidase and degradation of lactose in milk with this

enzyme.

MATERIALS AND METHODS

Fungal strains and media.  Six A. niger strains, AHU7104, AHU7120, AHU7217,
AHU7294, AHU7295, and AHU7296, were supplied by the Japan Society for Culture
Collection (Gifu, Japan). Potato dextrose medium (Becton Dickinson, Sparks, MD,
USA) was used for preculture of each A. niger strain. Wheat bran medium, prepared by
suspending wheat bran in water, was used for production of extracellular

B-galactosidase. Wheat bran was a gift from Showa Sangyo Co., Ltd (Tokyo, Japan).

Screening for a source of acidophilic #-galactosidase. Each A. niger strain was
cultured in 50 mL of potato dextrose broth at 30°C for 4 d. The culture medium (0.5
mL) was inoculated with 17.5 g of wheat bran medium (15% wheat bran) and
incubated with occasional mixing at 30°C for 5 d. Resulting wheat bran was suspended
in 10 mL of water, and supernatant was collected as extracellular enzymes by
centrifugation (14,000xg, 4°C, 20 min). B-Galactosidase enzyme activity of the

extracts was measured.

Purification of AnBGal. AnBGal was produced by cultivation of A. niger AHU7120
in 600 mL of 7.5% wheat bran medium at 30°C for 5 d. Following filtration through
gauze and successive centrifugation (14,000xg, 4°C, 20 min), culture supernatant was
dialyzed against 10 mM sodium phosphate buffer (pH 6.3). Sample was applied to a Q
Sepharose Fast Flow column (column size, 2.5 cm 1.D. x 32 cm; GE Healthcare,

Uppsala, Sweden) equilibrated with 10 mM sodium phosphate buffer (pH 6.3). After
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washing with the same buffer, adsorbed protein was eluted with a linear gradient of
NaCl (0 to 0.5 M; total elution volume, 1 L). Active fractions were pooled,
concentrated to 4 mL using a Vivaspin 20 (nominal molecular weight limit 30,000;
Sartorius, Gottingen, Germany), and subjected to Sephacryl S-100 HR column
chromatography (GE Healthcare) under the following conditions: column size, 1.6 cm
I.D. x 60 cm; buffer, 10 mM sodium phosphate buffer (pH 6.3) containing 0.1 M
NaCl; flow rate, 0.2 mL/min. Active fractions were applied to a Resource Q column (1
mL; GE Healthcare) equilibrated with 10 mM sodium phosphate buffer (pH 6.7).
Adsorbed protein was eluted with a pH gradient (range, pH 6.7 to 3.4; 10 mM sodium
acetate buffer [pH 3.4] was used for acidic buffer). Total elution volume was 30 mL.

Highly purified fractions, confirmed by SDS-PAGE, were used in further analyses.

N-terminal sequence analysis of AnBGal. Purified AnBGal (1.6 ug) was separated
by SDS-PAGE and transferred to a polyvinylidene difluoride membrane by
electroblotting in a semidry blotting apparatus. The AnBGal band was excised from
the membrane and subjected to N-terminal sequence analysis with a Procise 492

protein sequencer (Perkin Elmer, Waltham, MA, USA).

Construction of AnBGal expression plasmid. AnBGal was amplified by polymerase
chain reaction (PCR) using Primestar HS DNA polymerase (Takara Bio, Otsu, Japan),
A. niger AHU7120 genomic DNA as template, and the following primers:
5-ATGAAGCTTTCCTCCGCTTGTGCTA-3' (sense) and
5-CTAGTATGCACCCTTCCGCTTCTTG-3' (antisense). Amplified DNA fragments
were cloned into the EcoRYV site of the pBluescript 1l SK (+) vector (Stratagene, La

Jolla, CA, USA) and sequenced with an Applied Biosystems 3130 Genetic Analyzer
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(Life Technologies, Carlsbad, CA). Plasmid DNA was used as the template for
amplification of each exon of AnBGal. The exons amplified were connected by overlap
extension PCR,” cloned into the ECoRV site of pBluescript 11 SK (+), and used for
construction of an expression plasmid. DNA fragments encoding mature AnBGal
(Glu40-Tyr1007) were cloned into Kpnl and Xbal sites of the pPICZaA vector
(Invitrogen, Carlsbad, CA, USA). The following primers were used to amplify a partial
DNA sequence of AnBGal: 5-AAAAAGGTACCGAACTGTTGCAGAAATACG-3'
(sense, Kpnl site underlined) and
5-AAATCTAGACTAGTATGCACCCTTCCGCTT-3' (antisense, Xbal site

underlined).

Production and purification of recombinant AnBGal (rAnBGal). The expression
plasmid of AnBGal was linearized by Sacl digestion and introduced into Pichia
pastoris X-33 by electroporation in a Gene Pulser (Bio-Rad, Richmond, CA). Four
colonies grown on a YPDSZ plate (10 mg/mL yeast extract, 20 mg/mL peptone, 20
mg/mL D-glucose, 1 M sorbitol, 20 mg/mL agar, and 100 ug/mL zeocin) were selected.
Transformed yeast cells were cultured in 10 mL of BMGY medium (10 mg/mL yeast
extract, 20 mg/mL peptone, 13.4 mg/mL yeast nitrogen base, 4 pg/mL D-biotin, 10
mg/mL glycerol, and 0.1 M potassium phosphate buffer, pH 6.0) at 30°C for 24 h,
harvested by centrifugation (400xg, 4°C, 2 min), resuspended in 10 mL of BMMY
medium (10 mg/mL glycerol in BMGY was changed to 0.5% methanol), and cultured
at 30°C for 96 h to induce expression of the recombinant enzyme. Protein production
was maintained by the addition of methanol at a final concentration of 0.5% every 24 h.
Enzyme activity of the culture supernatant was measured by p-galactosidase enzyme

activity assay. The transformant with the highest activity was chosen for large scale
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production of rAnBGal.

The P. pastoris transformant selected was cultured in 200 mL of BMGY medium
at 30°C for 24 h. Subsequently, yeast cells were transferred to 200 mL of BMMY
medium supplemented with 5 mM EDTA and incubated with vigorous shaking at 20°C
for 96 h. The culture supernatant was harvested by centrifugation (4200xg, 4°C, 10
min), and solid ammonium sulfate was added up to 90% saturation. After incubation at
4°C for 24 h, precipitated protein was collected by centrifugation (31,000xg, 4°C, 10
min). The precipitate was dissolved in 50 mL of 10 mM sodium phosphate buffer (pH
6.3), and the solution was dialyzed against the same buffer. A sample was applied to a
DEAE Sepharose CL-6B column (column size, 2.5 cm I.D. x 26 cm; Amersham
Biosciences, Uppsala, Sweden) equilibrated with 10 mM sodium phosphate buffer (pH
6.3). Non-adsorbed protein was eluted with the same buffer, and adsorbed protein was
eluted with a linear gradient of NaCl (0 to 0.5 M; total elution volume, 0.5 L). Active
fractions were pooled, concentrated to 7 mL as previously described, and applied to a
Sephacryl S-300 HR column (column size, 1.6 cm I.D. x 60 cm; GE Healthcare)
equilibrated with 10 mM sodium phosphate buffer (pH 6.3) containing 0.1 M NaCl.
Highly purified fractions were dialyzed against 10 mM sodium phosphate buffer (pH

6.3).

Protein assay. The protein concentration of the A. niger AHU7120 culture
supernatant was determined by the Bradford method® using bovine serum albumin
(Nakalai Tesque, Kyoto, Japan) as the standard. Protein concentrations of column
chromatography fractions were determined by UV (absorbance at 280 nm),” assuming
an extinction coefficient of 1 mg/mL of protein is equal to 1.00. Purified enzyme

concentrations were determined assuming an extinction coefficient of 1 mg/mL of
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enzyme is equal to 1.98. This value was calculated based on the amino acid
concentrations that resulted from complete acid hydrolysis of purified rAnBGal.
Amino acid concentrations were measured by the ninhydrin colorimetric method using

JLC-500/V (JEOL, Tokyo, Japan).*?

p-Galactosidase enzyme activity assay. A reaction mixture (100 uL) containing
enzyme, 4 mM p-nitrophenyl B-D-galactopyranoside (pNPGal; Nacalai Tesque), and
40 mM sodium acetate buffer (pH 3.7) was incubated at 37°C for 10 min. The enzyme
reaction was terminated by the addition of 200 pL of Na,COs. The concentration of
p-nitrophenol was determined from absorbance at 400 nm; 1 U enzyme activity was
defined as the amount of enzyme that produces 1 umol of p-nitrophenol from pNPGal

in 1 min under these conditions.

pH optima and pH and temperature stability. pH optima were determined by
measuring enzyme activities at different pH values. Reaction pH was adjusted with
100 mM Britton-Robinson buffer (pH 2.3-6.2). For pH stability, 20 puL of enzyme
solution was incubated over a range of pH values at 4°C for 24 h. The pH was adjusted
with 100 mM Britton-Robinson buffer for pH 2.3-11.1 and KCI-HCI buffer for pH 1.5.
For temperature stability, 60 puL of mixture containing enzyme and 67 mM sodium
acetate buffer (pH 3.7) were incubated at 30—75°C for 15 min. The enzyme was

considered stable when it retained more than 95% of its initial activity.

Kinetic parameters. Reaction velocities with 10— 200 mM lactose (Nacalai Tesque) or
0.4-4 mM pNPGal as substrate were measured using the p-galactosidase enzyme

activity assay. Results were fitted to the Michaelis-Menten equation using the Grafit
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version 7.0.2 program (Erithacus Software, East Grinstead, UK). The reaction with
lactose was terminated by the addition of 200 pL of 2 M Tris-HCI buffer (pH 7.0). The
concentration of D-glucose was measured with the Glucose CII Test (Wako Pure

Chemical Industries, Osaka, Japan).

Degradation of lactose under gastric conditions. The pH of 200 uL of commercial
ultra high temperature sterilized milk was adjusted to 2.0-3.5 with 6 M HCI. The
sample was mixed with 20 uL of 35 uM rAnBGal and incubated at 37°C for 2 h. Forty
uL of the reaction mixture were heated at 100°C for 5 min to terminate the reaction.
The mixture was diluted 5-fold with water and centrifuged (13,000xg, 4°C, 10 min) to
obtain the supernatant. The sample was desalted with Amberlite MB4 (Roam and Haas,
Philadelphia, PA). One uL was subjected to thin layer chromatography with a
developing solvent of 2-propanol/1-butanol/water (2:2:1, v/v/v). The chromatogram
was visualized with a detection reagent (acetic acid/sulfuric acid/anisaldehyde, 100:2:1,
v/viv) and heating at 120°C.

The degradation rate of lactose was measured. A reaction mixture (0.2 mL)
containing 3.5 uM rAnBGal, 0.1 M sodium acetate buffer (pH 3.5), and 50 mg/mL
(146 mM) of lactose was incubated at 37°C for 2 h. Ten uL of the reaction mixture
were mixed with 490 pL of water and heated at 100°C for 5 min. The concentration of

D-glucose was measured as described above.

RESULTS AND DISCUSSION
Purification and gene cloning of AnBGal.
Six A. niger strains were cultured in wheat bran medium, and extracellular

[-galactosidase activities were compared (Table 1). A. niger AHU7120 produced the
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highest p-galactosidase activity and was selected as the source of enzyme for further
investigations; 114 U of enzyme activity was obtained from the supernatant of 600 mL
of culture broth. AnBGal (96.4 ug) with enzyme activity of 140 U/mg was purified by
Q Sepharose, Sephacryl S-100, and Resource Q column chromatography (Table 2).
SDS-PAGE analysis of purified AnBGal revealed a single band of 142 kDa (Fig. 1A).
The N-terminal amino acid sequence of AnBGal was
Glu-Leu-Leu-GIn-Lys-Tyr-Val-Thr-Trp-Asp-Asp-Lys. This is identical to a putative
[-galactosidase (An01g12150), belonging to the glycoside hydrolase family 35, from A.
niger CBS 513.88. AnBGal was amplified by PCR using genomic DNA of A. niger
AHU7120 as the template. The DNA fragment of interest included 8 introns, and the
sequence was identical to An01g12150 of A. niger CBS 513.88. Sequencing analysis of
the tryptic peptide of the extracellular B-galactosidase isolated by O’Connell and
Walsh from A. niger van Tiegh indicated that this enzyme is also encoded by the gene

corresponding to An01g12150 of A. niger CBS 513.88.9

Production and purification of rAnBGal.

As the yield of acidophilic B-galactosidase from the culture supernatant of A. niger
AHU7120 is low, we expressed sufficient rAnBGal to examine the availability of
AnBGal for lactose degradation under gastric conditions. The enzyme activity of the
culture supernatant of P. pastoris expressing rAnBGal harboring the yeast a-factor
signal sequence was 12.2 + 2.5 U/mL (four transformants were analyzed).

For large scale production of rAnBGal, induction culture was carried out at 20°C in
the presence of 5 mM EDTA to enhance expression of recombinant enzyme as
previously described;™ 6,440 U of rAnBGal were obtained (32.2 U/mL) from 200 mL

of culture supernatant. The concentration of rAnBGal in the culture broth was

10
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estimated at 0.25 mg/mL according to the specific activity of the purified enzyme. The
recombinant enzyme was purified by ammonium sulfate precipitation (90% saturation),
DEAE Sepharose CL-6B, and Sephacryl S-300 HR column chromatography, yielding
21.9 mg of purified rAnBGal with an activity of 129 U/mg (Table 3). The specific
activity of rAnBGal was close to that of the native enzyme. In contrast to the native
enzyme, purified rAnBGal showed a broad band on SDS-PAGE (Fig. 1B). Dragosits et
al. reported that this smear band results from heterogeneous N-glycosylation of

recombinant protein.*?

Comparison of enzymatic properties of native and recombinant AnBGal.

Only limited publication data are available for comparisons of the characteristics of
native and recombinant AnBGals. Therefore, we compared the enzymatic properties of
native and recombinant AnBGals (Table 4). The pH optima, pH stability, and kinetic
parameters for pNPGal and lactose were similar for the two enzymes. Thermal stability
of rAnBGal was slightly lower than the native enzyme; the reason for the lower
thermostability of rAnBGal remains unclear. The K, for lactose was 56-fold higher
than for pNPGal. However, as the lactose concentration of milk is approximately 5%
(146 mM) and 2-fold higher than the K, for lactose, our data suggest that AnBGal can

rapidly degrade lactose in milk.

Degradation of lactose with rAnBGal under gastric conditions.

Commercial milk was incubated at pH 2.0-3.5 in the presence of rAnBGal, and the
digestion of lactose was monitored (Fig. 2A). Lactose in milk was more rapidly
degraded at pH 3.5 than pH 2.0. These observations are consistent with the pH profile

of rAnBGal and indicate that rAnBGal will effectively degrade lactose in the stomach,

11
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as gastric pH remains around 3 for 3 h following the ingestion of milk.*® Hydrolysis of
50 mg/mL of lactose, a concentration similar to that of milk, was monitored at pH 3.5
(Fig. 2B). 66% of lactose was degraded at 15 min, and the degradation rate reached
90% at 2 h. Gastric half-emptying time for milk is 25 min, and >90% of ingested milk
is emptied from the stomach at 2 h following ingestion.*” Taken together, these
observations suggest that AnBGal may degrade more than 66% of lactose before
gastric half-emptying of ingested milk. These data indicate that AnBGal may help
alleviate symptoms of lactose intolerance, and this enzyme may be useful for an

enzyme supplement to degrade lactose in the gastric condition.
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Fig. 1. SDS-PAGE analysis of purified native and recombinant AnBGals.
A, Native AnBGal (0.5 png). B, rAnBGal (2 ng). Molecular masses of standard
proteins are indicated on the left. The proteins were visualized using Coomassie

Brilliant Blue.

Fig. 2. Digestion of lactose in milk with rAnBGal.

A, TLC analysis. Lactose in milk was digested with rAnBGal at various pH values.

Reaction time (min) is shown below the figure. B, Time course of lactose hydrolysis.
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Table 1. Comparison of A. niger extracellular B-galactosidase activities

Strain Activity (U/mL)?
AHU7104 0.442
AHU7120 0.764
AHU7217 0.455
AHU7294 0.282
AHU7295 0.279
AHU7296 0.375

Activity of extract from wheat bran medium after culture at 30°C for 5 d.



Table 2. Purification of AnBGal

Procedure Activity Protein Specific activity  Yield Purification
(V) (mg) (U/mg) (%) (-fold)

Culture supernatant 114 44.1° 2.59 100 1

Q Sepharose 69.0 30.9° 2.23 60.5 0.86

Sephacryl S-100 18.0 0.988" 18.2 15.8 7.0

Resource Q 13.5 0.0964° 140 11.8 54

Determined by the Bradford method. "Determined by the UV method, assuming the extinction
coefficient of 1 mg/mL of protein was 1.00. “Calculated assuming the extinction coefficient of 1
mg/mL of purified AnBGal was1.98.



Table 3. Purification of rAnBGal

Procedure Activity Protein Specific activity  Yield Purification
(V) (mg) (U/mg) (%) (-fold)

Culture supernatant 6,440 3580 1.80 100 1
Ammonium sulfate

o . 5,450 850 6.41 84.6 3.56
precipitation (90% saturation)
DEAE Sepharose CL-6B 3,610 83.2 43.4 56.1 24.1
Sephacryl S-300 HR 2,830 21.9% 129 43.9 71.7

*This value was determined as 1.98 based on an extinction coefficient of 1 mg/mL of purified AnBGal.
Other values were calculated assuming the extinction coefficient of 1 mg/mL of protein was 1.00.



Table 4. Comparison of enzymatic properties of native and
recombinant AnBGals.

Native Recombinant

Optimum pH 3.7 3.7
pH stability? 2.3-8.9 2.3-8.9
Heat stability” <65°C <60°C
PNPGal ke (5) 394+4 418 +1

Km (MM) 1.33+0.03  1.29+0.02

keatKm (5"mM™) 296 324
Lactose  keat (5™) 556 + 32 515+ 9

Km (MM) 745+93 72.0+3.9

keat/Km (5TmM™) 7.46 7.15

“pH treatment was carried out at 4°C for 24 h. "Heat treatment
was done at pH 3.7 for 15 min.



Fig. 1., Saburi et al.
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