539.7523
1890
HEM

A Thesis
entitled

STUDIES ON BETA - GAiACTOSIDASE FROM BACILLUS CIRCULANS,
MODIFIED BY GLUTARALDEHYDE

Pregented by

Mr. Hemendra Nath Mondal

In partial fulfillment of the requirements for the degree
~of MASTER COF PHILOSOPHY in CHEMISTRY

DEPARTMENT OF CHEMISTRY,
BANGLADESH UNIVERSITY OF
ENGINBERING AND TECHNOLOGY,
DHAKA.

EXAMINATION
ROLL KO.8703F

JANUARY, 1990



THESIS APPROVAL SHEET

The thesis entitled "STUDIES ON BETA-GALACTOSIDASE
FROM BACILLUS CIRCULANS, MODIFIED BY GLUTARALDEHYDE"
submitted by Mr. Hemendra Nath Mondal, has been
unanimously approved for the degree of MASTER OF
PHILOSOPHY :

Examiners s M Kﬂ))?’fﬂ,.w/ﬁéa‘/t

1.. Professor Kasimuddin

2. Dr. Nazrul Isleam k:%\/b@’/

Supervisors

1. Professor Enamul Hug 2}\ Mﬁ/ \H’\S\\_)

2. Professor S.A.M, Khairul Bashar O%ﬁ/\/

Chairman

Professor Enamul Hug | é“"”""}' \{’(’M}\(_g

I NTAR AT
#76490#




ACKINOWLEDGEMENT

I express my deepesé\fense of gratidug end heartfelt thanks to
professor Enamul Huq,'Head,'Department of Chemistry, BE.U.E.T.,
end Professor S.A.M. Khairul Bashar, Department of Biochemistry
and Director, Center for Advanced Stqdie§ and Resesrch in
Biological Sciences, University of Dhaka, for their painstaking
and affectionate guidance throughout the whole period of thé
research work. Tbeif inspiriﬁg guidance and encouragement in a;l

phasesof work have made this dissertation possible.

I am greatly indebted to Dr. Zahid Mozeffar, Institute of Life
Science, J.U. for his veluable suggestions and, providing me with

&all possible help as and when required.

I am grateful to professor Rafiqur Rahman, Chairmen, Department

of Biochemisfry, D.U. for allowing me necéessary facilities for the

research work,

I acknowledge the help and co-operation received from my friend
Saleh Mahmood, Lecturer, Department of Biochemistry, D.U. all
through this work.

Grateful thanks are also due to the teachers of the department for

their sympathy and co-operation.

I would like to thank Mr. Mukesh Chandra Das for typing the

thesis within a short period of time.



LIST OF TABLES

LIST OF FIGURES

ABBREVIATIONS

ABSTRACT

CONTENTS

I. INTRODUCTION

II. AIM OF THE INVESTIGATION

III. MATERIALS AND METHODS

A. Materiagls

B. lMethods

1.0, Estimation of protein

2.0, Purificeation of
/A-galactosldase

2.1, Gel filtration using
Sephadex G-150

2.2, Chromatography on
QALE-Sephadex A~50
anion exchemger

2. 3. Isoelectric focusing by
polybuffer exchenger PBE 94

2.4, -Fractionation with
ammonium sulfate

2.5, Dialysis

10

11

12
12

13

14

14

16

16

I}



Ceb.

2. 7-

2.8,

3.0

301.

4. O.

4.1,

5.0,

5.1.

e

Tels

II

3DS~polyacrylamide gel
electrophoresis

Affinity chromatography by
Octyl-Sepharose CL-4B

Preparative polyacrylamide gel
electrophoresis

Assay of /7-D-galactosidase
ectivity

Stability experiment
Determination of molecular weight

Gel filtration using Sephadex
G-200 '

fnalysis of saccharides

Preparation of standard
ocligosaccharides

Preparation of trensition
metal activated inorganic support

Preparation of immobilized enzymes

Assay of immobilized
[A-gelactosidase activity

Flution of saccharides from
immobilized enzyme colum

Modification of /f-galactosidases
with glutareldehyde

Measurement of Km value

21
21

25
26

27

27
28

30

31

32
33
33

34

35



IV. RESULTS
| 1.0.
1.1,

1.2.

201.

3.0,

V. DISCUSSIONS -

VI, BIBLIOGRAPHY

IiT

Purificatian of A-gelactosidases ...
Homogeneity of the enzyme .

Determination of molecular
weight of the enz yme .

Effect of pH on the enzyme
activity .

Effect of temperature on the
enzyme activity -

Thermal stability of the enzyme e

Effect of metal ions end reagents
on the enzyme activity .

Kinetics of the enzyme cae

Course of hydrolysis of
lactose by the enzyme -

Immobilization of
/3-galactosidase-1 ve

Modification of
/A-galactosidase~1

Immobilization of
fA-gelactosidase-2 _ voe

Modification of

/fA-galactosidase~2 ' .o

Page

36
37
41

45
45

52

52
59
68
74
78
83
83

95

110



Iv

LIST OF TABLES

I. Partial purification of
/I-galactosidase from Bacillus
circuleans

II. Effects of metal ions and
group~ specific reagents on
activity of /?-gelactosidages
from B, circulsans

III. Kinetic properties of
f-galactosidase-1 and
/A-gelactosidase-2 from
B, circulens. :

Pege

38

60

61



1.

2.

9.

10.

1.

LIST OF FIGURES

Isoelectric focusing of
/[A-gelactosidase from B, circulsns

Polyacrylamide gel electrophoresis of
eight sub-fractions of /A-galactosidase
eluted by polybuffer exchanger PBE 94

/A~Galactosidase activities of eight
sub-fractions eluted by polybuffer
exchanger PBE 94

Polyacrylamide gel electrophoresis for
the crude and purified fA-gslactosidases
from B. circulans

Determination of molecular weight of
/-galactosidase~1 and f-galactogidase-p?

Effect of pH on the f-galactosidase
activity

Effect of temperature on the
f-galactosidase activity

Effects of temperature on the stability
of A-galactogidase~1 and
f-gelactosidase-2

Determination of Km of
/~-gelactosidase~"

Determination of Km of
/A-galactosidase-2

Course of hydrolysis of lactose with
A-galactosidase-1 '

40

S
no

44

46

48

57
63
67

70

-



12,

13.

14.

15.

16.

17.

18.

Vi

Course of hydrolysis of lactose
with f-galactosidage-2 .

Relationship between conversion of lactosge
and yield of saccharides by free angd
immobilized fA-galactosidase-1

- Relationship between conversion of lactoge

and yield of seccharides by modified
~galactosidage~1

Relationship between conversion of lactoge
eand yield of saccharides produced with
free and immovilized A-galactosidage?

Relationship between conversion of lactose
and yield of saccharides produced with
modified ~gslactosidesge-?

Effect of modification of
A=-gnlactosidase~1 on the maximum yield
of oligosaccharides

Effect of modification of
A-galactosidase~2 on the maximam
Yield of oligosaccharides

72

76

80

88

94

L6



mA

VII

LIST OF ABBREVIATIGIS

Absorbance(s)/Ampere

Milliampere .

ingstrom(s)
Alfa |

Beta

Bovine Serum Albumin

Degree Centrigrade(a)
Centimeter(s)

Dithicerythritol

Ethylene diamine tetra-acetate
Figufe

Gram(s)

Hour(s)

Inhibitor concentration(s)

Iodoacetamide

Rate congtant

Michaelils constant
Inhibition constant

2-llercaptoethanol



M. W,
mg
ug
min
ml
ul
mM.
mol

u mol

nm
0.D.
ONPG
pH

PCMB
TeDelMs
~SH

Sec

VIII

Molar concentretion(s)

Molecular weight

Milligram(s)

Microgrem(s)

Minute(s)

milliliter(s)

Microliter(s)

Millimolar(s)

Mole(s)

Micromole(s)

Normal concentrationfs)

Nenometer(s)

Optical density _
b-Nitrophenyl;,E—D—galactopyranosider—

-Log of hydrogen ion concentration

~Log of apparent equilibrium consgtent K for
ionization

p~Chloromercuribenzoic acid

Revolution per minute

‘Sulfhydryl group

Second(s)



[s]
ShS
TEMED
v

Vmax

IX

Substrate concentration(s)

Sodium dodecyl sulfate

-Teframethyl (ethylene diamine)

‘Reaction velocity

Maximel velocity

Void volume

Elution Volume

Weight/Volume

Percentage



abstract



[l-Galactosidases (EC 3.2.1.23) from Bacillus circulans were
purified and separated into two isozymes, f7 - galact091d%se-1
(MW, 2.4 x 10°) end f-galactosidase~2 (LW, 1.6 x 105 ). They
showed similar isocelectric point of about 4.5 and the same
optimum pH of 6.0, wheieas they were cansiderably different

iﬁ K velues, substrate specificity, temperature stability,

and particularly transgalactosidation activity, /@ Galactosidosgse~1
produced only trisaccharide with a meximum yield of 6.6% of the
total sugar vwhile /f-galactosidase-? produced many
galacto-oligosaccharides with a maximum yield of 41«5%,

during the hydrolysis of 4.56% lactose., Modification of
f-galactosidases with glutaeraldehyde changed the
transgalactosidation activity. Immobilized and, or
glutaraldehyde-treated /-galactosidase-1 and
/3-gelactosidase-2 produced galacto-oligosaccharides with a
meximum yield of 40% and 42% of the toteal sugar respeutlvely,
during the hydroly81s of 4.,56% lactose.
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The enzymes bringing about the hydrolysis of the galapfdsidicr
linkage are termed galacfosidases. There are two types of them,
called « -galactosidases and /3 ~galactosidages depending on the
configuration of the anomeric carbon atom of the substrate molecule.
f3-Galactosgidase ( ﬁ-D;galactoside galectohydrolase, EC 3,2.1.23)

is referred to frequeﬁtly as lactese. It is a glycoprotein
(Catherine et al. 1988). Most of the [3~galactosidases are
‘extracellular enzymes (Park et al. 1979).

fA-Galactosidase is present in a wide variety of sources including
plents, animals, and microorgenisms (Shukla, 1975). A number of
[3-galactosidases have been purified and characterized, including
those from Escherichia coli (Craven et al. 1965), Kluyveromyces

lactis (Giec, 1982), and Aspergillus niger (Greenberg and Mahoney,
1981),

Physical properties of /J-galactosidase have been gtudied.
fA~Galactosidase from the fungus Curvuleris inaequalis has the
isoelectric point 4.4, temperature pptimum 60°C, and molecular
weight 115,000-126,000 (Tikhomirova and Zagustina, 1976) and, from
Aspergillus niger has isoelectric point 4.6, pH optima between 2.5
end 4.0, and molecular weight 73,000, 124,000 end 150,000 (Wldmer
end Leuba, 1979). Mahoney end Whitaker (1978) found that

/3 -galactosidase from Kluyveromyces fragilis has 9 to 10 subunits
and molecular weight 201,000; it has isoelectric point 5.1, partial
specific volume 0.715, and molar extinction coefficient 1.58 cmz/mg

protein at 280 nm.



Higher temperature inactivetes the enzymes. Thermostable
f-galactosidases cen tolerate higher temperaturé above 60°C
(Widmer end Leuba, 1979 ; Takenishi et al. 1983).‘ﬁ-G31&cto§idases
from some sources have temperature optima within 400 to 60°C

(Zagustine end Tikhomirovs, 1976 ; Catherine et al. 1988).

Activity of f/-gaelactosidese is markedly influenced by pH.
/?-Galactosidases from some sources are stable in acidic pH range
(Zagustina et al. 1975) and some in basic pH range (Borglum and
Sternberg, 1972),

/A-Galactosidasge catalyzeé not only the hydrolysis of the
/7-1,4-glycosidic bond in lactose to yield glucose and galactoé;
but elso the transgelactosidation reaction to produce
galacto-oligosaccharides (Roberts end Pettinati, 1957 s Burvell

et al. 1979). The reversion reactions of /f~galactosidase produce

/3-galactosylgalactoses and /Q—galactosyl-glucoses (Huber and
Hurlbert, 1986).

A study was implemented to quentitate the hydrolase and
transglycosylase activities of /7-galactosidase with lactose as
the substrate and to investigate various factorg which affect

these activities (Huber et al. 1976). Production of |
oligosaccharides depends on substirate concentrations (Wierzbicki
and Kosikowski, 1973c ; Greenberg and Mahoney, '1983). The yield of,
oligosaccharides (Roberts and Pettinati, 1957; Burvall et al. 1979j
increagses with lactose concentrations in the hydrolysis with ‘

/7-galactosidases.



The structures of disaccharides (Toba and Adachi, 1978) and
oligosaccharides (Jeon and Mantha, 1985; Kwak and Jeon, 1986) formed
by transgalactosylation reaction of /i-galactosidase have been
determined. Cheracterization of the major constituents of tri-,
tetra-, and pentasaccharides and their structure elucidation :

have been carried out by Toba et al (1985).

ﬁ-Galactosidase catalyzee not only lectose but lactosides (Akasaki

et al. 1976) end /d-galactosides (Huber et al. 1975; Widmer and Leubs,
1979). /3~Galactosidase activity depends on the kind of substrates

end sources of the enzyme. Activity for the substrate

ounitrophenyl-/S-D—galactOpyranoside 1s two times higher than that
for lactose (Takenishi et al. 1983),

K, of /3-galactosidase varies with the kinds of substrates. K, for
o-nitrophenyl- /~D-galactopyranoside (ONPG) and lactose was studied

(Wierzbicki and Kosikowski, 1973b). Vo oax °f /3 ~galactosidase

depends on the kinds of substrates as well as éources of the enzyme

(Park et 51. 1979).

[?-Galactosidase is activated by glycerol, ~SH, and
p-hydroxymercuribenzoate (Iwasski et al. 1971). Metal ions, Na', &'

Ba+, Ni+, Mg2+, F32+, Cu2+, Mn2+ end Hg2+ algo activate this enzyme

?

(Smart and Richardson, 1987; Catherine et al. 1988),



Metal ions N&+, Ag+, Cu2+, Hg2+ end Mg2+ and orgenic molecules,

nitrophenyl thiogelactoside, galactonolactone, -SH, L-cysteine,
monoiodo acetic acid, trisamino methane, EDTA,
p—chloromercuribenzoate and merdaptide inhibit the activity of
A-galactosidase (Iwaseki et al. 1971; Mehoney end Whiteker, 1978).
p-Aminophenyl- A-D-thiogelactopyranoside competitively inhibits
(Takenishi et el, 1983) the activity of /3-galactosidase., Gelactose

ceuses product inhibition (Smart et al. 1985) of the enzyme.

The mechanism of action of /3-galactosidase for the transfer of a
D-gelactose residue from galactoside to an accepter was studied
(Wellenfels emd Malhotra, 1961). Hydroxyl groups at positions 3,4,
énd 6 are important for binding to the galactose site of
/B—galactosidaée (Huber and Gaunt, 1983). All the oligosaccharides
produced during the enzymatic hydrolysis of “actose are formed by
attachment of galactosyl residues in /3-(1 — 6) linkages (Burvsall
et al. 1980). |

Chemical modificatian of native enzyme 1gs of great importence to
obtain en enzyme with the desired bperational parameters, such as
optimum pH, temperature, stability end activity. Suéiura et al (1980)
first modified the tryptophan residues of /3-galactosidase with
N-bromo-succinimide. Some investigators have reported the
modificational effects of glutaraldehyde on A-galactosidase

properties (Nakanishi et al. 1983).



Enzymes have been immobilized by a variety of methods (Silman and
Katchalski, 1966; Gekés, 1985). By procedures such as adsorptim
(Qkos et al. 1978), encapsulation (Ostergerred end Meartiny, 1973),
end covalent bonding (Woychik and Wondolwski, 1972; Morisi et al.
1973) it is now possidble to stabilize enzymes, overcome their high

initial cost by repeated reuse, and remove them from the final

product.

Chemical modification of immobilized enzymes by crosslinking agents,
in most cases, ensures greater efficiency of the system. The most
common bifunctional reégent used for intra- and intermolecular
crosslinking is glutaraldehyde (Olson and Stanley, 1979).
[3~Galactosidase from Bacillus circulans was immobilized by
adsorption onto the support and crossliﬁked with glutaraldehyde

(Nakenishi et al. 1983).

Recovery of activity (Hustad et al. 1973b) end the stability of the
immoﬁilized enzyme ere the major considerations. Stability of the
immobilized /?-galactosidase is a rather difficult parameter to
assess. pH, thermal (Chmiye et al. 1975), storage (Hustad et al.
1973a), end operational stebility (Nakanishi et al. 1983) have been
studied.

Lactose hydrolysis has found en increasing interest these past few
years., It allows milk consumption by lactase-~deficient populations
(Holginger, 1978). [2-Galactosidase is used as a therapeutic agent
for lactose intolerant people (Sugiura et al. 1978). Exogenous
/?-galactosidase eliminete lactose malabsorption and gastrointestinal

discomfort (Burvall et al. 198C) in them.



f3=Galactosidase is used in the food industry to'prevent
crystellization of lactose in custards, milk concentrates (Giec
et el. 1985), ice creams, food syrups (Wierzbicki and Kosikowski
1973a), etc. [3-Galactosidase from Streptococcus fhermoPhilus is
being an useful enzyme for the hydrolysis of lactose in dairy
products because of its thermostability (Ramana Reo and Dutté,
1981; Greenberg and Mehoney, 1982, 1983). Oligosaccharides, the
trangalactosidation product, have recently become of interest,
since these oligosaccharides might be useful as bifidus growth

factor (Tanekas et al. 1983), °

Immobilized f-galactosidase is used for:the large scale production
 of low lactose dairy products (Ohmiya et al. 1975, - 1977). One
adventage of using such a preparation is that milk should not be
conteminated with foreign protein which might cause allergic
reactions to lactose intolerant people on oral administration of
fA-galactosidase, To avoid bacterial contamination of the dairy
products and enzyme inactivation due tp‘contaminants milk is
treated with thermostable immobilized /S—galadtosidase at a
temperature above 50°C (Kobayashi et el. 1978).
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The application of /3-gslactosidase to the hydrolysis of lactose
to D-glucose and D~galactose in dairy products is of importence
for sensory qualities and, particularly in patients with lectose
intolerance. Recently the production of galactooligosaccherides
using the transgalactosidation reaction has become of interest

since such compounds might be .usgeful as a bifidus growth faclor.

The properties of partielly purified /-galactosidase from
Bacillus circulans have been investigated., So far gtudied, the
oligosaccharideaproducing activity of /@-galactosid&se from this

species was higher than that of different sources.-

In order to use /g-galac?osidase efficiently for practicsl
apﬁlicatians, verious techniques of immobilization have been
applied. Adsorption of [fi-galactosidase from B.circulans to
phenolformaldehyde resin has been studied. Less work has been done
on Silica gel matrix. Immobilization of /Q;galéctosidase from

B, circulans by covalent attachment is yet to be investigated.
Covelent attachﬁent of enzyme to the support provides the most
gecured method of immobilization. At present, élutaraldehyde ig
the only resgent employed commerciélly for the preparation of

covalently immobilized enzymes.



Immobilization of biomolecules on inorgenic carrier'by metal-~-link
method has become of importance. Activation of Silica, pumice stone,
and other inorganic supports by transition metal have been studied,
Hydrous metal oxide materisals have proved to be suitable for
immobilization of seVefal biomolecules such as amino acids and

peptides, enzymes, and etc.

Hybrid method of adsorption and covalent attachment of enzymes on
supports has become of interest for the increasing efficiency of
the preparation. Hence the aim of the present investigation is to
study the properties of purified f-gelactosidase from B. circulsng
covalently attached to the transition metal activeted Silica gel,

and to compare with that of the free form,
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. A. Materials

Crude ﬁ-—galactosidase from Bacillus circulans was sﬁpplied by
Daiwa Kagsei K.K. (Oseke, Japan). Lactose, o-nitrophenyl-
f-D-galactopyranoside (ONPG), 1,6~diaminohexene, and FeCl2 were
purchased from BDH Chemicals Ltd., U.K. A Glucostat reagent kit end
e galactose ultraviolet test kit were obtained from Worthington
Biochemical corporation and Boehringer Mannheim GmbH, respectively.
Sephadex G-150, Sephadex G-200, QAE-Sephadex A-50, polybuffer
exchanger PBE-94, and Octyl-Sepharose Cl-4B were products of
Pharmacia Fine Chemicals, Sweden. Silica gel (pore size 500 £y was
purchased from E. Merck,  F.R.G. Glutaraldehyde was obtsined from
Sigma Chemical Company, U.S.A. All other chemicals were of |

enalytical grade, and purbhased either from BDH Chemicels Ltd. or
E. Merck.
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Methods

Bstimation of protein by the Folin Ciocalteau method ‘

(Lowry et al, 1951)

Reagents :

Alkaline copper reagent - A. 2% NaéCo3 in O,1N NaOH, 2 g

enhydrous Nazco3 was dissolved in.1OO ml O,1N NaOH. B, 1%
CuSO4 solution in distilled water was mixed with sn equal

volume of 2% sodium potassium tartrate before use.

Working alkaline copper reagent - 50 ml of A. and 1.0 ml

of B. were mixed immediately before uae,

Folin Ciocalteau reagént (FCR) - 1.0 ml of PCR was diluted
with 1.0 ml of distilled water. '

Standard BSA.solution -

10 mg of crystalline BSA was dissolved in distilled water and
diluted to 100 ml.

Method : 0.1 ml portion from appropriately diluted sample
and 0.7 to 1.0 ml from stendard BSA solution were taken in a
series of test tubes and made upto volume 1.0 ml with

digtilled water. 4.0 ml alkaline copper reagent was added to

each tube snd incubated at 40°C for 15 min. 0.5 ml of PCR was
;then added to the reaction mixture and wasg shaked vigorously.

"All the tubes were taken at room temperature for 30 min 1in

order to develop color. Absorbence was taken at 660 nm ageinst

a blank.
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Purification of /-CGalactosidase

All operations were carried out at O to 4°C. Absorbance of
each fraction eluted from various columns was measured at

280 nm using en UV-spectrophotometer, and the /A -galactosidase
activity was determined using ONPG as a substrate, as
described later. After each step, the pooled active fractions
were concentrated by ammonium sulfate precipitation (55 % to
75% saturation). Following each concentration, the concentrate

wag dialyzed exheustively against the appropriaete buffer.

The crude enZyme preparation (15g) was suspended in 100 ml of
0.1 M sodium phosphate buffer, pH 6.0 (assay buffer)and
centrifuged at & speed of 8,000 r.p.m., 10 min.

Gel filtration using Sephadex G-150

Sephadex G-150 (40 g) was allowed to swell in 1 liter of
distilled water for 24 h. Water was decented and washed two
times with the assay buffer (0.1M phosphate buffer, pH 6.0).
Sephadex was then packed by gravity into the column

(5.5 cm x 40 cm). After equilibrating for 24 h the column

was ready for use,

The supernatant was applied onto the column end eluted with
aggay buffef. Fractions were collected in test tubes and

stored at 4OC.
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Chromatography on QAE-Sephadex A-~50 anion exchanger

QAE-Sephadex 4~50 (10g) was allowed to swell in 1 1liter of
distilled water for 24 h. Water was decanted and washed

cyclically with the reagents as follows :

(a) 1.0 M NaOH (b) Water (c) O0.5M HC1 (4) Water
(e) 1.0 M NaOH (f) Water - (until excess alksli has been

removed from the filtrate).

Washed adsorbent ceke was equilibrated on suspending in
sufficient starting buffer (0.01M Tris- acetate buffer,
pd 8.0). A suitable slurry of the adsorbent (usuelly about

10 volumes of buffer per volume of washed adsorbent cake)

‘was packed by gravity flow into the columm (2.5 cm X 42 cm)

initially filled with the starting buffer.

The active fractions obtained 5y the gel filtration were

applied onto the column which was equilibrated with 0.01M
Tris-acetate buffer, pH 8.0. The enzymes were eluted by a
stepwise increase of NaCl concentration (0.1 M, 0.24, end

0.3M) with constant 0.01M Tris-acetate buffer, pH 8.0.).

Isoelectric focusing by polybuffer exchanger PBE 94

A, Solution to prepare the density gradient for the columm

(1.5 em x 25 cm) ¢
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Denge soln.! Lesgs dense soln.

Carrier Ampholite (40%, W/¥) cee 1.5 ml

003 ml
Protein solution (Q.25mg/ml)
+ Distl. water veevvvevenes 24 ml 31 ml

Sucrose L L I B LA B B B B R RN B I R R RN R Y 15g

N A A D S S g v ) = o -

B, Electrode scolutions

Anode at the top of the colurn :

Concentrated sulfuric acid - 0.1 ml-
Distl., water - 25 ml
Cathode in the central tube :
. 2M Sodium hydroxide - 4 ml
Distl. water -5 ml -
Sucrose - 44 g

Column was filled with the gradient solutions. Filling rate

with gradient mixer was 5 ml/min.

The fraction rich in /f# -galactosidase, eluted by buffer
containing 0.2M NaCl, was spplied to the columm, which was
equilibrated with the starting buffer of 0,025 M piperazine -
HCl, pH 5.5. Electrophoretic run was accomplished with a
cﬁrrent supply of 20 mA for 24 h. The enzyme.was eluted
(flow rate, 4 ml/min) by feeding polybuffer T74-HC1 (pH 4.0)

which formed a pH gradient through the column.
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Fraction with asmmonium sulfate

Active fractions eluted after isolectric focusing were
divided into eight equel sub~fractions (each fraction,
12 ml). Polybuffer in each fraction was remoﬁed from the

enzymes for ammonium sulfate precipition as follows :

Each fraction was treated with solid ammonium sulfate so
that it becomes 55% saturated with respect to ammonium
sulfate. The pellet was collected by centrifugation at
15,000 rep.m. for 30 min in Sorvsasll RC-5B reffigerated
superspeed centrifuge. The supernatsnt and the pellet were
collected seperately. The enzyme activity aend the protein
content of both supernatent and the pellet were collected
geparately. The enzyme activity end thé-protéin content of
both supernatant and pellet (the latter being redisolved
in 0.1 M phosphate buffer, pH 6.0) were determined. The
pellet was stored at 4°C and the supernatant was raised to
75% saturation with respect to ammonium sulfate. The pellet
obtained after centrifugation was redissolved in 0. 1M
phosphate buffer, pH 6.0, and the enzyme activity end the

protein content were determined.

Dialysis

The active fractions obtained by ammonium sulfate
fractionation were dialyzed. Dialysis wes cerried out in
a seamless cellulose tubing aevailable in Visking Ceo.,

Chicago. Diameter and length of the tubing depend on the
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amount of solution to be dialyzed. The dielysis tubing or
bag was placed in a beaker of 1'1iter capacity conteining
0.1M phosphate buffer, pH, 6.0, the temperature of which was
maintained at 0%°to 4°%c. Thé buffer was.kept cold by ﬁlacing
the 1 liter besker in smother beaker of 5 liter cabacity
which was filled with ice. A magnetic stirrer was used to
stir the buffer &t a speed of 30 .p.m. The dialyzate was
placed in fresh buffer after‘each 4 to 5 h. During the night
the dializing bag was placed in fresh buffer and kept in the

refrigerator.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

Reagents :

A. Lower gel buffer, pH 8.8
Tris base 46.0g 0.375M (final concentration)
SDs - 4.0g 0.4% A

were dissolved in 750 ml deionized water. pH was adjusted
to 8.8 with HC1l and volume made to 1 liter with deionized

water. It was stored at 4°C.

B, Acrylamide -~ Bis-acrylamide éolution

Acrylamide 30g 30% (final concentration)
Bis 0.82g  0.82% "

were dissolved in 100 ml deionized water; filtered through

whatman No.1 end stored at 4°C in brown bottle.

C. Ammonium persulfate solution

Ammonium persulfate, 10g 10% (final concentration)
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was dissolved in 100 ml deionized water.

Resolving gel -~ 7.5% Acrylamide gel :

A, 10.6 ml
B. . 8.0 ml
C. 50 ul
TEMED 25 ul

Deionized water 13.4 ml

Overlay for lower gel - 0.1% SDS
SDS 100 mg
Water 100 ml

D. Upper gel buffer, pH 6.8
Tris base 7.5 g 0,125M (final concentration)
SDS 2.0 g 0.4% i
were dissolved to 300 ml of déionized water. pH was

adjusted to 6.8 with HC1l and volume made to 500 ml. It wes
stored at 4°cC.

Stacking gel - " 4.8% acrylamide gel :

D. 2.5 ml
B. 1.6 ml
c. 30.0 ul
TEMED 10.0 ul

Water l 5'9 ml



E.  Sample buffer, pH 6.8

Tris base 75 mg 0.0625M (final concentration)
Glycerol 1 g 10% (w/v) "
2-ME 500 mg 5% "
SDs 230 mg 2.3% "

were dissolved in 7.5 ml of water. pHl was adjusted to 6.8

with HCl and made upto 10 ml. I* was stored at 4°¢,

Bromophenol blue solution :
Bromophenol blue O.1g
Deionized water - 100 ml

It was stored at room temperature,

F. SDS - running buffer, pH 8.3

Tris base 3.03g 0.,025M (final concentration)
Glycine 144.0g 0.192 M "
SDS 10.0g 0.1% "

The volume was made upto 1 liter. It was stored at 4°C. The
running buffer was diluted 10 times with deionized water

before use.

Protein stain :

Coomagsie brilliamt blue R-250 0.25g
Methenol 125 ml
Glecial acetic acid 25 ml

Water ' 100 ml
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Dye was first digssolved in methanol, then escid end weter

were added.

Destaining solution :
Methanol 50 ml
Glacisl acetic acid 75 ml

water 875 ml

Procedure @
Separating gel'mixture was poured into the sssembled plates

end carefully overlayed with 0.1% SDS solution, end sllowed
to set for 30-60 min.

Stacking sgel wag poured on top of the separating gel after
dreining of the water. The comb was inserted and allowed to
set for en hour. After removing the comb the wells were

rinsed with distilled water.

About 50 ug of the gemple mixed with sample buffer (50 ul)
was boiled in water-bath end cooled. Then cooled samples
were loaded into the wells with a micropipetfe. In one

sample, bromophenol blue dje-was added.

The gel electrophoresis cell end top chamber was filled with
rurning buffer. Flectrical supply was get to a constant

current of 20 mA for atacking gel and 30 mA for separating gel.

After about 3 hours, when the bromophenol blue dye front had

reached the bottom, the electrical supply was disconnected.
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The.gel was removed from between the glaés'plates end

wﬁs immersed in the protein sgtsin. The gel was left in the
stain with gentle agitation until the dye had penetrated
the gel. | -

The gel was then removed into the destaining solution and’
kept in & hot-pack. With a few chenges of destainiﬁg
golution, the gel background became colorless end protein

bands were visible ag blue bands.

Affinity chromatography B& octyl-Sepharose~CL-4B

Appropriate amount of octyl-Sepharose-CL-4R gel was packed
in the column (1.5 cm X 10 cm) and equilibrated with O, oM
(NH4)2804 and 0.5 M NaCl in 0.05 M sodium phosphate buffer,

pH 6.0'to_remove a trace amount of conte minating protein,

Diaiyzed protein from gel electrophoresis was applied onto
the  column end the fraction rich in f-galectosidase was

eluted by the same assay buffer.

Preparative polyacrylamide gel electrophoresis

Preparation of reagents :

(1) Electrode or running buffer, 0.05M, pH 8,8

6.32g Tris base and 3.94g glycine were dissolved in

water making 1 liter solution.



(ii)

(iii)

(iV).

(v)

(vi)
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Resolving gel buffer, pH 9.4
36.3g Tris base and 40 ml 1N HC1 were dissolved

in water making 100 ml solution.

Stacking gel buffer, pH 7.2
2.85g Tris base and 12.8 ml 1M H3P04 were

dissolved in water making 100 ml solution.

These buffers ( i, i1, iii) were stored at room

temperature,

Stock acrylamide - bis acrylamide solution
20g Acrylamide and 1.0g Bis were disgolved in water
making 100 ml solution and filtered with whatman

No.1 filter paper and stored in a derk bottle.

X 2 Stock sample buffer, pH 7.2

(0,05 M Tris - HC1l, 0.001% Bromophenol blue, and
10% glycerol and 2-mercaptoethanol)

0.73g Tris base, 2 mg Bromophenol blue and 20 ml
glycerol were dissolved in water meking 90 ml
solution, the pH of which was adjusted with HC1l to
7T.2. 2-Mercaptoethanol was added freshly before

each run in the ratio of 10% (v/v).

Components of separatipg gel
5% Acrylemide, 0.25% Bis, pH 9.4
tock solutions (each made upto 100 ml)

A. IN HC1, ‘ 40 ml
Tria base 36.3g
TEMED 0.23 ml, resulting pH 9.4



B. Acrylamide, 20 g
BiS, ) l 190 g
C. Riboflavin, 4.0 mg

Working solution :

1 Part A., 2 Partg B., 1 Part C. and 4 Parts distl. water,
meking 140 ml solution. Photopolymerization was done by

exposing to fluorescent light.

(vii) Components of spacer gel
2.5% Acrylamide, 0.625% Bis, pH 7.2

Stock solutions (each made up to 100 ml) :

A, 1M H3P04, 12,8 ml
Tris base, 2.85 g
TEMED, - 0.10 ml, resulting pH 7.2
B, Acrylamide, 10 g
Bis, . 2.5 Z
Cs Riboflavin, . 4.0 mg
D. Sucrose, 40 g

Working solution :
1 part A., 2 parts B., 1 part C., and 4 parts D., making
20 ml solution. Photopolymerization wes done by exposure to

fluorescent light. -

23
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(viii) Staining solution
Amido Black dye (napthol blue black), 1g
7.5% acetic acid, 100 ml

(ix) Destaining solution

7.5% acetic acid solution.

Sample preparation and application 3
Protein samples were mixed with 10 ul of bromophenol blue
gsolution (sample buffer solution). Approximately 10-50 ug

of protein was applied to each gel.

Procedure :

70 ml separating gel was placed In  each slab (0.5 cm x

15 cm) and allowed to polymerize with a few ul of water-
butanol solution at the top. After removing water-butanol,

10 ml spacer.gel was added on the resolving el of each slab
end allowed to polymerize with & 'comb' set at the upper gel.
After completion of polymerization, comb was removed

carefully ensuring the slots unbroken.

25, 50, 75, 100 ul of different standard proteins were
placed in different slots of the slab, Similarly, for sample
proteins, the fractions which had a relatively high ectivity
towards ONPG (frections 1 and 2) or lactose (fractiéns 7

and 8) were pleced in the slots of the slab.
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The electrode or running buffer was poured onto the top
of the gel chamber. Electrophoresis was run for 8 h at

400 with a constent current of 30 mA.

Fnzymatically active zZones were stained with
6-bromo-2-nepthyl- fA-D-galactopyrenoside céupled with
Dieze blue B. A major bend was cut out with =& fine knife,
crushed and suspended in g minimal amount of the cold
asgay buffer, andlfinally dialyzed against the same

buffer,

Assay of )B—D-galactosidase activity

The activity of }3—galactosidase was determined either
using ONPG (final concenfration; 0.245%) or lactose (final
concentration, 4.56%) as a substrate dissolved in the
assay buffer (0.1 M sodium phosphate buffer, pH 6.0) by
a method described by Nekanishi et al (1983). One unit
of S -galactosidase activity was defined as the amount of
enzyme producing 1_umol of 2-nitrophenol or D-glucose

per min at 40°C and pH 6.0.

Inzyme activity towards ONPG was measured as follows :

The reaction was started by the addition 50 ul enzyme
sblution, appropriately diluted with the sssay buffer,

to 4.95 ml of 0.247% ONPG solution. After 10 min
incubation, 1 ml of the sample solutioh was removed and
added to 1 ml 10% N32003 golution to stop the reaction,
The concentration of 2-nitrophenel produced was determined:

by measuring the aebsorbance at 420 nm.
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Enzyme activity towards lactose was measured as follows :

When measuring the activity towards lectose substrate, 0.4 ml
of the enzyme solution, appropriately diluted with the assay
buffer, was combined with 9.6 ml of = 4.75% (w/v) lactose
solution and incubated et 40°C. After 10 min incubation or

at various time intefvals,,O.S ml of the resction mixture
was removed and poured into 1 ml G.375 ﬁ NaCH solution to
stop the reaction. After storage at 0°¢ for 2h, this mizture
was adjusted to pH 6.0 with acetic acid and phosphete buffer,
and divided into three portions for the determination of
D~-glucose, D-glactose and oligosaccharides boﬂtent.
D-Glucose and D-galactose were determined with a Glucostat

reagent and a Galactose UV test kit, respectively.

Values for the Michaelis-Menten constant Km’ maximum
specific activity k2, and inhibitor canstant Ki weTre
determired from reciprocal plots of substrate concentrations
versus initial reaction rates (Lineweayer and Burk, 1934).
Phosphate buffer was used to measure the pH dependence of
the activity. Optimum temperature for the reaction was
determined by measuring the ectivity at 10 min incubation,

changing temperatures between 20° to 70°C.

3.1 Stability experiment
The effects of temperature on the gtebility of the enzymes

were studied by measuring the remaining activity at 40°¢
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after incubating the enzyme solutions for one hour

at different temperatures (20°-60°0).

To determine the effects of metal ions and group .

specific reagents on the /9—ga1actosidase activity, the
enzyme solutions were incubated in the asgay buflfer
containing an appropriate amount of metal ions or reagents
for 10 min at 20°C and the enzyme activity was determined

towards ONPG as a substrate at 40°C, pH 6,0.

Determination of molecular weight

Molecular weights of purified /3-galactogidases were
determined by SDS polyacrylemide gel electrophoresis
(SDS-PAGE) as described by Hemes (1982) and by gel

filtration on a Sephadex G-200 colum.

Gel filtration using Sephadex G-200

Sephadex G-200 (7.5 g) was allowed to swell in 1 liter
of distilled water for 24 hours. Then water was decanted
and washed a couple of times with the assay buffer (0.1 M
sodium phosphate buffer, pH 6.0). The Sephadex was then
packed by gravity into the column (1.5 e¢m x 40 c¢m). To.
support the column a teflon net was uséd at the bottom.
After equilibréting with assay buffer at 4°C for 24 h the

column was ready for use,

The void volume (Vd) of the column was determined by

passage of Blue Dextran-~2000 (M.W. 2 x 106). The column
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was standerdized by using bovine serum albumin (BSA),
aldolase, catalase, /A -galactosidase (from E.coli) .end
thyroglobulin. For the determinetion of elution volumes
(Ve) for ell the marker proteins, 1.0 ml containing 1.0 mg
of each marker was separately charged on the column. Onliy
1.0.m1 solution wss used to have a narrow starting zone for
better sepératiqn, and frections of 2.0 ml eluate were
collected., To eech fraction, 1.0 ml of 0.1 M phosphate
buffer, pH 6.0, was added end mixed well. For marker
proteins and sample, absorbances were measured in a Carl

Zeiss UV spectrophotometer model PM QII, M, QIIL.

Melysis of Saccharides

In the measurement of the course of the hydrolysis of
lactose (finel concentration, 4.56%), the amounts of
glucose, galactose, lactose, snd oligosaccharides produced
were measured. At different times small portions of the
reaction mixture were removed into a test tube and then
heeted in a boiliﬁg water bath for 2 min to stop the

reaction,

The amount of glucose was determined with a glucostat
reagent (Glucose oxidase -~ peroxidase method) :

The reagent was dissolved in 180 mM Tris phosphate buffer,
pH 7.8. To 0.02 ml of a suitable dilution of sample (or

eluate) ( <4 mg glucose/ml) 2.0 ml of reagent solution
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were added end incubated at 25°C for 60 min. The

absorbance at 510 nm was determined in & apectrophotometer,

The amount of galactose was determined with a galasctose

UV test kit (UV Method) :

0.20 ml of sample (or elusnt) diluted to contain about

0.1 mg galadtose was trangferred to a cuvette. 3.0 ml of
0.2M phosphate buffer, pH 7.5, e&nd 0,10 ml of NAD solution
(13 mM) were added. The absorbance (A1) was measured at

340 nm. VWhen s stable reading was obfained, 0.02 ml
galactose dehydrogenase (20 U/ml) was added and the
absorbence (4,) was measured a2t 340 nm after 40 min,

The difference (Ay-A; = A A) of the absorbance is the
actual absorbance of interest. For standardization & 0,20 ml

galactose solution ( < 0.5 mg/ml) was then added end the

abgorbance was measured.

Lactose and other oligosaccharides were separated by

paper chromatogréphy on whatman 3 MM paper and they were
identified'ﬁy comparing the R, velues with those for
stendard substances. A measured amount of the reaction
mixtures (in duplicate) was applied on the paper and the
saccharides were separated using four 24 hours developments
in solvent system butanol : pyridine : water (6:4:3).. From
each duplicate sample, one portion was cut and stained by

silver dip reagent (Trevelyan et al. 1950), the
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corregponding sugers were eluted in water, and the saccharide

content was determined by the phenol - sulfuric ecid method
(Dubois et al. 1951). The Oramge - yellow color produced by
adding sulfuric acid (5 ml) to the sugar solution (2 ml)
containing phenol was permanent; its optical density meésured
at 490 nm when reffered to a stendard curve gave the

concentration of the sugar.

Preparation of stendard oligosaccharides

Oligosaccharides were separated from a lectose hydrolyzate.
The lectose hydrolyzate was prepared as follows. One liter

of a 4.56% lactose solution dissolved in deionised water was
combined with /3 ~D-galactosidase from B. circulans immobilized
onto activated Silica gel and incubated at 40°C. When the
D-glucose concentration in the reaction mixture reached

10 mg/ml, the activated Silica gel was removed with a glassg
filter. The filtrate was concentrated to 100 ml using a
rotary evaporator at 40°C end the concentrate applied to mn
activated chercoal column (5.5 cm x 40 cm). The activated
charcoal was preactiveted with 15% acetic acid in boiling water,
then packed in 2 column end finally washed with a large volume
of distilled water until the pH ot the eluate was neutral.

The oligosaccharides were eluted using aquous 5, 15 and 20%
ethenol solutions. The oligosaccharides corresponding to
trisaccharide and tetrasaccharide appeared mostly in the
fractions eluting at 10% and 15% ethanol solutions,

regpectively. These fractions were further purified by
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paper chromatography and their chemicsl compositions were

determined by the enzymatic hydrolysis. Oligosaccharides

(0.5 = 0.8 mg/ml) separated by paper chromatography were

incubated at 40°C with /?-galactosidase from B, circulens

{3 units/ml, determined by lactose es a substrate) partially

purified by ultrafiltration for 48 h. Then their glucose and
galactose compositionsg were determined. To prevent microbiall
contamination during the enzyme reaction 0.15% (w/v) methyl
p-hydroxy benzoate was added to the reaction mirxture.
Complete hydrolysis of the oligosaccharides was confirmed

by paper chromatogrephy as described earlier. The major
components for di-, tetra~, and pentasaccharides obtained
were used as sténdard substances, The oligosaccharides were
found to be composed of one molecule of glucose and one to

four molecules of gelactose.
Preparation of transition metal activated inorgenic support

Support derivatization procedures by Cabral et al (1981b);:

A, Oxychloride derivetive : Silica gel (Pore size 500 £ )
wag steeped in 15%(w/v)Fe312 (2.5 ml/g matrix) for 30 h
-in- en oven at 45°C to dryness. This derivative is
unstable and must be immediately reacted with suitable

agents for enzyme coupling.



7«0

Alkylamine derviative: The oxychloride derivative
was aminated at 45°C for 30 min with 1% (w/v)
1, 6-diaminohexane solution (5 ml/g matrix)in carbon

tertachloride., The alkylamine derivative was washed

with methanol (3 x 5 ml/g matrix) and distilled water
(3 x 5 ml/g matrix), in order to remove the excess

amine reagent and golvent.

Carbonyl derivative: The alkylamine derivative was
reacted with a 5% (v/v) glutaraldehyde solution

(5 ml/g matrix) in 0.05 M pyrophosphate buffer pH 8.6,
for 1 h at 25°C., The carbonyl derivative obtained by
a schiff's base formation was then Washedlwith

distilled water (3 x 5 ml/g matrix).

Preparation of immobilized enzymes

f-D-Galactosidases from B. circulens was imnobilized onto

activated Silica gel end using & method described by

Nekenishi et al (1983). An optimum yleld of immobilizetion

was obtained under the following experimental conditions.

An apprOpriate amount of activated Silica gel which had

been equilibrated overnight in the - assay buffer with

of various concentrations for 24 h at 35°C wnder shaking.r

Then, the enzyme solution was'decanted, and the activated

Silica gel was put in contect with 3% glutaraldehyde

32

occasional decantation, was in contact with enzyme solutions
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(final concentration) diluted with the assay buffer for
2 h at 4°C under-gentle shaking. The resulting immobilized

enzyme was washed with a large volume of the assay buffer,

Te1 Assay of immobilized /J-D-galactosidase activity

A measured amount of the wet immobilized enzyme derivative
was incubated with 4.56% lactose solution at 40°C under
vigorous mixing with a magnetic stirrer. After 10 min
incubation, or at various time intervals, a soluble portion
of the reaction mixture wag carefully removed from the test
tube without contamination by immobilized enzyme derivative,
end the amount of D-glucosze produced was assayed with the

Glucostat reagent (Nakanishi et al. 1983).

One unit of immobilized /M -galactosidase activity was
defined as the emount of wet immobilized enzyme producing

1 u mol of D~glucose per minute at 40°C and pH 6.0,

Te2 Elution ef saccharides from the activated Silicsa gel column

Twenty percent lactose gsolution dissolved in the assay buffer
(pH 6,0) was fed continuously for 24 h at 40°C to various
columns .containing either 1.5g of activated Silice gel,
immobilized f-galactosidase-2 onto activated Silica gel

(15 or 240 units/g of wet gel) or inactivated immobilized
/3-galactosidase-2 onto activated Silice gel (before

inactivation with 20 mM mercuric chloride, 240 units/g of
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wet gel). With immobilized columns the initial

percentage of conversion of lactose at the outlet of the
colum was fixed at around 50% to 60%. After 24 h feeding
the lactose solution was stopped. Then the assay buffer wsas
fed with the constant flow rate at 4000 and the effluent
from the colurms was teken at certain times‘by‘a fraction
collector. In one experiment with a column containing 1.5 g
of immobilized /I-galactosidase onto activated Silica gel
(240 units/g of wet gel), the enzyme was ihactivated after
24 h of continuous reaction by feeding 20% lactoge
containing mercuric chloride (100 mM) for 3 h at 40°C
before the assay buffer was fed. The saccharide contant of
each fraction was heésured'by phenol~sulfuric acid method

(Dubois et al. 1951), fFwGalactosidase~1. followed this method.

The amount of saccharides remaining in the support was
also measured by this method after the immobilized enzyme

was washed on a glass filter using 500 ml of the agssay
buffer. '

Modification of /9—galactosidases with glutaraldehyde

/3;Galactosidase in the assay buffer (0.1 M sodium
phosphate buffer, pH 6.0) was treated with glutaraldehyde
(final concentration, 0.025% to 3%) and incubated at 4°C
for 2 h. The final enzyme concentration was 0.98 mg/ml.,

The enzyme solution treated with 0.25% or 3% glutaraldehyde
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was dialyzed against the assay buffer for 48 h .at 4°C.

One milliliter of the enzyme solution treated with 0.025%
glutaraldehyde solution was mixed‘with 0.025 ml of 3%
ethylamine, and incubated at 4°C for 1 h to block the

free aldehyde groups. Then this enzyme mixture was dialyzed
as above. One portion of the dialyzed eniyme solution was
further treated with glutaraidehyde (final concentration,
0.075%) for 2 h and them with ethylamine for 1 h to

prepare the highly modified enzyme without intermolecular
crosslinking. This enzyme preparation was dialyzed

exhaustively as above.

The protein concentration of the native and modified
enzymes was measured by the method of Lowry et al (1951),
Polyacrylamide gel electrophoresis of the enzyme

preparations was done as described previously.

Measurement of Km value

The Michaélis - Menten constant Km, of the enzyme treated
with glutaraldehyde was evaluated from feciprocal plots
of substrate concentrations versus initial reaction

rates (Lineweaver end Burk, 1934). The experiment was
done at 40°C with lactose as the substrate in the

concentrations from 20 to 160 mM,
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Purification of f~galactosidases .

From a crude enzyme preparation of 15 &, 954 mg of protein
was obtained with specific activities of 18.0 and 33.6

units per mg of protein when lactose and ONPG were used as
substrates, respectively. The results of gel end ion-exchange
chromatography are summarized in Table I. The |

- f-galactosidase activity was eluted és a gingle peak by

gel chromatography.bn-Sephadex G~150. By this step, 533 mg

of protein was recovered with specific activities of 24.0

and 37.0 units'per mg protein with lactose and ONPG as.

substrates, respectively.

Ammonium sulfate precipitation and dialysis recovered
446 mg of protein with specific amctivities of 56.1 and
39.5 units per mg.of protein with lactose and ONPG ag

substrates, respectively.

In the case of ion-exchange chromatography on
QAE-Sephadex 4A~50, most of the A-galactosidase activity
was elufed as a single peak at 0.2 M NaCl. Total protein
Trecovery was 322 mg. The specific activities.towards
lactose and ONPG were 69.8 end 55.3 units per mg of

protein, respectively.

The /3-galactosidase activity was eluted as a single peak
by isoelectric focusing with polybuffer exchanger PRE 94

as shown in Fig,1.
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Purification of /A -galactosidases -

From & crude enzyme prepafation of 15 g, 954 mg of protein
was obtained with specific activities of 18.0 &nd 33.6
units per-mg of protein when lactose and ONPG were used sas
substrates, reSpectlvely. The results of gel and ion-erchange
chromatography are summarized in Table I. The

/A ~galactosidase activity was eluted as a single peak by
gel chromatography on Sephadex G-150. By this step, 533 mg
of protein was recovered with specific sctivities of 24,0

and 37,0 units'per mg protein with lactose and ONPG es

subsgtrates, respectively.

Ammonium sulfate precipitation and dialysis recovered
446 mg of protein with specific activities of 56,1 and
39.5 units per mg.of protein with lactose end ONPG as

substrates, respectively,

In the case of ion-exchange chromatography on
QAE—Sephadéx A-50, most of the A-galactosidase activity
was elufed as & single peak at 0.2 M NaCl, Total protein
recovery wag 322 mg. The specific activities towards
lactose and ONPG were 69.8 and 55.3 units per mg of

protein, respectively.

The /ngalactoéidase activity was eluted as g gingle peak
by isoelectric focusing with polybuffer exchanger PRE 94

as shown in Fig.1.



Table I. Summary of the partial purification of

/7 -galactosidase from Bacillus circulans

[} .

Purificetion | Total !Specific®] Yield|Specific® ¥ield |Ratio ot

Steps i protein!activity | ( 9 yractivity | (%) lactivity

v (mg) ) (LU) ' P(om) i ?(OU/LU)

Crude 954 18.0 100 33.6 100 1.9
Sephodex G-150 533 24.0  74.5 37.0 61,5 1.5
Chromatography
Ammonium sulfate 446 - 5641 145.7 39.5 55:0 0.7
recipitation '
%55% saturation
& dialysis)
A-50
ion~exchange
Chromatography

g, umol glucose/min/mg protein.

b. umol O-nitrophenocl/min/mg protein.
CU - ONPG used as substrate.

LU - Lactose used as substrate.
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Figure 1.

Isoelectric Focusing of /B-Galactosidase from

B, circulans.

-

/3~Galactosidase activity was measured during
isoelectric focueing by‘polybuffer exchanger PBE 94
with the starting buffer of 0,025mpiperazine-HC1,
pH 5.5. The column was eluted by polybuffer T4-HC1,

pH 4.0, forming a pH gradient.
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Polyacrylamide gel electrophoresis of eight sub-fractions
eluted by polybuffer excheanger PBE 94 clearly showed two
major bands as shown in Fig.2, though the color intensity
between‘them was different for each fraction. In addition
to the variation in proportion of the two major protein
bands, specific activities towards lactosé and ONP& for

each fraction varied as shown in Mig. 3.

Hydrophobic chromdtography on Octyl-Sepharose CL-4B of

each fraction gave s singie elution peak.

Fractions 1 and 2, enriched with protein of low mobility,
end fractions 7 emd 8, with major proteins of high
mobility, were sepsrately subjected to preparative
polyacrylemide gel electrophoresis. Xach fraction showed
two separate bands in the gel. The enzyme in each major
band from each gel was extracted as degceribed in 'Materials
end Methods' and was further purified by hydrophobic

chromatography on Octyl-Sepharose CL-4B.

A fl-gelactosidase separated from fractions 1 and 2 with
low mobility was denoted /?-galactOSidase~1, and that from

fractions 7 end 8, /-gelactosidase-2,

Homogeneity of the enzyme
t
Polyacrylamide gel electrophoresis of the two enzyme

preparations ( fA-gelactosidase~1 and ,f-galactosidase-2)



Fig. 2. Polyacrylamide Gel E lectraphoresis of Eight

Sub - fractions of #-Galactosidase Eluted by
Polybuffer Exchanger PBE 94.

Electrophoresis was performed at room
temperature using 7.5 % dcrylamide gel.
Final concentrations of buffers were as
follows: stacking gel, 0.125 ™M Tris-HC1,
pPH 6.8 ; resolving gel,0.375M Tris-HCI,
pH 8.8 ; reservoir buffer,0.025 M Tris,
0.192 M glycine, pH 8.3. Protein was
stained by Coomassie blue, as described
in methods for SOS - PAGE . '

42
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Figure 3. | /B-Galactosidase.activities of elght sub-fractions

eluted by polybuffer exchanger PBE 94.
Enzyme activities were measured under standard

assay conditions.

—e—— , activity towards lactose ;

—o—— , activity towards ONPG.
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gave one predominant profein bend each, which also
coincided with the positions of crude enzyme preparation

as shown in PFig.4.

Determination of molecular weight of the enzyme

The molecular weights of /7-galactosidese~1 and
/7-galactosidase-2 were determined to be approximetely
2.4 x 105 and 1.6 x-105, respectively, by gel filtration
on a Sephadex G-200 column and SDS—gel electrophoresis.
Marker proteins were bovine serum albumin (M.W. 68,000},
aldolase (M.W. 158,000), catalase (M.W. 232,000),
[A-galactosidase (M.W. 540,000) (E,coli), and
thyroglobulin (M.W. 669,000). The relationship, Ve/VO
versus Log WMolecular weight gave a straight line, except

for very small and very large molecular as shown in Fig.5.

Effect of pH on the enzyme activity

Pigure 6 shows the pH dependency of the activities
towards lactose and ONPG for A -galactosidage~1 and
/3-galactosidese-2 at 40°C. Experiments were performed
with 0.1 M phosphate buffer at pH range 4.0 to 10.0.
The enzymetic activities in all preparations were

determined and expressed as percentage of relative

activity. The observed major activity pesk was at pH 6.0,

Above and below this pH, activity declined gradually.

P

=
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Fig.4 Polyocrylamide Gel Electrophoresis for the Crude
. and Purified #-Galactosidases from B.circulans.
"a) crude enzyme; b) # - galoctosidase - | ;
c) B —galactosidase -2.The conditions for
el_ecfrophoresi‘s are the same asin Fig. 2.
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Figure 5.Ve/Vo versus Log Molecular weight plot.

A Sephadex G-200 colum (1.5 cm x 40 cm) was celibrated
with known protein standards ; A) aldolase (158,000} ;

B) bovine serum albumin (68,000) ; C) catalase

(232,000) ;5 G) [I-galactosidase from E.coli (540,000),
and T) thyroglobulin (669,000)., For the determination
of void volume (Vo) Blue dextren-2000 was used. E1 and

E2 ere denoted /3-gelactosidase-1 and [3-galactosidase-2,

regpectively.
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Figure 6.

pH dependence of the enzyme activity.

Activity was measured at 40°C and different pHs
by using phosphate buffer, with (a) lactose as a

subgtrate (final concentration ; 4.56%) and (b) ONPG

~as a subgtrate (final concentration ; 0.245%). The

solid line ( ——¢—— ) and the broken line (- --o- - -)
represent the pH profiles of [I-galactosidase-1 and

{3 -galactosidase~2, respectively.

£
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Optimum pH for both the enzyme forms was 6.0 for
ONPG and lactose,

Effect of tempersture on the enzyme ectivity

The activities were determined at the tehperature rangé
from 20° to 80°¢. Enzyme preperations were incubsted
geparately et esch tempereture for 10 minutes following
which the activity was detérmined at pH 6.0 by usual
procedure. The temperatures at which the maximeal
activity attained isg shown in Fig.7. The optimum
reaction temperatures for /3-galectosidase-1 with
lactose and ONPG as substrates were 60° and 4500,
respectively, whercas for /-galoctosidase~-2 it wes 60°0C,

kbove 60°C both enzymes lost their activity completely.,

Thermel stability of the enzyme

Figure 8 shows a nlot of the remaining activity versus
temperature for /B-galactosidase-1 and /A-galactosidane-2,
Enzymes were incubated at dlfferent temperatures for one
hour at pH 6,0, Activity was expressed as percentage of
relative activity. The /J-galsclosidase-1 was stable up

to 40°C, while /3 -gelactosidase~2 was stable to 50°¢.

Effect of metal ions end reagents on the enzyme activity

The effects of metal ions and some group specific

reagents on the activity of the two enzymes were similar
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Figure 7.

Cptimal temperature of the enzyme activity.

The enzyme sdlutions were incubated with substretes
for 10 minutes at the temperatures indicated, end
the enzyme activities were measured at pH 6.0 with
(2) lactose and (b) ONPG as substrate. The solid
line (

e—— ) and the broken line (~- -o-~--)
répresent the temperature profiles of
A~galactosidase-1 and [I-galactosidase~2,

regpectively.

ot
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Figure 8.

Effects of temperature on the stabllity of

3 ~galactosidase-1 and f3-galactosidase-2. .The

enzyme solutions were Incubated in the assay buffer
(pH 6.0) at various temperatures for 1h. The remaining
activities were then measured under the assay
conditions using (a) lactose and (b).ONPG as
substrates. The solid line { ——¢-—— ) and the

broken line ( — - —-0- — - ) repregsent the temperature
profiles of (7 -galactogidase-1 and [-galactosidase-~2,

regpectively.
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except that of AgNOB, as ghown in Table IT,. AgNO3
inhibited AF-golactosidage-1 uctiﬁity completely and
/P-gelactosidese~-2 partially. Both enzymes were
completely inhibited byngCIE. p-Chloromercuribenzoic
acid did not show any inhibition for these two enzymey.,

Both enzymes were inhibited to gome extent by EDTA,

Kinetics of the enzyme.

Table III shows the kinetic perameters of

/?-galactosidase~1 and  A-gslactosidase-2. The Km velues

were determined from the double-reciprocal plot

(Lineweaver-Burk plot) of activity versus substrate
concentration (Fig. 9,10). Km valueg obtained for
/A-galactosidase-1 with ONPG (Fig. 9a) ‘end lactose
(Fig. 9b) were lower then the Km valuss for
/3-galactosidase~2 with ONPG (Fig. 10a) end lactose
(Fig. 10b), respectively. A-Gulactosidase-1 showed a
much higher activity towards ONPG than lactose, while

/3—galactosid&se—2 hed the opposite tendency.

~ /3-Galactosidase-1 was fownd to be competitively

inhibited by gelactose (K;, 150 mM) with lactose as a
substrate, whereas /-galactosidase-2 was inhibited by

neither galactose nor glucose (FMg. 9').
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Teble II. Effects of metal ions and group specific reagents on
activity of /3~galactosidases from B. circulans.,

Metal ions end reagents Relative activity® (%)

R S ——

I
}~galactosidase~1 | ff-galactosidase-2.

1

Control . 100 100
AgNO4 (1 mM) ‘ 0 68
HgCl, (1 mM) o : 0
MgsS0, (1 mM) 100 100
NaCl (10 mM) 122 125
KC1 (10 mW) 110 134
PCKMB (1 mM) 100 105
DTE (1 mM) | 105 - | 100
TAA -(1 mM) - 87 - 76
2-ME (1 mM) | ~ 100 \ 116
EDTA (1 mM)’ ' 63 | 75

a. /[ -Galactosidases, 0.15 ml (6.25 % 10™2 mM, /3-galactosidase-1;
12.5 x 10~ mM,/?—galactosidase—Q) were preincubated at 20°¢
with metal ion or reagent for 10 min. Then 50 ul of the enzyme
solutions were incubated with 2.5 ml ONPG (fiﬁal concentration,
0.245%) for 10 min at 40°C. The enzyme activity towards ONPG in
the assay buffer without metal ions or reagenfs‘were taken asg
control. Concentrations of metal ions or reagents durihg

preincubation are shown in parentheses.



61

%
Table III. Kinetic properties and substrate specificities of
[3-galactosidases from B. circulana®.

- 1 [ L] 1 [
] 1 t Lf 1
T 1 1 t 1
Enzyme ;Substrate: %EM) :vmgx :vmax/Km : OUvmax/ LUvmaX
' : ‘Units/mg! ' ‘
! ! !protein | H
': ': " i
! Lactose ! 15.50) 50.00 | 3.23 ;
/3-gelactosidase-11 i ; E : 2.57
! ONPG ' 5,001 128,60 | 25.72 '
! ? ! i i
! Lactose ! 50.00} 79.50 ! 1.59 !
f3-gelactosidase-2] . : : - 0.71
I ONPG ! 10.00! 56.50 | 5.65 !
3-galactosidase-1; Lactose | 1507 | ! v
. T 1 1 1 1
e — i z
/3—ga1actosidase—2§ Lactose E E E E
! I 1 ] 1

" a. The reactions were performed &t 4OOC,‘pH 6.0, and 0.,1M phoaphate
buffer, in the concentration range 10 to 160 mM with lactose and

1 to 16 mM with ONPG ss substrates.

. b. Ki velue determined with gelactose as competitive inhibitor;

« meanes no inhibition.

QU - ONPG used as substrate.

LU - Lectose used as sgubstrate.
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Figure 9.

Double reciprocal plot of substrate concéntration
versus activity. Km and k2 values for
/3-galactogidase-1 were determined at 40°C, pH 6.0,
in concentration renge (a) 1 to 16 mM with ONPG,

and (b) 10 to 160 mM with luactose as substrates.
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Figure 9°'.

Double reciprocal plot of substrate
concentration versus activity..Ki value for
/3~galactosidase-1 was determined at 40°C;
pH 6.0, in concentration renge 10 to 160 mM

with lactose as substrate. The concentration of

‘galactose as an inhibitor was 75 mM.
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Figure 10.

Double reciprocal plot of substrate
concentration versus activity. Km and Ez values
for /B—galactosidaseu2 were determined at 40°c,
pH 6.0, in concentration range (&) 1 to 16 mM
with ONPG, and (b) 10 to 160 mM with lactose as

gubatrates.
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Course of hydrolysis of lactose by the enzyme

Figure 11 shows the course of the hydrolysis'of lactose

in the assay buffer (pH 6.0) at 4000 with the _
/3—galactosidase—1. During the cowrse of the reaction only
a small amount of oligosaccharide was detected. The
maximum amount of oligosaccharides was 6.6% of the total
sugar at 24% conversion of 4.56%1lactose at 15 min, and
latter it disappeared completely. The oligoseaeccharide
produced was a trisamccharide Qith one molecule of glucose
and two moleculeé of galactose. On the other hand,
/?—galactosidase-2 produced. many more oligosaccharides,

as shown in Fig. 12 a, b. As the reaction proceeded, a
considerable amount of trisaccharide, tetrasaccharide, wend
pentasaccharides was identified. The maximum amount of
oligosaccharides was 41.5% of the total sugar at 66,3%
conversion of 4.56% lactose at 70 min. Two kinds of
disaccharide other than lactose with a slightly different
mobility on paper chromatography wére also obsgerved,
Oligosaccharides were detected by compering the Rf values
with those for stendeaxrd substances as described in
'Materialg and Methods', These oligosaccha&ides were found
to be composged of one molecule of glucose snd one to four
molecules of galactose. The amount of trisaccharide
produced reached a maximum value of 26,3% of the initial

lactose concentration. after 45 min from the start of

£
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Figzure 11,

Course of hydrolysis of lactose with
/3-galactosidaseu1.

Hydrolysis of lactose (final concentration; 4.56%)

with purified /3 -galactosidase-1 (final i

1

concentration; 12.5 x 107 mM) was done at 40°C

end pH 6,0.
—8 , &lucose; O- s galactose;
X

, lactose; A » trisaccharide.

AN
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Figure 12,

Course of hydrolysis of lactoase with

3 -galactosidase-2 . ¥

Hydrolysis of lactose (final cocentration ;
4,56%) with purified [3-galactosidase-2 (final
concentration; 25 x 102 mM) was done atk40°C %
and pH 6.0. (a) Course of reaction up to 200 min.

(b) Course of reaction after 200 min.

—®-— , glucose j; ——0—— , galactose 3
——>*——, lactose ; ~--6--- , disaccharide-1 :
—~-0-~- , disaccharide-2 ; A\ ’
trisaccharide § ——J-—- , tetrasaccharide ;

] sy pentasaccharide,
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reaction, then gradually decreaséd, end finallyldisappeared
after 45 h. When trisaccharide started to decrease,ra
disaccharide (disaccharide-1) appeared which was different
from lactose, presumably in the type of linkage. The
mobility of disaccharide-1 was glightly higher than lactose

in paper chromatography. Tetrasaccherides and

-pentasaccharides were at maxims after 100 min. with 11.7%

and 4.1% of the initiel amount of lactose, respectively,
and disappeared after 10 h. At 5 hours of reaction, other
kind of disaccharide (disaccharide - 2) was formed with a-

s8lightly lower mobility than lactose in paper chromatography,

- This did not disappear even after 72 h.

Tmmobilization of /3 -galactosidagew1

/?—Galactosidase—1 was 1lmmobilized onto metal activated
Silica gel (controlled pore). The immobilized enéyme
produced many oligosaccharides with much higher yield than
did the free enzyme. Figure 13a shows a plot of the
percentage yield of saccharides versus percentage.
conversion of lactose for the native /?—galactqsidase—1.
The immobilized enzyme produced di-, tri—, tetra-, and
pentasaccharides with a meximum yield of 40% at around 60%
conversion of lactose(Fig.13Y., The yield of oligosaccharidesg
and their Rf values on'paper chromatography'were similar as
those of free /?ugalactosidase~2 from B. circulens during

hydrolysis of 4.56% lactose at 40°C ang pH 6.0

-
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Figure 13,

Relationship between conversion of lactosse and

yield of saccharides, The 4.56% lactose was hydrolyzed
at 40°C and PH 6.0 with f-galactosidase~1 (a) as a
free enzyme (b) immobilized onto activated Silics

gel (12.5 units/g of wet gel),

——— y &lucose ; O, galactose ;---@---,
disaccharide-1 ;- — —0—- - — » disaccharide-2 ;
——A4——, trisaccharige ; [ y tetrasaccharide;
——8 ——, pentasaccharide ; A , total

oligosaccharide.

The yield of saccharides isg defined as the amount of
gaccharides produced as a percentage of the amount of

lactose used ag the gubatrate,
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Disaccheride-1 and disaccharidew? appeared after 44,2%

and 60% conversion of lactose, regpectively.

Modificatim of f-galactosidase-1

ﬂ—Galactosidase-1 was modified by glutaraldehyde of
different concentrations. The enzyme wes treated with
0.025%, 0.1%, 0.25% end 3% glutaraldehyde, respectively.
In the case of 0.1% glutaraldehyde treatment, the enzyme
was treated twice, first by 0.025% followed by 0.075% as
described under 'Meteriels snd Methods'. Figure 14a, b
and ¢ show the relationship between fhe percentage yield
of saccharides and the percentage of lactose converted
by the enzyme treated with 0.025, 0.1, end 3%
glutaraldehyde, respectively. The enzyme treated with
0.25% glutaraldehyde produced the same kinds and amounts
of oligosaccharides as that with 3%. The maximum yield
of oligosaccharides reached to 40% at around 60%
conversion of lactose. When the enzyme was treated with
0.025% and 0.1% glutaraldehyde, the mex 1mum &ields of
oligoseccherides were 12.44% end 24,85%, respectively.
No pentasaccharides appesred in the conversion of lactose
by the enzyme treated with 0.025% and 0.1% except 3%

glutaraldehyde.
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Figure 14.

Relationship betweén conversion of lactose and
yield of saccherides, The 4.56% lactose ﬁas
hydrolyzed at 40°C and pH-6.0 with f3-galactosidase-1
(a) treated with 0,025% glutaraldehyde (b) treated
with 0.1% gluteraldehyde (c) treated with 3% |

glutaraldehyde.

—@—- , glucose ; — - -y galactoge
~——8—--, digaccharide~1 ; - —--0-- ’
disaccharide-Z:;-qmmaru~n » trisaccharide ;
— ,_tetrasaccharide $ 21} R
pentasaccharide ; —wi-fA——— , total

oligosaccharide.
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Immobilization of A-galactosidasge-~2

Figure 15b is a plot of the percentuage yield of '
saccherides produced during hydrolysis of 4.56% lactose
with /9 -gelactosidase~2 immobilized onto metal activated
Silica gel (15 units/g of wet gel) against the percentage
of lactose converted. The total percentage of
oligasaccharides was about the seme as with the free
enzyme (Fig. 15a). The immobilized enzyme produced di-,
tri-, tetra-, and pentasaccharides with a meximum yield
of 42% at around 70.6% conversion of lactose. Their R,
values on paper chromatography were same as those of
free enzyme. Disaccharide-1, disaccharide-2, and
pentasaccharide appeared after 48.7%, 58.3%, end 33.6%
conversion of lactoge, respectively. A1l the saccherides
disappeared at the completion of 1actose conversion,

except disaccharide-2.

Modification of /9~ga1actosidaseu2

The enzyme was treated with 0.025%, 0.1%, 0.25% end 3%
glutaraldehyde, respectivély. Figure 16a and 16b show the
reiationship between the percentage yileld of saccharides
end the percentage of lactose converted by the enzymes
treated with 0.025% and 3% glutaraldehyde, respectively.

The seme kinds and amounts of oligosaccharides were
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Figure 15.

Relatioﬁship between conversion of lactose and

yileld of saccharides. The 4.56% lactose was
hydrolyzed at 40°C end pH 6.0 with /?~galactosiduse-:
(a) a3 a free enzyme (b) immobilized onto activated

Silica gel (15 unite/g ot wet gel).

— s glucose ; m__;o;—;m R galactbse 3

-~ —-&---, dleaccharide-1 ;- - ~o~--~ , disaccharide-2;
—A y trilsaccharide j;--—-0——-; tetrasaccharide ;.
—m » pentasaccharide ; ——&—— , total

oligosaccharide.
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Figure 16.

Relationshlp between conversidn of lactoge
and yield of saccharides. The 4.56% lactoase
was hydrolyzed af 40°C and pH 6,0 with

/3 -galactosidase-2 (a) treated with 0,025%
glutaraldehyde (b) treated with 3.0%

glutaraldehyde.

—— glucbse; o ~my galactoae;
~--~--, disaccharide~1; —--0—-- ’
disaccharide~2; A . trisaccharide;'
e, tetrasaccharide; 31 .
pentagaccharide; A , total
oligosaccharide.

K4
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Produced by these modifications. The meximum yileld

of oligosaccharides reached to 42% at around 70%
'conversion of lactose. Di—1, di-2, and bentaséccharidea.
appeared after 43.8%, 57.5% and 38.7% conversion of
lactose, respectively. Except disaccharide~2, all other
gaccherides disapper at the completion of:cdnvefsioq

of lactosge.



Flegure 17. Relationship between conversion of lactose and
' total saccharides. The 4.56% lactose was

hydrolyzed at 40°C and pH 6.0 with /3-galactosiduge~

——8—-—, free enzyme; -0O——— , treated
with 0.025% glutaraldehyde;..-e¢--- , treated
with 0.1% glutaraldehyde;--_o-- - , treated with
3% glutaraldehyde; A , immobilized enzyme.
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Figure 18.

Relationship between conversion of lactose
and total saccharides. The 4.56% lactose was
hydrolyzed at 40°C and pH 6.0 with
/g-galactosidase—Z.

———@— , free enzyme ; 0 y treated

with 3% glutaraldehyde. For clarity enzyme

~treated with 0,025 and 0.1% glutaraldehyde, md

immobilized enzyme showing similar patiern of

hydrolysis have not been shown in the graph.
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'The [f-galactosidase activity wes eluted as 2 gingle peak by
gel chromatography on Sephadex G-150, By this step the specific

activity was increased only slightly (Table I), since the crude

enzyme preparation had been partially purified by ultrafiltration.

After ammonium sulfate precipitation and dislysis, the total
activity as well as the specific activity towards lectose was
conslderably increased in contrast with those towards ONPG. This
increease in the activities towards lectose might be indicative

of the removal of some endogenéus inhibitors.

In in-exchenge chromatography most of the /f -galactosidase
activity was eluted as & single peak at 0,2 M Nqu. The
gspecific activities towards ONPG as well as lactose were
increased somewhat by this atage (Table I). Although the dégree
of purificatioﬁ was sipnificantly increased by these steps,
multiple protein bends were still detected by polyacrylamide
gel electfophoresis, including two major baﬁds with '
/9-galactosidase activity. Even by the method of isolectric
focusing with polybuffer exchenger PBE 94, the two forms of
/?ugalactosidase could not be sepsrated. This is due to s
similarity of the isoelectric points of the two proteins

(Fig. 1).

Polyacryiamide gel electrophoresis of elght sub-fraction
eluted by polybuffer exchanger clearly indicated the existence
of two major bands (Fig. 2). In addition to the varistion in

proportian of the two major protein bends, specific activities
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towards lactose and ONPG for each fraction varied as show in
Fig. 3, which indicates th existence of two /Q—galuctosideﬁes
with different substrate specificities. Widmer and Leubs (1979)
reported three different forms of //-gulactosidese from
Aspergillus niger with similar isoelectric points. They
succeeded in separaling these three forms by hydrophobic
chromatography, since the enzymes were guite differemt in
carbohydrate content. In the present study, the two different
f3-galactosidases from Bacillus circulans were not separable

by hydrophobic chromatography on Octyl-Sepharose CL=~4B columns, -
presumably due to the small difference in carbohydrate content
between them. The carbohydrate content for both enzymes wag

less then 1%.

On preperative polyacryiamide gel electrophoresis fractions
1 and 2 showed a distinct maejor protein bend of low mobhility
end, fractions 7 end 8 a distinct major protein band of high
mobility which indicates the well separation of the two
enzymes. After purification by hydrophobic chromatography
with Octyl-Sepharo=ze 'CL~4B to remove a small amount of
conteminating protein these two enzymes were subjected to
homogeneity test which was positive (¥ig. 4). This indicates
that the two enzymes have been fully purified. A
/?-galactosidase separated from fractions 1 end 2 with low
mobility is denoted /3 -galactosidase-1, and that from the
fractions 7 and 8 with high mobility 1s denoted

ﬂ~ga1actosidasen2.
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The molecular weights of /F-galactosidage~1 and fI-gal ectosidase-2
were determined to be approximately 2.4 x 105 end 1.6 x 105,
regpectively, by gel filtration on Sephadex G-200 column (Fig. 5).
The SDS - gel electrophoresis method for egtimation of molecul ar
welght gave the same results, indicating thet the enzymes are

monomeric proteins,

The optimum pH for both the enzyme forms was 6.0 for ONPG and
lactose (Fig. 6). Irrespective of éubstrates, /?~galactogidase-?
was more stable in alkeline pH then /?-galactosidase-1 at 40°C,

| These indicate'that three dissociaeble groups (pK 4.04, 6.6 mnd
9.0, at 40°C) of these two onz yme molecules participate in the
enzymic hydrolysis of ONPG and lactose. From a comparison of
these pK values with those given by Hdsall (1943) for wvarious
groups In proteins, the groups digsociating on the slkaline side'
of the pH optimum have been identified as an imidazolium group

0f a histidine residue and a sulfydryl group of a cysteine regidue.
The sulfhydryl group was supported by the inhibition of
/Q,galactosidases with heavy metals (Table II). These groups are
thus most probably en imidazolium group of a histidine residue
and a sulfhydryl group of a cywtelne residue. For the group
dissociating on the acidic side, two possibilities arise, namely,
a carboxyl group of a glutamic acid residue or = carboxyl group
of an aspartic acid residue. The most possible group is &
carboxyl group df a glutamic acid residue. The effect of pH on
the enzymic hydrolysis of ONPG and lactose cen thus be

represented as shown in Scheme 1.
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The optimum reaction temperatures at pH 6.0 for
ﬂ—galactosidase-1 with lactdse end ONPG as substrates were
60° and 45°c, respectively, whercas for /3-galactosidese-2 it
was 60°C (Fig. 7). It shows that substrate might have some
contribution in maintaiﬁing active canformation of
fi-gelactosidase~1. On the other hand, f-gelactosidase~1 was
stable up to 4000, while /?-gelactosidase-2 was stable to
50°C (Fig. 8). This indicates that ,ﬁlgmlactosidaae_2 is more

heat~stable than /-galactosidase-1,

‘Table Il shows that NaCl and KCl act as activators for both
enzyme forms. These cations mey depress Km énd Increase vﬁax
of these enzymes. Inhibitim of the enzymes by heavy-metal
ions such as Ag' end Hg2+ indicates thet free sulfydryl groupa
are ilnvolved in. the action of /3—galactosidase-1 and
/9-galactosidase—2. Wallenfels end TFischer (1960) attributed
this inhibition to a non~agpecific binding of metal ions, which

results in changes in the tertiary structure of the enzyme.

p~Chloromercuribenzoate, a potent inhibitor for several
microbial /7-gelactosideses (Wellenfels end Malhotra, 1961 ;
Ramena Rao end Dutta, 1981) did not inhibit either of the
/@—galactosidases (Teble II), suggesting that no free sultfhydryl
group is present in the active gite. A similar observgtiqn nas

been reported in the case of /9mgalactosidase preparations

from A. niger (Widmer and Leuba, 1979). Of other sulfhydryl
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reagents, dithioerythritol amd 2-mercaptoethsncl acted as
activators, and iodoacetamide caused o 1ittle inhibition of
the enzymes; From the above 1inhibition patterns it can be
suggested that there asre three types of sulfhydryl group
present in F-gelactosidase-1 and [ -gelactosidase-2
(Wellenfels end Malhotra, 1961),

Inhibition of the enzymes to some extent by the chelating agent,
EDTA indicates that these two enzymes may contain a metal ion
not in the sctive site. Probably, this intrinsic metal ion is
important for mainteining the enzyme in an ective canformation.
/A-Galactosidase of E.éoli., ML 309 contains about % calclum
atoms per molecule (M.#. 750,000), The effect of several
chelating agents, which differed from cach other in the
stabilities of their calcium complexes, on the activity of the
/f3-galactosidase of E. coli, ML 309, has been studied
(Wallenfels and Malhotra, 1961),

Of the two enzymes /Q-galactosidase—1 wasg competitivel&

inhibited by gealactose (Ki, 150 mM) with lactose substratle

(Table III)., A competitive inhibition of the hydrolyais of‘

ONPG with the enzyme of L. coli, K12, has been observed in the
.presence of D-galactose, lactose, and some other/ng-galactosideﬂ

(Lederberg, 1950).

The biological substrate for /ngalactosidases from all sources
is probebly lactose. This, however, is not always the best

subgtrate. The relative hydrolyzabilities of lactose and ONPG
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under the specified condition can be reamd off from Table III.
max/y is & measure of the catalytic eff:clency and sgpecificity
of an enzyme. ONPG was hydrolyzed at about 8 end 3.6 times the

rate of lactose by /F-galactosidase-1 and /F-galactosidase-2,

respeptivel&. Table III also gives a comparison of the action of

the enzymes, /9-galactosidase-1 and /7 -galactosidage-2 from

B. circulans. The ratio of V___ for ONPG to thet for lactose

was 2,57 for /9-galactosidése»1 end 0,71 for ﬁ?anlactosidasew2;
It suggests that specificity is to be attributed to a speciflc
confi guratlon of the enzyme rather than to the relative

~stabilities of various glycosides.

The aglycon determined not only the relative rates of'
hydrolysis but also the Micheaelis constant (Table III), o
correlation was, however, . observed between Km and vmax' Although
the exact nature of Km is not known in all cases, the data in
Table III do suggest that the aglycon exerts a strong
influence on the enzyme-substrate affinity. This part of the
substrate molecule must, therefore, also be bound in some way
to the active site, but probably less specifically than the
glycon. From the results reported so far, it can be concluded
regarding the glycon and agiycon specificities that
/Q-gqlactosidases from B. circulans exhibit strict specificity
requirements for the structure of the glycon as well as aglycon

part of the substrate molecule.
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The inhibition experiments and pH-activity studies have
demonstrated the presence of three groups, = carboxyl, a
sulfhydryl, aﬁd gn imidazolium group, on the active site.of

the /-gelactosideses of B. circulans. The following mechenism
for the transfer of a D-galactose residue from galactoside to
an acceptor can be proﬁosed (Wallenfels and Malhotra, 1960) as
shown in Scheme 2. The sulfhydryl group acts as a geﬁeral acid
to protonate the glycosidic oxygen étom and the imidazole group
acts as a nucleophile in thet it attacks the nucleophilic center
at C(1) of the glycon. A covalent intermediate involving a C-N
bond is proposed. In removal of the galactosyl group, the |
sulfhydryl enion (S~ ) acts as a general base to abgtract a
proton from water'which asgigts 1n the attack of OH™ at the
C(1) position. There is no inversion of the anomeric carbon at
either step in the reaction and the product retsins the

/3-configuration around the esnomeric carbon.

It might be possible that certein negatively - charged groups,
for example, carboxyl groups, are in the neighborhood of
imidazolium group. Such groups supress the dissociation of the
imidezolium group and thus raise its pK velue. The influence of
alkali ions can then be readily understood, as these ilonsg will
surround the negatively - charged groups and thus shield the
imidazolium group from their influence. The dissociation of the
imidazolium group will be facilitated, @nd the pK value will

shift toward the acidic side. This effect will evidently enhence
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the enzyme activity, especially at lower pH. Although several
negatively - charged groups must be involved in such an effect,
it has been shown figuratively_by only one carboxyl group near
the imidazole ring in Scheme 3. The pK value of the sulfhydryl
group is also displaced similarly, facilitating its dissociation.
This, however, will result in inhibition of the enzyme activity

at higher pH.

Huber et al (1976) reported that the sugar residue forming the
glycon part of the substrate molecule may be transferred to water
end, or to some other hydroxylic acceptors such ags sugar or
gsaccharides. On longer incubation, all of the products are
hydrolyzed. /9-Galactosidase-1 and /?-galactosidase-2 with
different transgalactogidation activity are shown in F:‘Lgo 11 and
Fig. 12 a, b, respectively. /A-Galactosidase~1 produced only
trisaccharide while /?—galactosidase—E produced di-, tri-,
tetra-, and pentasaccharides. These observations are readily
explained if it is assumed that the aglycon and the acceptor
occupy the same position on the enzyme molecule and that t he
eglycon is removed from the enzyme before the acceptor emters
the common binding-site and reaction. The formation of products
from the enzyme-substrate complex might be a one-step process
rather than two—step process (as in Scheme 2) to explain the
formation of different kinds of saccharides from en enzymic
hydrolysis. The mechanism of the one-step process may be celled

g "Switch~over" mechanism (as shown in Scheme 4) which postulate
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the existence of two similar sites (for aglycon and ecceptor,
respectively) near each other, because similer gpecificities

are observed for aglycon and acceptor,

Meximum yields of oligosaccharides produced by /ngalactosidase—1
and /9—galactosidase-2swith lactose substrate were 6.6 and 41.5%
of the total suguar, resbectively (Pig. 11, 12, &, b). This
indicates that transgalactosyiase/ﬁydrolase activity ratio of
/7~gelactosidase~2 is much higher than that of f-galactosidase—1
(Huber et al. 1976). Formation of trisaccharide shows that these
two enz ymes probadbly utilized both lactose and sllolactose ag
galactosyl acceptor (Huber et al. 1976). Allolactose could be
formed in significant quantities by the transfer of galactose to
the 6 position of free glucose (Huber et al. 1976 ; Greenberg
and Mehoney, 1983). Maximum yield of trisaccharides was higher
in f3-galactosidase~?2 (26.3%) than in /?~galactosidage-1 (6.6%).
Cn the other hand rate of production of triseccharide was higher
than that of tetre- and pentaesaccharides, fespectively in
/?-galactosidase-2. These show that the efficiencies of various
sugars or seccharides as acceptor in transgalactosylation
reactim are not the same for the two enzymes; indicating that
acceptor specificity of'en enzyme may very with isozymes

(Wallenfels and Beck, 1560).

After 60% conversion of lactose end at the declining phase of
the formation of tri-, tetre-, and pentesaccharides, two kindg

of disaccherides (diseccharide~1 and diseccharide-2) appeared
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with the concomitant increased formation of glucose and
galactose (Fig. 12 a,b). This indicates that the production 5f
these two kinds of disaccharides is preferentially by the
decomposition of oligosaccharides rather then by the reversion
reactions of //-galactosidase (Huber and Hurlbert, 1986)., The
presence of disaccharide-2 at the complete conversion of 1actoée
by /9-galactosidase~2 indicates that disaccharide-2 is more
stable ﬁhan disaccharide~1 and the enz&me has lower affinity for
this substrate to be hydrolyzed. Figure 12. a,b also shows that
a much 16nger time was required to hydrolyze lactose completely
into glucose and galactose by'/Q—galactosidaseu2 than by
/I-galactosidase~1 (Fig. 11), although in the case of
/9~galactosidase—2 twice as many units were used for hydrolysis.
This fact indicates that the rate of decomposition of
oligosaccharides is rather low and alsc that the hydrolysis of

lactose might be inhibited by the presence of oligosaccharides.

/7-Galactosidese-1 was immobilized onto metal activated Silica
gel treated with glutéraldehyde in order to produce trisaccharide
(galactosyl lectose) continuously. Nakenishi et al (1983)
immobilized'partially purified /J-gelactosidase from ﬁ. circulans
onto ° fenolformaldehyde resin - end obtained quite high activity
for thg hydrolysis of lactose. However, the immobilized enzyme
produced many oligosaccharides with much higher yield than did
the free enzyme, Data for the native enzyme (Fig. 13a) are from

a previous study. The immobilized enzyme produced di-, tri-,
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tetrae-, end pentasaccherides with a maximum yield of 40% at

around 60% conversion Bf lactose (Fig, 13b). The yield of
oligosaccharides and tbeir-Rf values on paper chromatography

were similar as those of free /B—galactosidase-Z from B. circulans

during hydrolysis of 4.56% lactose at 40°C ang pH 6.0.

Since the yield of oligosaccharides was similar to the
immobilized 3 ~galactosidase~1 with different specific

activities (12.5 to 136 units/g of wet gel), the change in the
cligosaccharide-producing activity arising from the diffusional
effect was considered small (Nekanishi et al. 1983). Therefore,
it is thought that this change might be caused by the
modification of the enzyme molecule by glutaraldehyde., The
pattern of oligosaccharide produced by the enzyme treated with 3%
glutaraldenyde (Pig. 14c¢) resembled that of the immobilized
enzyme. The maximum yield of oligosaccharides reached to 40% at
around 60% conversion of lactose. The enzyme treated with 0.25%
glutaraldehyde produced the same kinds and amounts of
oligosaccharides as the enzyme treated with 3% glutaraldehyde.
The patterns of oligosaccharide produced by the enzyme treated
with 0.025 and 0.1% glutaraldehyde (Fig. 14 a, b) were similar
torthe result obtained with the enzyme treated with 3%
glutaraldehyde (Fig. 14c), although the yield of oligosaccharides
wag less. These findings might indicate that modification of

some functional amino groups ceuses en increase in the

oligosaccharide~producing sctivity of the /9—ga1actosidase—1
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(Fig. 17). Although the detmiled mechenism of this increase in
the yield of oligosaccharide with glutareldehyde treated enzyme
is not clear, some conformational chenge near the active site of

the enzyme might be responsible.

Hydrolysis of 4.56% lactose with /3-galactosidase-2 immobilized
onto metal ectivated Silica gel (Specific activity, 15 units/g
of wet gel) is shown in Tig. 15b, The total amount of
oligosaccharides (42%) was about the same as with the free

enzyme (41.5%). Date for the native enzyme (Fig. 15a) sre from

a previous study. Since only 15 units of enzyme per gram of -
activated Silica gel was immobilized, the intraparticle diffusion
wes probebly less (Nakeanishi et al. 1983). Slight increase of
maximum yield of oligosaccharide with /P-gelactosidase~2 than
that with free enzyme might be caused by the modification of
amino groups of enzyme molecule by glutaraldehyde., The patterns
of -oligosaccharides produced by the enzyme treated with ©.025%
(Fig. 16a) end 3% glutersldehyde (Fig. 16b), respectively,
Tesembled thet of the immobilized enzyme. The maximum yield of
oligosaccharides reached to 42% at around 70.6% converszion of
lactose. Same kinds end amounts of oligosaccharides were produced
when the enzyme was treated with 0.1% and 0, 25% gluteraldehyde,
respectively. These results indicete that modification of some
amino groups of /Q—galactosidase—2 has no such influence on
oligosaccharide~ producing activity unlike the /?-galactosidase—1
(Fig. 18). Frobably, thesze amino groups have no fundtionality o

the activity of the enzyme, /Q—galactosidase-Z.
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