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Abstract

An experiment was conducted of a B-glucuronidase from Pectinex Ultra SP-L, a
commercial pectolytic enzyme preparation from Aspergillus niger, was purified
108-fold by ion-exchange chromatography and gel filtration at Saitama
University, Japan. This purified B-glucuronidase should be acted on
arabinogalactan-protein (AGP) and released 4-Me-GlcA. Apparent molecular
weight (Mr) of the purified enzyme, estimated by denaturing gel electrophoresis
and size-exclusion chromatography, were 68,000 and 71,000, respectively,
indicating that the etwyme is a monomeric protein. The enzyme exhibited a

maximal activity toward these substrates at pH 3.0. A regioisomer, 3-O-f3-
glucuronosyl-galactose, was unsusceptible to the enzyme. The et:.zyme acted on
a polymer substrate, releasing uronic acid from the carbohydrate moiety of a

radish arabinogalactan-protein modified by treatment with fungal a-L-
arabinofuranosidase. The enzyme produced acidic oligosaccharides calalyzing
the transfer of uronic acid residues ofp-nitrophenol B- glucopyranosidase (PNP-
GlcA) and 6-O-B-glucuronosyl-galactose to certain exogenous acceptor sugars
such as Gal, ly'-acetylgalactosamine, Glc, and xylose.

Keywords: arabinogalactan-protein, Aspergillus niger, galactooligosacchariders,
B- glucuronidase, cr-L- arabinofuranosidase, radish.

Introduction

Arabino galactan-proteins (AGPs) are a
family of complex proteoglycans
present in all tissues in higher plants
where they are found in cell walls,
plasma membranes, and the
extracellular matrix. They appear to be
involved in various processes including
cell proliferation, cell expansion,
somatic embryogenesis, and cell death.
They are characterized by large amounts

of carbohydrate components rich in Gal
and L-Ara, and core protein components
nch in Hyp/Pro, Ser, Thr, and Ala. The
core protein usually accounts for less

than l0% of th'e total weight (Clark et

al., 1979; Fincher et al., 1983;
Nothnagel, 1997). The carbohydrate
moiety of AGPs generally consists of a
( 1 + 3)-linked B-galactan backbone from
which ( I -+ 6)-linked B-galactan side
chains branch off. These chains are

usually heavily substituted with L-Ara
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residues as well as with other sugars

such as xylose (Xyl), L-rhamnose, L-
fucose, glucuronic acid (GlcA), and 4-

O-methyl-glucuronic acid (4-Me-
GlcA), mainly as nonreducing terminal
residues, but the precise distribution and

ratios depend on which organ of which
plant the AGPs come from (Fig. 1).

Uronic acids are minor components in
AGPs, usually less than rc% of total

t"'llt
1t

L-Arallr+3Gal
Ct.1

weight. They occupy nonreducing
terminals of B-( 1 -+ 6)-galactan side
chains through B-(1+6)-glycosidic
linkages. Indeed, such acidic side chains
in a radish AGP previously studied, and

used here, amount to more than 70% of
total side chains of the AGP (Tsumuraya

et al., 1990). In general, AGPs contain
between 2 and 10% core protein rich in
Hyp, Ser, and Ala.
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Figure 1. A proposed model for the partial structure of radish root AGP, and its erzymatic

degradation by various hydrolytic enzymes.

The linkages cleaved by enzymes are shown: V,cr-L-arabinofuranosidase; , exo-B-(l-3)-
galactanase;<, endo-p-(l- 6)-galactanase;Q,p-glucuronidase. Endo-B-(l+6)-galactanase can

also cleave consecutive B-(l+6)-galactosidic linkages other that those indicated on the structural

model.

\
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Purification and properties of a B-glucuronidase from Aspergillus niger

Various hydrolytic enzymes that
degrade the carbohydrate moiety of
AGPs have been reported. Several plant
and microbi al a-L- ar abino furanosidases
(a-L-arabinosidases; EC 3.2.1.55) (Hata

et al., 1992; Kaji, 1984) and B

galactosidases (EC 3 .2.1.23) (Sekimata

et al., 1989; Hirano et al., 1994)
catalyze a stepwise elimination of L-
Ara and Gal residues, respectively,
from the carbohydrate moiety. An exo-

B -( 1 + 3)-galactanase (EC 3 .2.1. 145)

from Irpex lacteus was shown to
cleaves specifically B -( 1 +3)-
galactosidic linkages in the B -3,6-

galactan core ftamework of the above-

mentioned radish AGP (Fig.2).
(Tsumuraya et al., 1990). The enzyme
can bypass branching points and

thereby liberate B-(1+6)-galactan side

chains as various oligomers, ranging in
degree of polym enzation (DP) from 1

up to at least 20, with or without 4-Me-
GlcA residues at the nonreducing
terminals linked through 0-6, and with
a Gal at the reducing terminal position,
which originated from the linear B-

(1+3)-galactan backbone of the AGP. A
similar enzyme has also been purified
from Aspergillus niger (Pellerin et a1.,,

1994) and Phanerochaete
chrysosporium (Ichinose et al., 2005).
Another type of galactanase, endo-B-

(1+6)-galactanase (no EC number), has

also been isolated and cloned from A.

niger (Brillouet et al., 1 99 1) and

Trichoderma viride (Okemoto et al.,
2003; Kotake et aI.,2004).This enzyme
hydrolyzes B-( 1 -6)-galactan side

chains of AGPs, mainly into Gal and B-

(1+6)-galactobiose with or without 4-

Me-GlcA residues at the nonreducing
terminals.

These enzymes have been proven to
be useful tools for controlled
degradation in structural studies of
AGPs. However, no B-glucuronidase
(B-GlcAase; EC 3.2.1.31) cleaving
uronosyl groups attached to AGPs has

been found so far.

Structural analyses of AGPs have

revealed that glucuronosyl or 4-O-
methyl-glucuronosyl residues
occasionally occupy noffeducing ends

of ( 1 +6)-linked B-galactosyl side

chains through B-(1-6)-linkages.
Indeed, side chains of mature-root AGP
of radish carry 4-Me-GlcA at their
nonreducing ends, and such acidic side

chains account for more than 7 joh of
the total side chains of the AGP.

However, these enzymes have been

successfully used as tools in structural
analyses of AGPs. In a similar vein, a B

-glucuronidase (EC 3.2.1.31) from A.
niger has been purified. The enzyme

releases uronic acids from AGP-
originated galactooligosaccharides
carrying either GlcA or 4-Me-GlcA
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groups at the nonreducing terminals.
Hence, the enzyme can also act on a
polymer substrate: it releases about half
of total 4-Me-GlcA from the
carbohydrate portion of radish root
AGP (which carries 4-Me-GlcA as the
sole uronic acid component) that has

been modified with fungal a-L-
arabinosidase in advance. In this paper,

we report the detection of such a B-

GlcAase in a commercially available
enzyme source. We have purified the
errzyme and studied its properties and
B-GlcAase apparent Mr (molecular
weight) were 68,000 and 71 ,000
respectively

Materials and methods

Materials: Pectinex Ultra SP-L, a

commercial pectolytic enzyme
praparation (lot no. 8285049) from
Aspergillus niger, were purchased from
Novo Nordisk Ferment Ltd. (Chiba,
Japan): p-nitrophenol

B-( 1 -+3)-galactanase was purified from
Driselase (Tsumuraya et. al., 1990) the
B-(1+3) and linked galactobioses and -
trioses were prepared from larch-wood
arabinog alactan (Aspinall, 195 8b).

Other chemicals were obtained as

follows: DEAE-cellulose (DE-52) and
CM-cellulose (CM32) (Whatman Paper
Ltd.), Sephadex G- 100 (Amersham
Pharmacia Biotech), CM-Toyopearl
650 M (Tosoh, Tokyo, Japan, Bio-Gel
P-2 (Bio- Rad Laboratories),

Methods: Carbohydrate analyses: The
following colorimetric methods were
applied to assay the respective sugar:
Total sugar was determined by the
phenol-H2so4 method using Gal as the
standard (Dubois et al., 1956).
Reducing sugars were determined by
the method of Nelson (Nelson, 1944)
and Somogyi (Somogyi, 1952) using
Gal as the standard. The total uronic
acid assay was carried out by a

modified carbazole-H2SO4 method
using GlcA as the standard (Glambose,
1967). Free uronic acid was determined
by the reductometrical method of
Milner and Avigad (Milner and Avigad,
1967) using GlcA as the standard.
Sugars were analyzed by paper
chromatography on Whatman No. 1 in
5:2:3 (v/v/v) 1-butanol-AcOH-water as

the solvent system. Sugar spots on the
chromatograms were visualized with an
alkaline AgNO3 reagent.

B-
glucopyranosiduronate (PNP-GlcpA),
acacra gum were from Sigma-Aldrich.
AGP from radish roots (designated as

AGP-IV) and their Smith degradation
products were prepared as in
Tsumuraya et al, ( 1984, 1997 , and
1988). Digestion of these AGPs with
Rhodotorula flava
arabinofuranosidase

a-L-
provided

enzymatically-modifi ed products. Exo-
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Enzyme purification: B-Glucuronidase
was purified from Pectinex Ultra SP-L,
a commercial pectolytic enzyme
preparation of,4. niger, according to the
method of Kuroyama et al. [2001]. All
operations were done at 0-4 0C.
Fractions collected in each step of the
purification were monitored for activity
toward PNP-GIcA. The enzyme
solution (100 ml) of Pectinex Ultra SP-
L was mixed with cellulose powder (5

g) in 10 mM acetate buffer (pH 4.6, 100

m1), stirred for 20 min, and then
centrifuged at 12,000 x g for 15 min.
The supernatant was brought to 80%
saturation with (NH4)2SO4, left for 2h,
and centrifuged. The precipitate was
dissolved in a small volume of 10 mM
Tris-HCl buffer, pH 7.0, and dialyzed
overnight against the buffer. The crude
enzyme solution was applied onto a2.2
x 30-cm DEAE-cellulose (DE-52)
column equilibrated with the buffer.
After the column had been washed with
the buffer, the enzyme was eluted with
a linear KCI gradient (0-80 mM) in the
buffer (total volume, 1.7 l). Fractions
(10 ml, 50 ml/h) were collected and
monitored for protein content (A280)
and errzyme activity. The active
fractions (262 ml) were collected, and
concentrated with repeating addition of
10 mM acetate buffer, pH 4.6, using an

Amicon ultrafiltration apparatus fitted
with a YM-3 membrane. The

concentrated enzyme was applied onto
a 2.5 x 13-cm CM-cellulose (CM32)
column equilibrated with the buffer.
After the column was washed with the
buffer, the enzyme emerged from the
column with a linear KCI gradient (0-
0.1 M) in the buffer (total volume, 900
ml; 5 ml/fraction, 60 ml/h). Pooled
fractions (250 ml) containing the
enzyme were concentrated to 6.8 ml.

The enzyme solution was applied
onto a 2.2 x 95-cm Sephadex G-100
column equilibrated and eluted with the
buffer (1.1 ml/fraction, 16 ml/h). The
active fractions (52 ml) were combined,
concentrated. The concentrated eflzyme
was then applied onto a 1.6 x S-cm CM-
Toyopearl 650M column equilibrated
with 10 mM acetate buffer, pH 4.6. The
enzyme was eluted from the column
with a linear KCI gradient (0-0.1 M) in
the buffer (total volume, 300 ml; 2.2
ml/fraction, 25 ml/h). The active
fractions (36 ml) were concentrated,
exchanged into 10 mM acetate buffer,
pH 4.6, by repeated addition of the
buffer during the concentration, and
stored at -20 0C.

Enzyme assays.-The activity of B-

GlcAase was determined using a

reaction mixture (0.1 mL) consisting of
the enzyme, 0.1% (2.8 mM)
GIcAB 1?6Ga1, and 50 mM acetate
buffer, pH 4.6. After incubation for 5 to
20 min at 37 0C, reactions were
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terminated by dipping the reaction
tubes into ice-water bath and mixing
immediately with the copp er reagent of
the method of Milner and Avigad.
Liberated GlcA was determined
reductometrically by this method. One
unit of enzyme activity (as used in the
Tables and Figures) liberates I pmol of
GlcA per min. When 4-Me-GlcA-
containing oligosaccharides were used,
activity was calculated based on the
liberation of 4-Me-GlcA. These enzyme
assays were done at least, induplicate
and mean values were recorded.

Enzyme activity B-GlcAase was also
determined by measuring the amount of
p-nitrophenol released from PNP-GIoA.
The assays ware done at 37 0C , using a

mixture of (0.3 ml) containing the enzyme
(0.05 ml), 3.3 mM PNP-GIcA, and 50
mM sodium acetate buffer, pH 4.6.
Reactions were terminated by the addition
of 0.2 M Na2CO3 (1.2 ml), and were
monitore d at 420 nm for the liberated p-
nitrophenol. Here one unit of the enrgrrre
activity is capable of liberating 1 pmol of
p-nitrophenol per min.

Estimation of molecular weight.-
Apparent Mr of B-GlcAase was
determined by SDS-polyacrylamide gel
electrophoresis (PAGE) according to
the method of Laemmli using a gradient
(5-20%) gel (PAGEL, ATTO, Tokyo,
Japan) and Mr standard kits (Low
Range, Bio-Rad Laboratories, and

HMW kit E, Amersham Pharmacia
Biotech).

Other methods.- Enzyme protein
was determined by the method of
Bradford (Bradford, 197 6), using
bovine serum albumin as a standard.
Apparent Mr of -glucuronidase was
determined by SDS-polyacrylamide gel
electrophoresis (PAGE) according to
the method of Laemmli [1970] using a
12.5% gel and an Mr maker protein
mixture.

Results and Discussion

Pectinex Ultra SP-L, a pectolytic
enzyme preparation, was found to
exhibit high activity and selected as a
suitable candidate for purification of the
enzyme.

A -glucuronidase in pectinex Ultra
SP-L was purified by ammonium
sulfate fractionation and several
subsequent column chromatographic
operations such as DEAE-cellulose,
CM-cellulose, Sephadex G- 100, and
CM-Toyopearl chromatography.
Elution profiles of the euzyme from
DEAE-cellulose, CM-ce1lu1ose,
Sephadex G-100, and CM-Toyopearl
columns are illustrated in Fig. z.A-D.
Upon chromatography on DEAE-
cellulose (Fig. 2.A), the enzyme was
adsorbed on the column and a large
portion of it was recovered in the low
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concentration range of the KCI
gradient. On a CM-cellulose column,

the enzyme was adsorbed on the

column and eluted by a linear KCI
gradient (Fie. 2.8). In a Sephadex G-

100 column, the enzyme emerged as a
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Fraction number

Figure: 2A

o 50 100 150 2m

Fraction number

Figure: 2C

single symmetrical peak that coincided
with the elution profile of protein (Fig.

2.C). Final chromatography on CM-
Toyopearl (Fig. 2.D) gave a single peak

of enzyme activity, the elution of which
coincided with that of protein.
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Figure 2A-D. Column chromatography of B-glucuronidase

2A: DEAE-cellulose,
28: CM-cellulose,
2C: Sephadex G-100,
2D: CM-Toyopearl column.
(A) DEAE-cellulose; (B) CM-cellulose; (C) Sephadex G-100; (D) CM-Toyopearl column-

.: . .-! enzyme activify;ro, absorbance at 280 nm; 
- , concentration of KCl. The bars

indicate the fractions pooled.
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The amounts of protein and
GlcAase activity, and the ratio of
activity for GIcAB 1?6Gal to that
PNP-GIcA in each step of

B- purification are summartzed in Table 1.

the The enzyme was purified 1O8-fold in a
for yield of 15% (Table 1).

the

Table 1. Purification of B -glucuronidase from Pectinex Ultra SP-L

Step Total

volume
(ml)

Total Total

protein activity
(mg) (units)

Specific Purification
activity (fold)

(units/mg)

Yield
(%)

Ammonium sulfate
fractionation

DEAE-cellulose

CM-cellulose

Sephadex G-l00

CM-Toyopearal

2r2

26

6.8

9.0

8.6

527

21

2.4

1.08

0.72

63

38

19

t2

9.3

0.12

1.73

8.01

11.32

t2.9s

1

t4

67

95

108

100

60

31

t9

15

A nearly constant ratio (0.75:1) and
exactly overlapping peaks of activities
hydrolyzing GlcABl+6Gal and PNP-
GlcA upon chromatographic separation
were retained throughout the
purification.

The purified enzyme was confirmed
to be free from B-galactosidase, a-L-
arabinofuranosidase, a-L-fucosidase,
and proteolytic enzyme. Indeed, the
enzyme preparation had B-
galacturonidase activity at 8.5oh of that
for B-GlcAase when assayed with 3.3
mM of PNP-B-GaIA. This purification
level is similar to that ( 1 S0-fold)
achieved by Kuroyarna et al. (2001).

Purity and Molecular Weight (Mr.)-
The erLzyme migrated as a single
protein band with an apparent Mr of

68,000 on SDS-PAGE (Fig. 3). Upon
size-exclusion HPLC on a calibrated
TSKgel G3000SV/XL column under
non-denafuring conditions, the enzyme
was eluted as a single peak with an
apparent Mr of 71 ,000, indicating a
single polypeptide chain. The elution
profile of the proteirr on the
chromatography agreed with the
activity profiles toward GIcAB l?6Gal,
PNP-GIoA, and PNP-B-GaIA. A similar
Mr for the enzyme was obtained by
MALDI-TOFMS (tM + Hl+, mtz
71,000). The isoelectric point (pI) of the
enzyme was pH 5.0. The amino-
terminal sequence (10 residues) of the
enzpe was QIVVSQSQPE-.

In this paper, we report the isolation
and purification of a B-GlcAase capable
of liberating Glcuronic acids linked to

-
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galactooligosaccharides through B-
(1?6)-linkages, by using as substrates
GIcAB l?6Gal, an aldobiouronic acid
characteristic of the acidic side chains
of AGPs, and PNP-G1cA, which is
widely used in assays of various B-

GlcAases.

Similar requirement for removal of
L-arabinosyl residues prior eflzyme
action on AGPs has been known for
several carbohydrases such as an exo-B-
( 1?3)-galactanase (Tsumuraya et. al.,

1 990) and an endo-B-(1 -+6)-galactanase

(Brillouet et. &1, 1 99 1 ). The result
obtained indicates that A. niger B-

GlcAase has potential utility for
structural analysis and for, in the
modification of AGPs.
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