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Abstract

The Arabidopsis genes At1g45130 and At3g52840 encode the b-galactosidase isozymes Gal-5 and Gal-2 that belong to Glycosyl
Hydrolase Family 35 (GH 35). The two enzymes share 60% sequence identity with each other and 38–81% with other plant b-galacto-
sidases that are reported to be involved in cell wall modification. We studied organ-specific expression of the two isozymes. According to
our western blot analysis using peptide-specific antibodies, Gal-5 and Gal-2 are most highly expressed in stem and rosette leaves. We
show by dot-immunoblotting that Gal-5 and Gal-2 are associated with the cell wall in Arabidopsis. We also report expression of the
recombinant enzymes in P. pastoris and describe their substrate specificities. Both enzymes hydrolyze the synthetic substrate para-nitro-
phenyl-b-D-galactopyranoside and display optimal enzyme activity between pH 4.0 and 4.5, similar to the pH optimum reported for
other well-characterized plant b-galactosidases. Both Gal-5 and Gal-2 show a broad specificity for the aglycone moiety and a strict spec-
ificity for the glycone moiety in that they prefer galactose and its 6-deoxy analogue, fucose. Both enzymes cleave b-(1,4) and b-(1,3)
linkages in galacto-oligosaccharides and hydrolyze the pectic fraction of Arabidopsis cell wall. These findings suggest that Gal-5 and
Gal-2 could be involved in the modification of cell wall polysaccharides.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbohydrates play many important biological and
physiological roles in living organisms, and they occur in
different forms such as glycoproteins, glycolipids, glyco-
sides, and oligo- and polysaccharides. Selective hydrolysis
of glycosidic bonds specifies the breakdown of these glyco-
conjugates and their function in subsequent biochemical
processes. Living organisms have evolved a great diversity
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of glycosyl hydrolases (GH) with different substrate specific-
ity and kinetic parameters, operating under different opti-
mal conditions. (Davies and Henrissat, 1995). Glycosyl
hydrolases are found in all animals, plants, and microorgan-
isms, and they are classified into 111 families on the basis of
amino acid sequence similarity (CAZY database, http://
www.cazy.org; Coutinho and Henrissat, 1999). The GH
family 35 includes plant b-galactosidases (EC 3.2.1.23) that
are thought to be involved in cell wall biogenesis and mod-
ification (Jamet et al., 2006; Vervelen and Vissenberg, 2007).
In plants, b-galactosidase isozymes are encoded by a multi-
gene family. The presence of b-galactosidases as a moder-
ately large enzyme family is indicative of the structural
complexity and heterogeneity of cell wall polysaccharides.
Depending on developmental stages and cell differentiation,
the different isozymes may act on either the same or different
cell wall polysaccharides (Smith and Gross, 2000; Perez
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Almeida, 2004; Kotake et al., 2005; Ishimaru et al., 2005;
Jamet et al., 2006; Chantarangsee et al., 2007).

A growing body of evidence suggests that GH Family 35
b-galactosidases participate in loosening of the cell wall
during growth and degrade cell wall components during rip-
ening of fruits and senescence. Recently, many b-galactosi-
dases have been identified and purified from different plant
sources. For example, Smith and Gross (2000) showed that
a family of at least seven b-galactosidases is expressed dur-
ing tomato fruit development. Furthermore, these authors
expressed the tomato b-galactosidase isozyme 4 (TBG4) in
yeast and studied its natural substrate specificity. TBG4
hydrolyzed chelator-soluble pectin, alkali-soluble pectin,
hemicellulose from tomato cell walls, and commercially pre-
pared galactan. Li et al. (2001) purified five isoforms of b-
galactosidases from mung bean and showed that they differ
with respect to enzymatic characteristics and substrate spec-
ificities. Kotake et al. (2005) isolated a b-galactosidase from
radish (RsbGal), which specifically hydrolyzed b-(1,6) and
b-(1,3) linkages in arabinogalactan protein. b-Galactosi-
dase I purified from ripe carambola (Averrhoa carambola)
was active in hydrolyzing b-(1,4)-linked spruce and b-
(1,6)/b-(1,3)-linked gum arabic galactan, and alkali-soluble
hemicelluloses of carambola cell wall (Balasubramaniam
et al., 2005). Furthermore, papaya b-galactosidase isoforms
differentially hydrolyzed cell wall during fruit ripening
(Lazan et al., 2004).

Despite the status of Arabidopsis thaliana as a model
plant with a completely sequenced genome, not much is
known about its b-galactosidases. There are 17 putative
GH family 35 b-galactosidases (17 BGALs) in Arabidopsis

(Ahn et al., 2007). According to a recent microarray study,
the b-galactosidase genes are among 765 genes specific to
cell wall dynamics (Imoto et al., 2005). Perez Almeida
(2004) studied expression of b-galactosidases by pro-
moter-GUS fusion and found that temporal and spatial
expression of b-galactosidase genes are differentially regu-
lated. She also reported that the galactosyl content of the
cell wall increases and total b-galactosidase activity
decreases in Gal-1 knockout mutant. Iglesias et al. (2006)
reported b-galactosidase activity on xyloglucan oligosac-
charides in the apoplastic fluid. To corroborate further
the role of b-galactosidases in cell wall modification, it is
essential to determine their substrate specificity, by isolat-
ing and characterizing the proteins. To this end, Ahn
et al. (2007) expressed Gal-4 (At5g56870), one of the seven-
teen b-galactosidases, in Escherichia coli and insect cells. It
was shown that in addition to synthetic substrates, Gal-4
hydrolyzes b-(1, 3) and b-(1,4) linked galacto-oligosaccha-
rides (Ahn et al., 2007).

It is likely that the 17 BGALs differ in temporal and spa-
tial expression and in their ability to hydrolyze various cell
wall polysaccharides. For annotating them and under-
standing their function better, it is desirable to determine
the expression profile and substrate specificity of all 17
BGALs. Currently, we are focused on the largest subfamily
(Gal-1 through Gal-5 and Gal-12), which consists of six
genes, amongst the 17 BGALs. Of these, we studied Gal-
5 and Gal-2 for this paper. First, we conducted database
analyses using microarray data available for these genes.
Second, we studied spatial expression and subcellular local-
ization by immunoblotting using peptide-specific antibod-
ies. Third, we purified the recombinant proteins expressed
in Pichia pastoris and investigated their substrate specificity
using synthetic galactosides and natural polysaccharides
derived from Arabidopsis cell wall.
2. Results and discussion

2.1. In silico analysis of Gal-5 and Gal-2

BLAST searches of the NCBI database using Gal-5 and
Gal-2 sequences as queries show that the sequences of 20
other plant b-galactosidases share 38–81% identity with
all Arabidopsis b-galactosidases except Gal-17. Gal-5 and
Gal-2 proteins share 60% sequence identity with each
other. The sequence differences among b-galactosidases
suggest differences in their enzymatic properties (e.g., sub-
strate specificity) and biological functions.

In silico characterization of predicted protein sequences
of Gal-5 and Gal-2 using SignalP and TargetP shows that
these proteins contain a signal peptide that targets them to
the endoplasmic reticulum from which they can be secreted
to the cell wall via vesicular pathways (Bendtsen et al.,
2004; Emanuelsson et al., 2000). Phylogenetic analysis of
Gal-5 and Gal-2 proteins shows that they cluster with other
plant b-galactosidases that are known to be cell wall
modifying enzymes (Fig. 1). In tomato fruit, the galactosyl
content of cell wall and fruit firmness depend on two b-
galactosidases, TBG6 and TBG4 (Smith et al., 2002), which
are closely related to Gal-5 and Gal-2, respectively (Fig. 1).

2.2. Microarray data for expression of At1g45130 (Gal-5)

and At3g52840 (Gal-2) transcripts

To study the expression profiles of the Gal-5 and Gal-2

genes, we used microarray data from the integrated data-
base Genevestigator (Zimmermann et al., 2004). We ana-
lyzed the relative abundance of At1g45130 (Gal-5) and
At3g52840 (Gal-2) transcripts for different tissues, develop-
mental stages, and various stress conditions. Table 1 shows
mean gene expression data across many microarray exper-
iments carried out in different laboratories. Relatively small
standard errors for the mean expression values indicate the
consistency and reliability of the data. The mean expres-
sion of Gal-5 is high in stem, root and silique, while the
mean expression of Gal-2 is high in the petiole of rosette
leaves and stem. The transcript levels do not change nota-
bly throughout developmental stages from seedling to
adult plants. Gal-5 and Gal-2 transcripts were absent in
the pollen (data not shown). It is possible that other mem-
bers of BGAL family are expressed in pollen to rescue Gal-
5 and Gal-2. Indeed, Hruba et al. (2005) showed that Gal-7,



Fig. 1. Phylogenetic tree of selected plant b-galactosidases. The tree was
constructed from the alignment of the amino acid sequences using Clustal
W software in http://align.genome.jp/. AtGal-1, A. thaliana b-galactosi-
dase-1/AtBGAL1 (NP187988); AtGal-2, A. thaliana b-galactosidase-2/
AtBGAL2 (NP190852); AtGal-3, A. thaliana b-galactosidase-3/AtBGAL3
(NP849506); AtGal-4, A. thaliana b-galactosidase-4/AtBGAL4 (CAB64740);
AtGal-5, A. thaliana b-galactosidase-5/AtBGAL5 (NP175127); AtGal-12,
A. thaliana b-galactosidase-12/AtBGAL12 (NP849553); Pear BGal,
P. pyrifolia (BAB21492); Papaya BGal, C. papaya(AAC77377); TBG1,
L. esculentum (AAF21626); TBG2, L. esculentum (AAF70821); TBG3,
L. esculentum (AAF70822); TBG4, L. esculentum (AAC25984); TBG5, L.

esculentum (AAF70824); TBG6, L. esculentum (AAF70825); TBG7,
L. esculentum (AAF70823); Mung bean BGal, V. radiata (AAF67341);
Peach BGal, P. persica (AAW47739); Lupin BGal, L. angustifolius

(CAA09467); RsbGal, R. sativus b-galactosidase 1 (BAD20774); Human
BGal, H. sapiens (P16278).

Table 1
Expression profile of Gal-5 and Gal-2 using microarray data

Organ/tissue Number of
chips

At1g45130
Gal-5

At3g52840
Gal-2

At4g05320
UBQ10

Root 200 11.67 ± 0.04 8.55 ± 0.06 14.7 ± 0.02
Petiole 12 10.62 ± 0.11 12.82 ± 0.2 14.8 ± 0.07
Rosette 604 8.93 ± 0.05 11.14 ± 0.04 14.7 ± 0.01
Stem 7 12 ± 0.04 11.26 ± 0.22 14.6 ± 0.24
Cauline leaf 3 7.3 ± 0.33 10.69 ± 0.11 14.8 ± 0.04
Flower 58 9.94 ± 0.25 9.12 ± 0.11 14.5 ± 0.07
Silique 11 11.83 ± 0.33 10.12 ± 0.23 14.8 ± 0.04
Seedling 386 10.57 ± 0.05 10.9 ± 0.03 14.8 ± 0.01

Second column shows the number of microarray chips available for a
given tissue. The organ/tissue specific expression levels for Gal-5
(At1g45130) and Gal-2 (At3g52840) as log2(n) are shown along with the
standard errors in columns three and four. Ubiquitin10 (UBQ10/
Atg05320) used as controls for comparison are shown in column five. The
Gene Atlas Tool of Genevestigator (https://www.genevestigator.ethz.ch/
at/) was used for analysis.
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Gal-11 and Gal-13 are specifically expressed in the pollen. It
is worth mentioning that microarray results are in good
agreement with recent RT-PCR results for selected organs
(Ahn et al., 2007).

Comprehensive microarray data are available for Ara-
bidopsis genes expressed in shoots and roots under various
stress conditions (http://www.weigelworld.org/resources/
microarray/AtGenExpress). According to the microarray
data, expression levels of Gal-5 and Gal-2 transcripts are
not significantly different under most of the stress condi-
tions, except UV–B light and osmotic (mannitol) stresses.
In comparison to the control, maximal change (�7-fold
increase) of Gal-2 expression is in roots (harvested after
3 h) treated with UV–B light. For Gal-5, maximal change
(�3-fold decrease) is in root (harvested after 24 h) treated
by osmotic stress. A RT-PCR study of b-galactosidase gene
expression in plant organs under various stress conditions
and hormone treatments may further corroborate the role
of BGALs in cell wall modification, by demonstrating
coordinated expression of b-galactosidase genes and the
genes whose products are known to be cell wall-specific
(e.g. expansin, polygalacturonase).

2.3. Expression of Gal-5 and Gal-2 in Arabidopsis: western

blotting studies using peptide-specific antibodies

Before the injection of immunogens, rabbit preimmune
sera were tested by ELISA for immunoreactivity with total
protein extracts of Arabidopsis and synthetic peptides (data
not shown). Two rabbits with the lowest preimmune serum
reactivity were chosen for the injection of Gal-5 and Gal-2
peptide conjugates, respectively. The peptide-specific anti-
sera were tested for their specificity by dot blotting. Anti-
Gal-2 peptide antibody recognized Gal-2 synthetic peptide
and the recombinant Gal-2 protein (E. coli and P. pastoris

expressed), and anti-Gal-5 peptide antibody recognized
Gal-5 peptide and recombinant Gal-5. Preimmune sera
did not show any detectable immunoreactivity with Gal-5
and Gal-2 on the blots.

The expression pattern of the two b-galactosidases in dif-
ferent Arabidopsis tissues was studied by western blotting
using antibodies raised against Gal-5 and Gal-2 specific
peptides. Immunoreactive bands of �75 kD were detected
in 4–5-week old plants (Fig. 2A), indicating Gal-5 and
Gal-2 proteins do not undergo proteolytic processing that
has been reported to produce 35–50-kD fragments for b-
galactosidases in apple (Ross et al., 1994), lupin (Bucke-
ridge and Reid, 1994) and radish (Kotake et al., 2005). Such
fragments were not detected on immunoblots even after
using high protein loads (Fig. 2B). Under our experimental
conditions, levels of Gal-2 protein were similar in all organs
(root, leaf, stem, flower, and silique), whereas Gal-5 levels
were different. Gal-5 levels were higher in stem and leaves,
but lower in roots and silique. We compared our results
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Fig. 2. Organ-specific expression of Gal-5 and Gal-2. (A) Western blot
and (B) Coomassie Blue stained SDS–PAGE. Total proteins (30 lg) from
Arabidopsis (4 weeks old) root, petiole of rosette leaves, rosette leaves,
stems, cauline leaves, flowers, and siliques were separated by 10% SDS–
PAGE and transferred to nitrocellulose membranes. Identical membranes
were incubated with rabbit preimmune sera and immune antisera against
Gal-5 and Gal-2 peptides. The arrow marks the position of immunore-
active bands.

Fig. 3. Localization of Gal-5 and Gal-2 in cell wall fractions by dot
blotting. Cell walls were isolated from Arabidopsis rosette leaves. Three
fractions (S1, soluble; CW4, CaCl2-soluble; CW5, LiCl-soluble) with b-
galactosidase activity were spotted on nitrocellulose strips at the same
place multiple times. Identical membranes with protein spots were
incubated with anti-whole Gal-2, anti-Gal-5 peptide-, and anti-Gal-2
peptide-specific antisera. Total protein spots were stained with Coomassie
Blue R-250. These dot-immunoblotting data show the presence of Gal-5
and Gal-2 in the cell wall.
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with the previous studies on expression of b-galactosidase
genes by Perez Almeida (2004) and Ahn et al. (2007). These
authors found Gal-2 transcripts with moderate levels of
expression in all organs, which is in agreement with our
result for Gal-2. In the case of Gal-5, they found higher level
of expression in roots than we did. We propose that this dif-
ference in Gal-5 expression is due to the difference in tran-
scriptional and translational stages of regulation, though
we do not exclude other factors, such as plant age, growth
conditions, and extraction methods used in the experiments.
It is worth mentioning that there is agreement between our
data and those of Perez Almeida (2004) in that Gal-5 is not
detectable in mature roots, although Perez Almeida (2004)
found Gal-5 expression in root elongation and root hair
zones of juvenile plants.

2.4. Cell wall localization of Gal-5 and Gal-2 proteins: dot

blotting

We isolated cell wall from rosette leaves of Arabidopsis to
confirm the presence of Gal-5 and Gal-2 proteins in the cell
wall. Five different fractions (S1, soluble 1; S2, soluble 2; S3,
soluble 3; CW4, extractable with CaCl2; and CW5, extract-
able with LiCl) were obtained. These fractions were assayed
for b-galactosidase activity using pNPGal as a substrate. S2
and S3 fractions did not have detectable activity. Specific
activities of S1, CW4, and CW5 were 0.06, 0.12, and
20.1 nmole pNP/min/mg, respectively, indicating that frac-
tion CW5 (LiCl-soluble) had the highest specific b-galacto-
sidase activity. Fraction CW5 contained the lowest amount
of protein (Fig. 3, bottom row) among the three fractions.
The immunoblotting data showed that antiserum to intact
Gal-2 protein had high immunoreactivity (Fig. 3, top blot)
with fraction CW4 (CaCl2-soluble) and weak immunoreac-
tivity with fractions S1 and CW5. However, this antiserum
is not specific for Gal-2; it recognizes also other cell wall-
bound b-galactosidases. In contrast, the reactivity of the
Gal-2 peptide-specific antiserum was strongest with fraction
CW5 (Fig. 3, third blot), indicating that Gal-2 is enriched in
CW5 and it requires LiCl for complete release from the cell
wall. In the case of Gal-5, the preimmune serum from the
rabbit immunized with Gal-5 peptide had considerable
background activity with cell wall components (Fig. 3,
second blot). Although the immune serum from the same
rabbit reacted more strongly with fractions CW4 and
CW5 than the preimmune serum, the difference between
the specific and the background reactions was not as strik-
ing as for Gal-2. Taken together, our enzyme activity and
dot-immunoblotting data indicate both Gal-5 and Gal-2
are present in, and tightly associated with, the cell wall in
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Arabidopsis. ELISA data (not shown) also confirmed that
Gal-5 and Gal-2 proteins were present in cell wall fractions,
supporting our hypothesis that Gal-5 and Gal-2 proteins
are bound to the cell wall.

2.5. Expression of Gal-5 and Gal-2 in P. pastoris and
purification

The recombinant proteins were expressed under the con-
trol of the AOX (alcohol oxidase) promoter in P. pastoris.
Gal-5, 700 amino acids long, (79-kD protein, calculated)
and Gal-2, 719 amino acids long, (81-kD protein, calcu-
lated), were expressed and secreted into the culture med-
ium. Optimization of induction and time-course studies
of expression were done to obtain the best expression level
for recombinant Gal-5 and Gal-2. Results from the induc-
tion time course (data not shown) showed that b-galactosi-
dase activity was secreted into the culture medium and was
detectable after 24 h of induction on 1% methanol, and it
peaked after 72–96 h. While b-galactosidase activity of
Gal-5 and Gal-2 transformants increased during the course
of induction, no detectable activity was observed in the
control P. pastoris transformed with an empty vector.

Recombinant Gal-5 and Gal-2 were purified from the
culture medium by ion exchange chromatography. Cation
exchange chromatography using Sulphoxyethyl (SE) cellu-
lose was efficient in purification of these enzymes because
P. pastoris culture medium contains low levels of secreted
endogenous protein, and both enzymes bind SE due to
their high positive net charge around pH 6. It allowed
2.7-fold purification of Gal-5 and 2-fold purification of
Gal-2 in a single step. Purified Gal-5 and Gal-2 appeared
on SDS–PAGE gel as single bands with an estimated
monomeric molecular weight of �75 kD (Fig. 4A and B),
Fig. 4. SDS–PAGE (A), western blot (B), and zymogram (C) of purified
Gal-5 and Gal-2. (A) 10% SDS gel was stained with Coomassie Blue R-
250. (B) Purified proteins separated on 10% SDS–PAGE were transferred
to a nitrocellulose membrane, which was incubated with rabbit anti-whole
Gal-2 antiserum and (C) Proteins were subjected to 8% acidic native gel
and stained with 4-methylumbelliferyl galactoside. Lane MW, molecular
weight standard; Lane 1, Gal-5; Lane 2, Gal-2.
indicating their purification to near homogeneity. This
result was supported by acidic native polyacrylamide gel
electrophoresis that showed a single activity band on the
zymogram for each enzyme (Fig. 4C). It should be noted
that the monomeric molecular weight of Gal-5 and Gal-2
obtained by SDS–PAGE is slightly lower than the estima-
tion based on amino acid sequence (79-kD for Gal-5 and
81-kD for Gal-2). Peptide mass fingerprinting (MALDI-
TOF) analysis showed that both ends of the Gal-5 polypep-
tide sequence were present in the peptide mixture, which
ruled out proteolytic modification of Gal-5 during purifica-
tion. Thus, the lower experimentally estimated monomeric
molecular weight of Gal-5 and Gal-2 is likely due to their
high content of hydrophobic amino acids (Gal-5 40%,
Gal-2 42% compared to BSA (bovine serum albumin)
34%). Hydrophobic amino acids bind SDS at a higher ratio
compared to hydrophilic ones, thereby causing slightly fas-
ter mobility of hydrophobic proteins on SDS–PAGE (Bay-
reuther et al., 1980).

The fact that Gal-5 and Gal-2 bind to a cation exchan-
ger at pH � 6 and migrate through acidic native gels indi-
cates that these proteins have high pI values, consistent
with the predicted pIs of 8.1 and 8.6 for Gal-5 and Gal-
2, respectively. It is interesting to note that basic pI values
were also observed for kiwifruit, tomato, and carambola b-
galactosidases (Ross et al., 1994; Carey et al., 1995; Bala-
subramaniam et al., 2005). These results support the
hypothesis that the cell wall-associated proteins interact
ionically with the acidic cell wall matrix. Pectic polygalac-
turonic acid provides negative charges and contributes to
the interaction with high pI proteins (Jamet et al., 2006).

2.6. Properties of recombinant Gal-5 and Gal-2

Recombinant Gal-5 and Gal-2 displayed optimal activ-
ity on pNP-b-D-galactopyranoside between pH 4.0 and
4.5. The pH-activity profile had a narrow range in that less
than 50% of maximal activity was observed at pH values
below 3.5 and above 6.0. These data are consistent with
the pH optima of most of the well-characterized plant b-
galactosidases, which range from 3.0 to 5.0 . . . (Edwards
et al., 1988; Carey et al., 1995; Kotake et al., 2005; de
Alcantara et al., 2006). It is generally believed that the
pH of the cell wall is acidic, around 5.5. During growth
and expansion of the cell, the pH of the cell wall falls below
5.5 (Grebe, 2005), which is optimal for the activity of most
cell wall modifying enzymes. When b-galactosidase activity
was measured as a function of temperature, both Gal-5 and
Gal-2 showed temperature optima at 40 �C and were stable
up to 55 �C (data not shown). At temperatures above
55 �C, both enzymes were inactivated irreversibly.

2.7. Aglycone, glycone and natural substrate specificity

To determine the specificity of the enzymes for the agly-
cone moiety, b-galactosides with a variety of aglycones
such as ortho-nitrophenyl (oNP), para-nitrophenyl (pNP),
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4-methylumbelliferyl (4MU), 5-bromo-4-chloro-3-indolyl
(X) and 6-bromo-2-naphthyl (6BN) were tested. All of
them were hydrolyzed by both Gal-5 and Gal-2, albeit with
different efficiencies (Table 2). These results indicate
that they have a broad specificity with respect to the
aglycone moiety. To investigate the specificity for the
glycone moiety, pNP-b-D-galactopyranoside (pNPGal),
pNP-b-D-mannopyranoside, pNP-b-D-fucopyranoside,
pNP-b-D-xylofuranoside, pNP-b-D-arabinopyranoside, and
pNP-a-L-arabinopyranoside (pNPAra) were tested. The
results are summarized in Table 3, which show that only
pNP-b-D-galactopyranoside and its 6-deoxy analogue
pNP-b-D-fucopyranoside were hydrolyzed. Gal-5 and
Gal-2 failed to hydrolyze pNPAra, showing that the gly-
cone specificity of these two enzymes is strict. Thus, Gal-
5 and Gal-2 are highly specific for b-galactopyranoside
and discriminate sugars based on the configuration of the
hydroxyl group at C4 and C3 positions.

Kinetic parameters of Gal-5 and Gal-2 were determined
with pNP-b-D-galactopyranoside. Km values for pNP-b-D-
galactopyranoside for the two enzymes were similar
(0.28 ± 0.06 mM for Gal-5 and 0.40 ± 0.02 mM for Gal-
2), but kcatvalues were different (1.55 s�1 for Gal-5 and
6.03 s�1 for Gal-2). Their catalytic efficiencies (kcat/Km) dif-
fered to some extent (5.54 s�1 mM�1 for Gal-5 and
15.21 s�1 mM�1 for Gal-2). Km values for oNPGal and
pNPFuc were 0.83 ± 0.015 and 3.75 ± 0.55 mM for Gal-
Table 2
Aglycone specificities of Gal-5 and Gal-2

Aglycone Relative activitya (%)

Gal-5 Gal-2

para-Nitrophenyl-(pNPGal) 100 100
ortho-Nitrophenyl-(oNPGal) 61 72
4-Methylumbelliferyl-(4MUGal) 18 20
5-Bromo-4-chloro-3-indolyl-(X-Gal) 43 56
6-Bromonaphthyl-(6BNGal) 22 30

a Activities of Gal-5 and Gal-2 were assayed in reaction mixtures con-
taining 2.5 mM substrate in NaOAc buffer pH 4.6. Aglycone specificity is
expressed as a percentage of activity against pNPGal (100% � 0.03 units
(nkat)). For insoluble aglycones, amounts of galactose produced as a
result of hydrolysis were measured by the galactose dehydrogenase assay.

Table 3
Sugar specificities of Gal-5 and Gal-2

Glycone Relative activitya (%)

Gal-5 Gal-2

pNP-b-D-galactopyranoside 100 100
pNP-b-D-fucopyranoside 25 21
pNP-b-D-glucopyranoside <1 <1
pNP-b-D-mannopyranoside 0 0
pNP-b-D-xylofuranoside 0 0
pNP-b-D-arabinopyranoside 0 0
pNP-a-L-arabinopyranoside 0 0

a Activities of Gal-5 and Gal-2 were assayed in reaction mixtures con-
taining 2.5 mM substrate in NaOAc buffer pH 4.6. Sugar specificity is
expressed as a percentage of activity against pNPGal (100% � 0.03 unit
(nkat)).
5, respectively, and 0.72 ± .016 and 6.4 ± 2.8 mM for
Gal-2, respectively.

Inhibitory effects of several sugars and sugar derivatives
were tested using pNPGal as a substrate. c-Galactonolac-
tone and D-galactose were the most effective inhibitors
for Gal-5 and Gal-2 activity. Their Ki values were 44 lM
and 7.4 mM, respectively, for Gal-5 and 98 lM and
4.5 mM for Gal-2. Also D-fucose, methyl-a-D-galactoside
and raffinose were weaker inhibitors for both enzymes
while pNPGlc, pNPAra, lactose, IPTG, galacturonic acid,
L-arabinose, and D-mannose did not show any inhibitory
effects. Ag+, Hg2+ and SDS strongly inhibited activity of
both enzymes when pNPGal was used as a substrate.

b-Galactosidases from either different plants or within
the same plant are known to differ considerably in their
linkage specificity (Kotake et al., 2005; Ishimaru et al.,
2005; Buckeridge et al., 2005). Using b-(1,4), b-(1,3) and
b-(1,6) linked galacto-oligosaccharides, we investigated
the linkage specificity of Gal-5 and Gal-2. As can be seen
from Fig. 5, both Gal-5 and Gal-2 hydrolyze b-(1,4) (lanes
3–4 and 5–6) and b-(1,3) (lanes 8–9 and 10–11) linkages,
whereas the b-(1,6) linkages in galacto-oligosaccharides
were less susceptible to hydrolysis (lanes 13–16).

Ahn et al. (2007) showed that a member of the family,
Gal-4, preferentially cleaves b-(1,4) and b-(1,3) linkages.
Thus, the three Arabidopsis paralogs, Gal-5, Gal-2, and
Gal-4, might act on the same natural substrates with b-
(1,4) and b-(1,3) linkages. To probe the natural substrate
specificity of Gal-5 and Gal-2, more complex oligo-/poly-
saccharides were tested and the results are shown in Table
4. L-Arafase (a-L-arabinofuranosidase) pretreated (to
remove arabinose) lupin galactan, a polymer of b-(1,4)
Fig. 5. Linkage specificity of Gal-5 and Gal-2. After hydrolysis of
galactobioses and galactotrioses by Gal-5 and Gal-2, products were
separated by TLC and developed with naphthoresorcinol (see methods).
Lane 1, monogalactose, Lane2-b-(1,4)-linked galactobiose and galacto-
triose; Lane 3 and 4, hydrolysis product of b-(1,4)-linked galactobiose and
galactotriose by Gal-5; Lane 5 and 6, hydrolysis product of b-(1,4)-linked
galactobiose and galactotriose by Gal-2; Lane 7, b-(1,3)-linked galacto-
biose and galactotriose; Lane 8 and 9, hydrolysis product of b-(1,3)-linked
galactobiose and galactotriose by Gal-5; Lane 10 and 11, hydrolysis
product of b-(1,3)-linked galactobiose and galactotriose by Gal-2; Lane
12,b-(1,6)- linked galactobiose and galactotriose; Lane 13 and 14,
hydrolysis product of b-(1,6)-linked galactobiose and galactotriose by
Gal-5; Lane 15 and 16, hydrolysis product of b-(1,6)-linked galactobiose
and galactotriose by Gal-2.



Table 4
Natural substrate specificities of Gal-5 and Gal-2

Substrate Linkage of terminal
residue

Activitya

Gal-5 Gal-2 Crude

Arabidopsis cell wall,
hot water soluble
pectin

Unknown 0.7 0.7 0.3

Arabidopsis cell wall,
oxalate-soluble pectin

Unknown 0.6 1.3 0.6

Arabidopsis cell wall,
alkali-soluble
hemicellulose I

Unknown tr 0.7 0.6

Arabidopsis cell wall,
alkali-soluble
hemicellulose II

Unknown tr tr tr

Lupin galactan Galb-(1,4)Gal 1.7 2.5 N/A
Apple pectin unknown 0.8 4.5 1.5
Gum Arabic Galb-(1,3), (1,6) Gal 0 0 N/A
Gum Guar Manb-(1,4)Man,

Gala-(1,6)Gal
0 0 N/A

a – lg of Gal released from 2 mg of polysaccharide by 0.03 nkat (units)
of enzyme at 25 �C in 24 h, tr – trace (poor hydrolysis), N/A – not tested.
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linked galactose, was hydrolyzed to some extent, whereas
gum arabic and gum guar were not hydrolyzed. Commer-
cially prepared apple pectin (Sigma, P8471) was the best
substrate among the polysaccharides tested. In the case of
larchwood arabinogalactan and gum arabic galactan, we
were unable to measure hydrolysis, since the negative con-
trols had high background due to the presence of compo-
nents that interfere with the galactose dehydrogenase
assay (#2570-050, Interscientific, Hollywood FL). The fact
that Gal-5 and Gal-2 hydrolyzed lupin galactan suggests
that these enzymes have exo-galactanase activity. Exo-
galactanase activity has been reported for lupin b-galacto-
sidase (Buckeridge and Reid, 1994 and Buckeridge et al.,
2005), a tomato b-galactosidase (TBG4) (Carey et al.,
1995; Ishimaru et al., 2005), and apple b-galactosidase
(Ross et al., 1994).

The strict specificity of Gal-5 and Gal-2 for galactose
and their ability to hydrolyze b-(1,4) and b-(1,3) linkages
in galacto-oligosaccharides and b-(1,4) linkages in lupin
galactan suggest that cell wall polysaccharides rich in
galactan are more likely to be natural substrates for these
enzymes. Rhamnogalacturonan-I (RG-I) and rhamnoga-
lacturonan-II (RG-II), the pectic polysaccharides of Ara-

bidopsis cell wall, contain side chains rich in terminal
galactose residues with b-(1,4) and b-(1,3) linkages. (Zab-
lackis et al., 1995). Besides pectins, xyloglucans from hemi-
cellulose are also known to have terminal b-(1,2) linked
galactose residues that are susceptible to cleavage by b-
galactosidases. Interestingly, xyloglucan oligosaccharides
were resistant to the action of Gal-5 and Gal-2. Both
enzymes released galactose only from the hot water-soluble
and ammonium oxalate-soluble pectic fractions of Arabid-

opsis cell wall, though at a slow rate (Table 4). Gal-5 and
Gal-2 (�0.03 nkat) released �1 lg of galactose from 2 mg
of Arabidopsis cell wall. The crude extract from rosette
leaves released even less galactose under the same condi-
tions. This observation is likely due to the complex struc-
ture of cell wall polysaccharides (e.g. RG-I) that contain
side chains with linear and branched a-L-arabinose and
b-D-galactose residues that sometimes can be substituted
by a-L-fucose, b-D-glucuronic acid, and 4-O-methyl-b-D-
glucuronic acid residues. Such substitutions make galactose
residues inaccessible to the action of b-galactosidases and
hence limit hydrolysis (Zablackis et al., 1995; Kotake
et al., 2005; Iglesias et al., 2006). It should be noted that
the limited action of Gal-5 and Gal-2 on the side chains
of the pectic backbone can increase porosity of the matrix
that creates microenvironments in cell walls in vivo, which
in turn may control accessibility of other cell wall-degrad-
ing enzymes to their substrates (Smith et al., 2002; Vervelen
and Vissenberg, 2007).

2.8. Conclusions

Most of the enzymes and structural proteins that are
directly involved in construction and functioning of Arabid-

opsis cell wall are encoded by multigene families (Farrokhi
et al., 2006). These families consist of members sharing
structural similarity, but differing in their temporal and spa-
tial expression profiles and physiological functions. GH
family 35 enzymes, consisting of 17 putative b-galactosi-
dases in Arabidopsis, are believed to be involved in cell wall
dynamics (Imoto et al., 2005; Ahn et al., 2007; Vervelen and
Vissenberg, 2007). We studied two members of the Arabid-

opsis b-galactosidase family, Gal-5 and Gal-2. Western blot
analysis using peptide-specific antibodies revealed organ-
specific expression of the two genes encoding these enzymes.
We showed that Gal-5 and Gal-2 are present in and tightly
associated with the cell wall in Arabidopsis by using peptide-
specific antisera and dot blotting. Recombinant Gal-5 and
Gal-2 expressed in P. pastoris hydrolyzed various synthetic
galactosidases, galacto-oligosaccharides and cell wall-
derived polysaccharides. Both enzymes preferentially
cleaved galactosides containing b-(1,4) and b-(1, 3) link-
ages. The properties of the enzymes and their natural sub-
strate specificities suggest that they may have the potential
to be involved in modification of pectic polysaccharides of
cell wall matrices. Further studies are needed to understand
their biological roles as pectin modifying enzymes.
3. Experimental

3.1. Materials

cDNAs for Gal-5 (pda05881 or pda06378) and Gal-2
(pda01770) in pBluescript vector were obtained from
RIKEN, Institute of Physical and Chemical Research,
Japan. Enzymes for the cloning were from Stratagene (La
Jolla, CA) and NEB (Ipswich, MA). Easy select Pichia
expression kit was from Invitrogen (Carlsbad, CA). Syn-
thetic substrates and other chemicals were from Sigma
(St. Louis, Mo). The imject maleimide activated BSA
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conjugation kit was from Pierce (Rockford, IL). Total Gal-
actose Neonatal Screening Test Kit was from Interscientific
(Hollywood, FL). Galactose dehydrogenase was from
Roche (Indianapolis, IN). Galacto-oligosaccharides were
a gift from Dr. Yoichi Tsumuraya and Dr. Toshihisa
Kotake of Saitama University, Japan. Lupin galactan
was a gift from Dr. David Smith of USDA, Beltsville, MD.

3.2. Methods

3.2.1. Database analysis

Signal sequence predictions and subcellular targeting of
predicted proteins were done using SignalP (Bendtsen
et al., 2004) and TargetP (Emanuelsson et al., 2000).
Amino acid sequences of b-galactosidases were aligned
using software at http://align.genome.jp. A phylogenetic
tree was constructed from the alignment using PAUP 4.0.

3.2.2. Microarray expression analysis

Expression profile analysis was done usingArabidopsis

gene expression datasets from the Genevestigator website
(http://www.genevestigator.ethz.ch). Using Gene Atlas
Tool, the organ/tissue-specific expression levels for
At1g45130 (Gal-5) and At3g52840 (Gal-2) were estimated
by Genevestigator software along with Atg05320 (Ubiqui-
tin10, UBQ10) as the control for comparison. A given gene
was scored as ‘‘expressed” if data from the Digital North-
ern Tool gave signal values higher than 200 with p < 0.06
(Zimmermann et al., 2004). The p value for Gal-5 and
Gal-2 was p = 0.00164. Response Viewer Tool was used
to verify up- and down-regulated genes under different abi-
otic and biotic stresses. Reliability and reproducibility of
analyses were evaluated by the number of chips and repli-
cates in individual experiments.

3.2.3. Plant materials

Arabidopsis seeds (Col-O) were obtained from the Ara-
bidopsis Biological Resource Center (ABCR), Ohio State
University Seed Stock Center (Columbus, OH). For germi-
nation, seeds were surface-sterilized with 3% hypochlorite
for 10 min followed by washes with dH2O (three times)
and finally suspended in 0.1% agarose. Sterilized seeds were
kept at 4 �C for 3–4 days and seedlings were germinated on
half strength Murashige–Skoog salt-agar plates for 10–14
days with 16 h day and 8 h night cycles. Seedlings were
transferred to soil and grown at 16/8 h day/night cycle.
Plants were harvested when 4–5 weeks old, and immediately
frozen in liquid nitrogen and kept at �80 �C until use. For
western blot analysis, Arabidopsis tissue was ground with
sand (0.3 g/1 g tissue). Total proteins were solubilized in
6 M urea (1 g tissue: 2 ml solvent). Cell wall polysaccharide
isolation was done as described in Li et al. (2001).

3.2.4. Expression of Gal-2 in E. coli and preparation of
rabbit antisera

The Gal-2 mature protein coding sequence was cloned
into pET21a vector and expressed in E. coli BL21 codon
plus cells. Cells were suspended in lysis buffer (50 mM
Tris–HCl pH 8.0, 100 mM NaCl, 0.02% SDS, 1 mM
PMSF) and broken up using a French press. After exten-
sive washing of soluble fractions with lysis buffer, insoluble
proteins (the inclusion body fraction) were solubilized in
6 M urea and separated on a 10% SDS–PAGE preparative
gel. The gel was stained (30 min) with Coomassie brilliant
blue R-250 and the band corresponding to the Gal-2 poly-
peptide was excised. The excised band was destained in
MeOH:H2O (1:1, v/v) with several changes of solution
and rehydrated in a minimum amount of 1X PBS at 4 �C
overnight. After rehydration, the band was ground in a
pre-chilled mortar. Ground powder was suspended in 1X
PBS containing 0.2% SDS and 0.5% 2-mercaptoethanol
(v/v) and heated at 75 �C for 15 min. After cooling, the sus-
pension was mixed with 1 volume of Freund’s Complete
Adjuvant (Sigma) and used for immunization. Rabbit
anti-Gal-2 sera were raised by repeated injection of antigen
mixed with Freund’s Incomplete Adjuvant at two-week
intervals. Synthetic peptides (Gal-2: CSGKIRAPTILMK-
MIPTS and Gal-5: CSGVAFLTNYHMNAPAKVV) were
conjugated to the BSA using an imject maleimide activated
BSA kit (Pierce, Rockford, IL) according to the vendor’s
protocol. Peptide-specific antisera were raised by injecting
BSA-conjugated synthetic peptides with Freund’s
adjuvants. A small volume of trial bleeding was taken at
two-week intervals to monitor the change in antisera titer
during the course of immunization. All antisera were
diluted twice with glycerol and stored at �20 �C until
usage.

3.3. Expression of recombinant Gal-5 and Gal-2 in P.

pastoris and purification

The mature protein coding sequences of Gal-5
(S24 through N724) and Gal-2 (V28 through
K727) cDNAs were amplified by the primer pair 50-CAC-
CGTGGTCACTTATGATCACAAAGC-30 and 50-CCA-
ATGAAAGAGGGTAACAAAGGGC-30 for Gal-2 and
50-AGGTGAATTCCAGTGTAGTAGTGTAACCTACG-
30 and 50-TTTGCGGCCGCAAGTTAG TTTACTGAT-
CTCTTCACAAC-30 for Gal-5 from cDNA inserts of plas-
mids obtained from RIKEN, using the high-fidelity Pfu

Turbo DNA polymerase. The inserts were cloned into
pPICZa Pichia expression vector to express Gal-5 and
Gal-2 as the yeast a factor secretion signal fusion protein
to facilitate secretion of recombinant proteins into culture
medium. After confirming the accuracy of the sequence
and the correct reading frame, linearized plasmids were
transformed into P. pastoris by electroporation. Recombi-
nant enzyme production was under the control of the alco-
hol oxidase (AOX) promoter induced by methanol.
Production of recombinant proteins was monitored by
assaying b-galactosidase activity toward pNPGal in culture
supernatant samples taken every 24 h. After 72 h of induc-
tion, cells were pelleted and culture supernatant was used
for further purification of the recombinant enzymes.

http://align.genome.jp
http://www.genevestigator.ethz.ch


D. Gantulga et al. / Phytochemistry 69 (2008) 1661–1670 1669
Gal-5 and Gal-2 were purified from culture supernatants
by ion exchange chromatography using Sulphoxyethyl (SE)
cellulose. In a typical experiment, 100 ml of culture super-
natant was filtered, diluted five times with degassed dH2O
to reduce ionic strength of the medium and loaded onto
the column (1.5 cm � 3 cm) pre-equilibrated with buffer
A (20 mM potassium phosphate, pH 6.0). After washing
with 10 column volumes of buffer A, bound proteins were
eluted in one step with 150 mM NaCl in buffer A (flow rate
1 ml/min). All fractions were checked for b-galactosidase
activity using pNPGal as substrate. Fractions with highest
b-galactosidase activity were used for further experiments.
Protein concentration was determined by the Bradford
method (Bradford, 1976) (Bio-Rad Protein Assay Reagent
kit) using BSA as a standard.

3.3.1. Cell wall isolation and extraction of cell wall-bound

proteins

We isolated cell walls from rosette leaves of Arabidop-

sis using the procedure described by Feiz et al. (2006).
Rosette leaves were ground in a blender whose cup was
dipped at intervals into liquid nitrogen to maintain low
temperature during grinding. The cell wall fraction was
washed extensively with 3 L of wash buffer (5 mM NaO-
Ac buffer, pH 4.6) on a metal net (75 lm pore size). After
washing, the cell wall fraction was lyophilized. The lyoph-
ilized cell wall material was ground to a fine powder by
grinding in a blender, and was then used to extract
wall-bound proteins. Five different (S1, soluble 1; S2, sol-
uble 2; S3, soluble 3; CW4, extractable with CaCl2; and
CW5, extractable with LiCl) fractions were obtained.
These fractions were assayed for b-galactosidase activity.
Of these, three fractions with b-galactosidase activity were
further analyzed for immunoreactivity. They were spotted
multiple times on nitrocellulose strips to increase antigen
(Gal-5 and Gal-2) concentration and incubated with pre-
immune (control) and immune sera from rabbits immu-
nized with whole Gal-2 polypeptide and unique peptides
derived from Gal-5 and Gal-2 sequences.

3.3.2. SDS–PAGE, native PAGE and western blotting

SDS–PAGE was performed as described by Laemmli
(1970). Native PAGE was performed in acidic gels using
the protocol on the website (http://wolfson.huji.ac.il/purifi-
cation/Protocols/PAGE_Acidic.html). After electrophore-
sis, the gel was rinsed in a wash buffer (100 mM acetate
buffer pH 4.6) for 2 � 15 min. The zymogram was devel-
oped by incubating the gel in 0.5 mM 4-MUGal in wash
buffer at 37 �C for 20 min and photographed under UV
light. For immunoblotting, the gel was soaked in a blotting
buffer (10 mM CAPS, pH 11 with 10% (v/v) MeOH) for
2 � 15 min. Proteins were transferred onto a nitrocellulose
(0.45 lm, Protran) membrane using a Bio-Rad Mini trans
blot cell at 50 V, at 4 �C overnight following the vendor’s
protocol. For immunodetection, 2000-times dilution of
anti-Gal-2 antiserum or 1000-times dilution of peptide-spe-
cific antiserum was used as primary antibody and 2000-
times dilution of goat anti-rabbit antibody conjugated with
peroxidase (A0545, Sigma, Saint Louis, MO) as secondary
antibody. Immunoreactive bands were visualized by the
deposition of 4-chloronaphthol after oxidation by HRP
(horse radish peroxidase) using the substrate solution
(21 ml of PBS pH 7.4, mixed with 5.5 ml of 3.3 mg/ml 4-
chloronaphthol in 100% MeOH and 10 ll of 30% H2O2).

3.3.3. b-galactosidase activity assay

One hundred micro liters of 5 mM pNPGal in 100 mM
NaOAc buffer pH 4.6, 80 ll H2O and 20 ll of the diluted
enzyme solution were mixed and incubated at 37 �C for
up to 30 min. The reaction was stopped by adding 100 ll
of 1 M Na2CO3. The absorbance was measured at
405 nm to quantify the amount of pNP released after
hydrolysis. This standard protocol was used for all activity
assays with pNPGal, if not otherwise stated. Boiled enzyme
or buffer solution was used as a control. One unit (nkat) of
enzyme activity is defined as an amount of enzyme that is
able to produce 1 nmole of pNP per second at 37 �C.

For the determination of natural substrate specificity,
galacto-oligosaccharides (20 mM), xyloglucan oligosaccha-
rides (1 lg/ll) and polysaccharides (1% (w/v)) were pre-
pared in H2O. Final concentration of substrates was
4 mM for oligosaccharides and 0.5% for polysaccharides
in 100 mM acetate buffer pH 4.6. Reaction mixture was
incubated with 0.03 units/nkats enzymes at room tempera-
ture for 24 h. Reaction mixtures containing no enzyme and
no substrate were used as controls. Reactions for polysac-
charides were stopped by adding 1 ml of 100% EtOH to
0.4 ml of reaction mix to precipitate proteins and polysac-
charides. After centrifugation, the supernatant was trans-
ferred into a new microfuge tube and vacuum dried.
Dried mixtures were dissolved in 100 ll of dH2O, and total
galactose produced as a result of hydrolysis was quantified
using galactose dehydrogenase assay kit (Interscientific,
Hollywood, FL). Products of hydrolysis of oligosaccha-
rides were analyzed by thin layer chromatography (TLC)
on silica gel 60 F254 (EM Science, Germany) using 3:2:1
(v/v/v) n-BuOH:AcOH:H2O as the solvent and detected
by heating TLC plates after spraying with 0.2% (w/v)
naphthoresorcinol in 1:19 H2SO4:EtOH (v/v). (Ahn et al.,
2004).
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