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Abstract A novel «-galactosidase gene (aga-F75) from
Gibberella sp. F75 was cloned and expressed in Escherichia
coli. The gene codes for a protein of 744 amino acids with a
24-residue putative signal peptide and a calculated molecular
mass of 82.94 kDa. The native structure of the recombinant
Aga-F75 was estimated to be a trimer or tetramer. The
deduced amino acid sequence showed highest identity
(69%) with an «-galactosidase from Hypocrea jecorina
(Trichoderma reesei), a member of the glycoside hydrolase
family 36. Purified recombinant Aga-F75 was optimally
active at 60°C and pH4.0 and was stable at pH3.0-12.0. The
enzyme exhibited broad substrate specificity and substantial
resistance to neutral and alkaline proteases. The enzyme K,
values using pNPG, melibiose, stachyose, and raffinose as
substrates were 1.06, 1.75, 54.26, and 8.23 mM, respectively.
Compared with the commercial o-galactosidase (Aga-A)
from Aspergillus niger var. AETL and a protease-resistant
«-galactosidase (Aga-F78) from Rhizopus sp. F78, Aga-F75
released 1.4- and 4.9-fold more galactose from soybean meal
alone, respectively, and 292.5- and 8.6-fold more galactose
from soybean meal in the presence of trypsin, respectively.
The pH and thermal stability and hydrolytic activity of
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Introduction

«-Galactosidases (x-D-galactoside galactohydrolase; EC
3.2.1.22) catalyze the removal of «-linked terminal
nonreducing galactose residues from different substrates
(Dey and Pridham 1972), and some «-galactosidases
catalyze transgalactosylation, especially at high substrate
concentrations (Puchart and Biely 2005). Sources of
«-galactosidase include microorganisms (Ademark et al.
2001; Baik et al. 2000; Brouns et al. 2006; Carrera-Silva
et al. 2006; Duffaud et al. 1997), plants (Carmi et al. 2003;
Fujimoto et al. 2003), and mammals (Hamers et al.
1977). On the basis of amino acid sequence similarity,
«-galactosidases have been classified into the glycoside
hydrolase (GH) families 4, 27, 36, and 57 in the CAZy
database (http://www.cazy.org/fam/acc_ GH.html). A
majority of the known o-galactosidases belong to the
GH-27 and GH-36 families and share a common con-
served consensus sequence ([LIVMFY]-x(2)-[LIVMFY]-
x-[LIVM]-D-[DS]-x-[WY]), implying a similarity of the
reaction mechanism or active site (Fridjonsson et al.
1999). Most of the known eukaryotic «-galactosidases
have been classified into the GH-27 family with an
average molecular mass of about 50 kDa, which is smaller
than that of most GH-36 «-galactosidases (about 80 kDa;
Henrissat 1991; Henrissat and Bairoch 1993). GH-36
«-galactosidases are mainly from bacteria, although some
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are from fungi and plants, such as the «-galactosidases
from Trichoderma reesei (Margolles-Clark et al. 1996),
Penicillium sp. F63 (Mi et al. 2007), and Absidia
corymbifera TFO 8084 (Baik et al. 2000). The latter -
galactosidases resemble those from bacteria; they form
multimeric complexes comprised of subunits with high
molecular mass. The biochemical and physical properties
and substrate specificities of «-galactosidases from differ-
ent organisms have been extensively studied and a
presumed catalytic domain comprised of a ([3/x)g barrel
topology has been proposed based on crystallographic
data (Foucault et al. 2006; Fujimoto et al. 2003; Garman
and Garboczi 2004; Golubev et al. 2004); however, the
relationship between structure and function remains
unknown.

«-Galactosidases are widely applied in many indus-
tries. In food and feed industries, x-galactosidases are
added to eliminate o-D-galactosides (mainly raffinose and
stachyose), which are antinutritional factors in legume
seeds, and to improve digestibility alone or in combination
with other enzymes (Ghazi et al. 2003; Graham et al.
2002; Igbasan et al. 1997; Puchal 1999). Furthermore,
«-galactosidases are used in the sugar-making industry to
improve the crystallization of sucrose (Linden 1982), in
the pulp and paper industry to enhance pulp bleaching
(Clarke et al. 2000), in medical treatments to catalyze
erythrocyte conversion (Zhang et al. 2007) and to cure
Fabry disease (Tsuboi 2007), and in scientific research as
a selection marker using the substrate X-«-gal (Jeong et
al. 2006).

The o-galactosidase activity from Gibberella fungus has
been identified, but no detailed characterization or sequence
data were reported (Thippeswamy and Mulimani 2002).
Thus, this is the first report to describe the molecular
cloning and expression of an «-galactosidase gene from
Gibberella. The superior properties of the recombinant
enzyme, such as strong resistance to protease and high
hydrolytic activity, may be advantageous for many biotech-
nological applications.

Materials and methods
Microorganism isolation

The fungal strain F75 was isolated from the experimental
plot soil, Beijing, China. The medium for isolation
consisted of 0.4% (w/v) K,HPOy4, 0.28% (w/v)
(NH4),S04, 0.12% (w/v) CaCl,, 0.12% (w/v) urea,
0.12% (w/v) MgSO,, and 3% (w/v) of soybean meal
extract. The taxon of strain F75 was identified based on
rDNA sequence in the internal transcribed spacer (ITS)
regions (Innis et al. 1990).

@ Springer

Strains, plasmids, enzymes, and reagents

Escherichia coli strain TOP10 and vector pEASY-T3 were
purchased from TransGen Biotech (Beijing, China). E. coli
strain BL21 and vector pET-22b(+) were purchased from
Novagen (Darmstadt, Germany). Restriction endonucleases
and pfiu DNA polymerase were purchased from Takara
(Kyotanabe, Japan) and T4 DNA ligase was purchased from
Invitrogen (Carlsbad, CA, USA). Substrates p-nitrophenyl-
a-D-galactopyranoside (pNPG), 6-bromo-2-naphthyl-o-D-
galactopyranoside, melibiose and stachyose, and proteinases
including trypsin, «-chymotrypsin, subtilisin A, collage-
nase, and proteinase K were purchased from Sigma (St.
Louis, MO, USA). Proleather was obtained from Amano
Enzyme Inc. (Nagoya, Japan) and alkaline protease (from
Bacillus pumilus) was purified as Qiu and Cheng
described (Qiu and Cheng 1984). p-Galactose and raffi-
nose were purchased from Amresco (Solon, OH, USA),
isopropyl-(3-D-thiogalactopyranoside (IPTG) was from
Calbiochem (Darmstadt, Germany), and low and high
molecular weight calibration kits were from GE Health-
care (Piscataway, NJ, USA). All other chemicals were of
analytical grade.

Cloning of the full-length genomic DNA of aga-F75

The fungal strain F75 was cultivated in potato dextrose
broth medium at 30°C for 48 h. The cetyl trimethylammo-
nium bromide (CTAB) method was used to extract genomic
DNA from the mycelia (Graham et al. 1994). A pair of
degenerate primers, P4 (5'-GAYGAYGGNTGGTTYGGN-
3") and Pr8 (5-GACCATYTCNGGYTCNAMCC-3'; Y
represents C or T, M represents A or C, and N represents
A, T, C, or G), was designed based on the conserved motifs
of fungal GH-36 «-galactosidases. The genomic DNA of
strain F75 was used as a template for polymerase chain
reaction (PCR) amplification. Touchdown PCR conditions
were as follows: 5 min at 95°C, followed by 30 cycles of
94°C for 30 s, 58°C to 48°C (decreasing 1°C each cycle
and holding at 48°C for remaining cycles ) for 30 s, and 72°
C for 1 min, and a final extension at 72°C for 10 min. The
PCR products were purified and ligated into pEASY-T3 for
sequencing. The sequence of the DNA fragment was
analyzed by BLAST (http://www.ncbi.nlm.nih.gov/BLAST)
and the following six specific primers were designed based
on the sequence: F78-spl (5-GACGGTTGGTTCAAAG
GACGAAAGTCAG-3"), F78-sp2 (5'-GATTGGTATCCA
GACAAGTCAAAGTTTCCAC-3'), F78-sp3 (5'-
TTGGGTATGAAATTTGGCTTGTGGGTGG-3"), F78-rspl
(5'-CCACAAGCCAAATTTCATACCCAATTCATG-3"),
F78-rsp2 (5'-AAGGGTCCTAAACCTTGTGGAAACTTT
GAC-3"), and F78-rsp3 (5-TGTCTGACTTTCGTCCTTT
GAACCAACC-3'). The 5" and 3’ flanking regions of the
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DNA fragment were obtained using a thermal asymmetric
interlaced (TAIL)-PCR protocol (Liu and Whittier 1995) with
an annealing temperature of 58°C and sequenced. These
nucleotide sequences were assembled and analyzed using
Vector NTI 7.0 software and Genomescan (http://genes.mit.
edu/genomescan.html).

Cloning of the full-length complementary DNA of aga-F75

Strain F75 was grown in «-galactosidase-inducing medium
containing 3% (w/v) soybean meal extract as a carbon source
at 30°C on a rotary shaker at 250 rpm for 5 days (Cao et al.
2007). Mycelia were collected, frozen under liquid nitrogen,
and immediately ground into fine powder. Total RNA was
isolated and purified from mycelia using the RNeasy
Plant Mini kit (Qiagen, Hilden, Germany). Full-length
«-galactosidase cDNA was obtained from total RNA by
reverse transcription (RT)-PCR amplification using a Super-
Script III First-Strand Synthesis System for RT-PCR kit
(Invitrogen); primer oligo(dT) was used to amplify the first
strand and primers F75upl (5'-AAGATGGTGCTTGTTA
CATTGAGGG-3") and F75AG4 (5'-GAACTATTGCTTCT
CAATCAT CAAG-3') were used to amplify the second
strand. The cDNA containing the x-galactosidase gene, aga-
F75, was analyzed using Vector NTI 7.0 software. The signal
peptide sequence of the x-galactosidase from strain F75 was
predicted using SignalP (http://www.cbs.dtu.dk/services/
SignalP/). Homology searches in GenBank were performed
using the BLAST server. Multiple alignments of protein
sequences were accomplished using Vector NTI 7.0 software.

Expression of aga-F75 in E. coli

To construct the aga-F75 plasmid for expression in E. coli,
a gene fragment containing aga-F75 was amplified by PCR
using the primers F75AG-ES (5'-CTAGGATCC
GATGGTGCTTGTTACATTGAG-3', BamHI site under-
lined) and F78AG-YA (5'-CTAGCGGCCGCCTATT
GCTTCTCAATCATC-3', Notl site underlined). The PCR
conditions were as follows: 95°C for 5 min, 30 cycles of
30 s at 94°C, 30 s at 62°C, and 2 min 30 s at 72°C,
followed by a final extension at 72°C for 10 min. The PCR
products were digested using BamHI and Notl and cloned
into pET-22b(+) using T4 DNA ligase. The resulting
construct, pET22b(+)/aga-F75, was then transformed into
E. coli BL21 (DE3) cells. The strain harboring aga-F75
was grown to an ODggy of 0.6-0.8 in Luria—Bertani (LB)
medium containing 100 pg/ml ampicillin at 37°C. The
culture was then diluted 1:25 into fresh LB medium and
cultivated at 37°C for 2-3 h until an ODggyo of ~0.6 was
reached. After induction with 1 mM IPTG, the subculture
was grown at 18°C for 12 h (Cao et al. 2008) with shaking
at 180 rpm.

Enzyme assay

The enzyme assay methods varied according to the substrate.
The pNPG method was used as described (Cao et al. 2007), in
which 1 U of «-galactosidase activity was defined as the
amount of enzyme that released 1 wmol of pNP from pNPG
per min at 37°C. The dinitrosalicylic acid (DNS) method was
performed according to Xu et al. (2004) with a little
modification. Mcllvaine buffer at pH4.0 and reaction temper-
ature at 37°C were used. One unit of o«-galactosidase activity
was defined as the amount of enzyme that released 1 umol of
reducing sugar per minute at 37°C. The glucose oxidase—
peroxidase (GOD-POD) method was carried out using a
GOD-POD kit (Biosino Bio-Techology & Science Inc,
Beijing, China) according to the manufacturer’s instructions;
1 U of «-galactosidase activity was defined as the amount of
enzyme that released 1 pwmol of glucose per minute at 37°C.

Purification of the recombinant enzyme (r-Aga-F75)

To purify the recombinant His¢-tagged enzyme, cells were
harvested by centrifugation at 12,000xg for 5 min at 4°C,
washed, and resuspended in sterilized ice-cold buffer A
(20 mM Tris-HCI, pH7.6 containing 500 mM NaCl) and
stored at —20°C before use. After thawing, the cells were
disrupted by 3 s sonication at 100 W on ice for several
times and centrifuged at 12,000xg for 15 min at 4°C. Then
5 ml of the supernatant (crude enzyme) containing
151.62 mg protein was applied to a 1-ml Ni-NTA chelating
column (Qiagen, Hilden, Germany) previously equilibrated
with buffer A. The protein was eluted using an imidazole
step gradient (0, 20, 40, 60, 80, 100, 200, and 300 mM) in
20 mM Tris-HCI1 (pH7.6) containing 500 mM NaCl and
10% (w/v) glycerol. Fractions containing enzyme activity
were determined using the pNPG method. The protein
concentration at each step was determined using the
Bradford method with bovine serum albumin as the
standard (Bradford 1976).

Electrophoresis analysis

Protein induction and purification samples were subjected
to 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis in a vertical slab gel
apparatus at pH8.3. Protein bands were detected with
Coomassie brilliant blue R-250. E. coli BL21 (DE3)
containing pET-22b(+) was compared to that containing
pET22b(+)/aga-F75 to verify x-galactosidase expression.
To determine the native molecular weight of r-Aga-F75,
the purified protein subjected to nondenaturing gradient
(4-12%, w/v) PAGE was analyzed by hydrolyzed 6-bromo-
2-naphthyl-o-D-galactopyranoside and then stained with Fast
blue B salt (Fluka, Buchs, Switzerland; Cao et al. 2007).
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Biochemical characterization

The pH optimum of purified r-Aga-F75 o-galactosidase
activity was determined at 37°C in 0.1 M Mcllvaine buffers
at pH2.0-8.0 and in 0.1 M glycine-NaOH buffers at pH
9.0-11.0. The pH stability of r-Aga-F75 was determined by
measuring the residual activity at the optimal pH and 37°C
after pre-incubating the enzyme in the same buffers
(x-galactosidase/buffer=1:19, w/w) over a pH range of
2.0-11.0 at 37°C for 30 min.

The optimal temperature for «-galactosidase activity was
determined in 0.1 M Mcllvaine buffer at the optimal pH
from 0°C to 70°C. Thermal stability of the purified
recombinant enzyme was determined by measuring the
residual enzyme activity under standard conditions (pH4.0,
37°C for 5 min) after incubation of the enzyme at 50°C or
60°C for 2, 5, 10, 15, 20, and 30 min.

The effect of metal ions and chemical reagents on the
activity of purified r-Aga-F75 was determined by adding 1
or 5 mM of various metal salts (NaCl, KCI, CaCl,, LiCl,
CoCl,, CrCls, NiSO4, CuSO4, MgSO,, FeCl;, MnSOy,
ZnCl,, PbCl,, AgNOs;, or HgCl,) or reagents (3-Met, SDS,
ethylenediaminetetraacetic acid (EDTA), CTAB, or Triton
X-100) to the assay system. The system without any
additive was used as a control.

Resistance of Aga-F75 to proteases including trypsin,
a-chymotrypsin, proteinase K, subtilisin A, collagenase,
proleather, and alkaline protease was determined as
described (Cao et al. 2007). All enzyme activity assays in
biochemical characterization were verified in triplicate
using the pNPG method.

Substrate specificity and kinetic parameters

The substrate specificity and kinetic parameters of r-Aga-F75
were determined by measuring the enzyme activity after
incubation in 0.1 M Mcllvaine buffer (pH4.0) containing
pNPG (0.0125-1 mM), melibiose (1-10 mM), raffinose
(1-10 mM), and stachyose (1-10 mM) at 37°C for 5, 15,
20, and 20 min (within the first-order reaction period).
Enzyme activity was assayed using the pNPG method
(pNPG), the GOD-POD method (melibiose), and the DNS
method (raffinose and stachyose). The apparent Michaelis
constant (K,,) and maximal reaction rate (V<) were
calculated from the Lineweaver—Burk plot. Each value
represents an average of three independent triplicates.

Assay of hydrolytic activity
The hydrolytic activity of purified r-Aga-F75 was deter-
mined by measuring the amount of galactose released from

oligosaccharides including melibiose, raffinose, and
stachyose. Oligosaccharides were dissolved in 0.1 M
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Mcllvaine buffer (pH4.0) to 1 mg/ml and incubated in
the presence of 1 or 3 U/ml r-Aga-F75 at 37°C for 24 h
(Luonteri et al. 1998b). The amount of released galactose
in the samples was detected using a Dionex system
(Dionex, Sunnyvale, CA, USA) containing a high-
performance anion-exchange chromatography column
(4x250 mm) equipped with a CARBOPAC PA10
(HPAEC-PAD) and a 25-ul sample volume in 18 mM
NaOH and 50 mM borate solution. The buffer flow rate
was 1 ml/min. Two controls were performed under the
same conditions without addition of the enzyme or with
boiling inactivated enzyme. The results of the controls
were almost the same.

The synergistic effect of Aga-F75 (1 U/ml) and trypsin
(10:1 (w/w) ratio of x-galactosidase/trypsin) on hydrolysis
of 5% (w/v) soybean powder was performed in 0.1 M
Mcllvaine buffer (pH4.0) at 37°C for 24 h (Eneyskaya et
al. 1999). The amount of released galactose was determined
using HPAEC-PAD as described above. Aga-F75 activity
was compared to two o-galactosidases: protease-resistant
Aga-F78 from Rhizopus sp. F78 ACCC 30795 (Cao et al.
2007) and commercial Aga-A from Aspergillus niger var.
AETL (Maharashtra, India).

Nucleotide sequence accession numbers

The nucleotide sequence for the Gibberella sp. F75 ITS
region and the «-galactosidase gene (aga-F75) were
deposited in the GenBank database under accession
numbers FJ360899 and FJ392036, respectively.

Results
Identification of the fungal strain

The rDNA sequence of ITS1-5.8S rRNA-IST2 (536 bp)
amplified by PCR from strain F75 had the highest
nucleotide identity (100%) with that from Fusarium
proliferatum (Gibberella fujikuroi complex; Genbank
accession no. FJ040179) and Gibberella moniliformis strain
Fm-X.1.7-030527-31 (Genbank accession no. EU364864).
Based on the ITS sequence analysis, F75 was identified as a
member of Gibberella and deposited in the China General
Microbiological Culture Collection Center (CGMCC)
under CGMCC 2499.

Molecular cloning and sequence analysis

A partial «-galactosidase gene (160—180 bp) was amplified
by PCR using degenerate primers (P4 and Pr8) derived
from the conserved amino acid sequences of the fungal
GH-36 «-galactosidases, and the PCR product was
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sequenced and analyzed. The sequence of this fragment
exhibited 74% identity with «-galactosidase C from
Aspergillus clavatus NRRL 1 (Genbank accession
no. XP 001275168) and 69% identity with Agll from
Penicillium sp. F63 (Genbank accession no. ABC70181),
suggesting the fragment was derived from the «-
galactosidase coding sequence. Many PCR products from
the 5’ and 3’ flanking regions amplified by TAIL-PCR were
isolated, sequenced, and assembled with the partial gene
fragment. The resulting assembled sequence was
~3,000 bp, and one open reading frame (ORF) consisting
of 2,339 bp was identified within it.

The full-length cDNA sequence obtained via RT-PCR
contained one open reading frame of 2,232 bp. Compared
to the ORF, two introns, 86—138 and 746-796 bp, were
identified to interrupt the x-galactosidase coding sequence.
The putative protein was 744 residues in length with a
calculated pI of 5.10 and a calculated molecular mass of
82.94 kDa. SignalP analysis indicated the presence of an
N-terminal signal peptide at residues 1-24. The deduced
amino acid sequence of Aga-F75 had higher identities with
fungal GH-36 «-galactosidases from Hypocrea jecorina
(T. reesei; Genbank accession no. CAA93245; 69%),
Penicillium sp. F63 (Genbank accession no. ABC70181;
63%), and A. niger (Genbank accession no. CAB63901;
63% 1identity) than with the bacterial GH-36 «-
galactosidases from G. stearothermophilus (Genbank
accession no. AAG49420; 43% identity) and E. coli
(Genbank accession no. AAA24497; 22% identity; Fig. 1)
and had lower identities (no more than 10%) with GH-27
«-galactosidases (data not shown). This result suggests that
Aga-F75 is a novel fungal o-galactosidase belonging to
GH-36 family.

Expression and purification of Aga-F75

The recombinant gene encoding the Gibberella «-
galactosidase containing a C-terminal Hisg-tag was
expressed in E. coli BL21 (DE3) cells. The crude enzyme
activity in cells was 1.42 U/ml. The recombinant Aga-F75
was purified using single-step affinity chromatography on a
Ni-NTA column. After 1,037-fold purification (47.61%
recovery), the specific activity of r-Aga-F75 was 48.33,
3.17, 0.26, and 11.90 U/mg for the substrates pNPG,
melibiose, raffinose, and stachyose, respectively.

Electrophoresis analysis

Purified r-Aga-F75 migrated as a single band of ~82 kDa
on a 12% (w/v) SDS-PAGE, corresponding to the calculated
molecular weight (Fig. 2a). Native gradient gel electropho-
resis of the purified r-Aga-F75 (Fig. 2 b) demonstrated that
the purified protein migrated as two bands of ~220 and

~320 kDa; this was verified using two staining methods
and suggested that native r-Aga-F75 might be a trimer or
tetramer.

Properties of purified r-Aga-F75

The optimal pH of r-Aga-F75 was 4.0 (Fig. 3a), and the
enzyme retained >80% activity at pH3.0-5.0. Purified
r-Aga-F75 was stable over the pH range of 3.0-12.0,
maintaining >80% activity. The optimal temperature of
Aga-F75 activity was 60°C at pH4.0, and the enzyme
exhibited about 60% of its activity at 37°C (Fig. 3b). In the
thermostability assay, no enzyme activity was lost after
pretreatment at 50°C for 30 min, while 98.95, 83.30, 53.29,
30.53, 10.79, and 4.61% activity was retained after
pretreatment at 60°C under the same conditions for 2, 5,
10, 15, 20, and 30 min, respectively.

The activity of r-Aga-F75 was evaluated in the presence
of 1 and 5 mM of various metal ions and chemical reagents.
The activity of r-Aga-F75 was significantly enhanced
(P<0.05) in the presence of 5 mM Pb*" and strongly
inhibited by 1 and 5 mM Cu®", Fe**, Hg?', and SDS.
Partial inhibition was observed in the presence of 1 mM
Triton or 1 and 5 mM CTAB. Certain metal ions, such as
Ca**, Co*', Cr’*, Ni**, Mn**, and Zn*", were partially
inhibitory at the higher concentration (5 mM). The addition
of Na¥, K*, Li", Mg2+, Ag+, EDTA, and 3-Met had little or
no effect on the activity.

r-Aga-F75 was strongly resistant to trypsin, «-
chymotrypsin, subtilisin A, and collagenase digestion. After
treatment with these proteases at 37°C for 30 min, the
enzyme retained almost 100% activity. Proteinase K,
proleather, and alkaline protease partially inhibited Aga-
F75 by less than 50%.

Substrate specificity and kinetic parameters

Purified r-Aga-F75 exhibited broad substrate specificity.
Calculated from the Lineweaver-Burk plot, the K, values
of Aga-F75 using the substrates pNPG, melibiose, raffi-
nose, and stachyose were 1.06, 1.75, 54.26, and 8.23 mM,
respectively, and the V., values were 0.19, 0.21, 0.85, and
0.70 U/mg, respectively. These results indicated that Aga-
F75 had higher affinity for the synthetic substrate pNPG
and the natural substrate melibiose, but the reaction rates
were higher in the presence of the substrates raffinose and
stachyose.

Hydrolytic activity of Aga-F75
Purified r-Aga-F75 efficiently catalyzed the hydrolysis of

natural galacto-oligosaccharides. After treatment with both
1 and 3 U/ml of Aga-F75, 23.06 and 24.75%, 32.36 and
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Fig. 1 Amino acid sequence alignment of Aga-F75 with other GH-36
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CAB63901), G. stearothermophilus (Geobacillus stearothermophilus
KVE39, AAG49420), and E. coli (Escherichia coli K12, AAA24497).
Hyphens indicate gaps. Identical amino acid residues at the same
position are shaded

sp. F63, ABC70181), A. niger (Aspergillus niger CBS 120.49/N400,

46.06%, and 25.40 and 32.60% of galactose was released

Discussion

from the substrates melibiose, raffinose, and stachyose,

respectively.

The hydrolytic activity of Aga-F75 on soybean meal was
compared with that of Aga-F78 and Aga-A in the presence
and absence of trypsin (Table 1). When soybean meal was
treated with enzyme alone, Aga-F75 released 1.4- and 4.9-
fold more galactose than Aga-A and Aga-F78, respectively.
When combined with trypsin, galactose release by Aga-F75
was significantly enhanced by 37% and was 292.5- and
8.6-fold more than that released by Aga-A and Aga-F78,

respectively.

@ Springer

In this study, a novel GH-36 «-galactosidase gene, aga-
F75, from Gibberella sp. F75 was obtained using degen-
erate PCR and TAIL-PCR techniques. Comparison of the
chromosomal and complementary DNA of aga-F75
indicated that the gene contains two introns, which are
common to many GH-36 «-galactosidases, such as AglC
from A. niger and «-galactosidase of A. corymbifera IFO
8084 (Ademark et al. 2001; Baik et al. 2000). However,
some fungal GH-36 «-galactosidases lack introns, such as
Agll from Penicillium sp. F63 (Mi et al. 2007). The presence
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Fig. 2 Electrophoretic analysis of recombinant Aga-F75. a SDS-
PAGE analysis of Aga-F75 expressed in E. coli BL21 (DE3). Lanes:
M low molecular weight markers, / E. coli pET-22b(+) cell lysate
following IPTG induction (negative control), 2 pET-22b(+)/aga-F75
cell lysate following IPTG induction, 3 purified Aga-F75 after
filtration through Ni-NTA chelating column. b Nondenaturing
gradient PAGE of purified Aga-F75. Lanes: M high molecular weight
markers, / purified Aga-F75 stained with Coomassie brilliant
blue, 2 the purified Aga-F75 hydrolyzed 6-bromo-2-naphthyl-o-p-
galactopyranoside was stained by Fast blue B salt. The arrows
indicate the two multimeric proteins migrating at ~220 and ~320 kDa

or absence of introns in fungal GH-36 «-galactosidase genes
might be related to the enzyme’s evolutionary history.
Many microorganisms, plants, and animals produce
«-galactosidases, often in multiple forms (Dey and Pridham
1972). Most GH-36 «-galactosidases have a molecular
mass of ~80 kDa, calculated from the protein sequence or
determined from electrophoretic mobility, and are large
proteins comprised of many subunits (often trimers or
tetramers) in their native state (Table 2; Baik et al. 2000;
Cao et al. 2007; Mi et al. 2007; van den Broek et al. 1999).
Heterologous expression does not influence this multimer
property. The «-galactosidase of A. corymbifera IFO 8084
expressed in E. coli and Agll of Penicillium sp. F63
expressed in Pichia pastoris display a similar multimeric
structures property as they do when isolated from their
native host (Baik et al. 2000; Mi et al. 2007). In this study,
r-Aga-F75 had a relative molecular mass of ~82 kDa based
on SDS-PAGE, corresponding to its calculated molecular
mass, and zymogram staining indicated that r-Aga-F75
exists as a trimer or tetramer in the native structure (Fig. 2).
The optimal conditions for activity of some GH-36
«-galactosidases are compared in Table 2. -Galactosidases
from plants are significantly different than those from
microorganisms. The «-galactosidase from Cucumis melo
(melon) exhibits maximal activity at 30-37°C and pH7.5—
8.5 and is defined as an alkaline «-galactosidase (Carmi et
al. 2003). Most «-galactosidases from fungi have pH
optima of 4.0-6.0, whereas bacterial «-galactosidases have
somewhat higher pH optima between pHS5.0 and 7.5
(Luonteri 1998a). In the present study, Aga-F75 exhibited

a pH optimum of 4.0 and was more adaptable to weak acid
conditions than other fungal «-galactosidases (Table 2).
Some «-galactosidases display maximal activity at high
temperature, but are inactive at 37°C. For example,
«-galactosidase from Thermomyces lanuginosus CBS
395.62/b has an optimal temperature of 65°C and retains
less than 15% activity at 37°C (Rezessy-Szabo et al. 2007);
the most thermostable «-galactosidase from Thermotoga
neapolitana 5068 has a temperature optimum of 100-105°C
and is almost completely inactivated at 50°C (Duffaud et al.
1997). Compared with other known o-galactosidases, Aga-
F75 showed high activity under acidic conditions and
physiological temperatures, suggesting that it has potential
in food or feed applications.

The metal ions Cu®’, Fe*", Ag", and Hg>" inhibit most
known o-galactosidases to some degree (Brouns et al.
2006; Fridjonsson et al. 1999; Mi et al. 2007; Rezessy-
Szabo et al. 2007; Sripuan et al. 2003; Wong et al. 1986).
Ag" and Hg”" often severely inactivate «-galactosidases,
because they may attack cysteine residues in the active site
and interfere with substrate interaction by binding in the
catalytic pocket (Fujimoto et al. 2003). In our study, Ag"
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Fig. 3 Characterization of purified r-Aga-F75. a Effect of pH on
r-Aga-F75 activity. The enzyme activity assay was performed at 37°C
in 0.1 M Mcllvaine buffer at pH2.0-8.0 and in 0.1 M glycine-NaOH
at pH9.0-11.0. b Effect of temperature on Aga-F75 activity. The
enzyme activity was measured in 0.1 M Mcllvaine buffer (pH4.0) at 0—
70°C. Data represent the means + standard deviation of triplicate
measurements
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Table 1 Comparison of hydro-
lytic activity of «-galactosidases

Released galactose (pg/g soybean meal)

Hydrolytic activity ratio (%)

on 5% soybean meal

«-Galactosidase alone

«-Galactosidase and trypsin

Aga-F75 1,535.0£5.0
Aga-F78 313.6+2.0
Aga-A 1,075.2+2.2

2,106.0+2.0 137.20
244.842.0 78.46
7.2£1.9 0.67

did not affect Aga-F75 activity, implying that some distinct
catalytic mechanism exists, but further study is needed.

The raffinose family oligosaccharides (RFOs), mainly
raffinose and stachyose, are widely distributed in the seeds
of many plants, especially in legumes (Vila and Mascarell
1999). RFOs are an antinutritional factor in food and feed,
leading to abdominal distension in monogastric animals
caused by intestinal microorganism metabolism. If all the
RFOs in soybean meal were hydrolyzed, the available
energy would increase by 8.0% (Puchal 1999). The addition
of exogenous «-galactosidase has been proven to be more
economical and efficient for eliminating the raffinose type
antinutritional factors (Graham et al. 2002). In this study,
Aga-F75 can efficiently hydrolyze many natural substrates,
such as melibiose, raffinose, and stachyose, suggesting that it
will be a good candidate to eliminate the raffinose type
antinutritional factors from soybean meal.

In food and feed industries, food products are often
supplemented with proteases and glycoside hydrolases
(such as «-galactosidase and xylanase) to make protein-
rich materials (for example, soybean meal, lean meat, and
fish) more edible and increase the nutritional value (Gupta
et al. 2002) and elevate the nutritional value of many

materials such as polysaccharides and oligosaccharides
(Fontes et al. 1995; Ghazi et al. 2003). Thus, the positive
synergic effect of both types of enzymes is very important
in nutrition utilization. In this study, three «-galactosidases
were added to soybean meal alone or in combination with
trypsin. As shown in Table 1, all the tested «-galactosidases
hydrolyzed soybean meal efficiently alone, and Aga-F75
produced more galactose compared with Aga-A and Aga-
F78. When combined with trypsin, the hydrolytic activity
of Aga-F75 was promoted by 37%, whereas that of Aga-
F78 and Aga-A were decreased by 21.54% and 99.33%,
respectively (Table 1). On the other hand, soybean
oligosaccharides are likely responsible for increasing the
viscosity of digesta, thereby decreasing their interaction
with digestive enzymes (such as trypsin) and interfering
with nutrient digestion (Smits and Annison 1996). Dietary
supplementation with x-galactosidase may therefore reduce
viscosity and improve nutrient digestion (Smiricky et al.
2002). Thus, in the case of Aga-F75, its high hydrolytic
activity when combined with trypsin likely reduces the
viscosity of the reaction system and makes the trypsin
substrates more accessible to trypsin. Furthermore, the
action of trypsin likely helps liberate more o-galactosidase

Table 2 Properties of GH-36 o-galactosidases from different organisms

Organism Optimal temperature (°C) Optimal pH Molecular weight (kDa) Multimer References
on SDS/native polyacrylamide gel
Gibberella sp. 60 4.0 82/220 or 320 3or4 This study
F75 CGMCC 2499
Penicillium sp. 40 5.0 82/330 4 Mi et al. 2007
F63 CGMCC 1669
Absidia corymbifera 60 4.5-5.0 82/390 4 Baik et al. 2000
IFO 8084
Thermomyces lanuginosus 65 5.0-5.5 93/- - Rezessy-Szabo et al. 2007
CBS 395.62/b
Rhizopus sp. F78 50 4.8 78/210 or 480 3or6 Cao et al. 2007
ACCC 30795
Bacillus stearothermophilus — 7.0-7.5 82/247 3 Talbot and Sygusch 1990
Lactobacillus fermentum 50 4.8 84/300 Carrera-Silva et al. 2006
CRL722
Bifidobacterium 45 6.5 83/332 4 van den Broek et al. 1999
adolescentis
Thermotoga 100-105 7.3 61/66 1 Duffaud et al. 1997
neapolitana 5068
Cucumis melo 30-37 7.5-8.5 84/— - Carmi et al. 2003
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substrates. Consequently, more galactose was released by
Aga-F75 when was combined with trypsin.

In summary, a novel protease-resistant x-galactosidase,
Aga-F75, was cloned, expressed, and characterized in this
study. This enzyme efficiently hydrolyzed the raffinose type
antinutritional factors in soybean meal, and the hydrolysis
was enhanced in the presence of trypsin, suggesting its
potential value in the feed or food industry.
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