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Abstract An extracellular 3-glucosidase (BGL) from
Fusarium oxysporum was purified to homogeneity by a single
chromatography step on a gel filtration column. The optimum
activity of BGL on cellobiose was observed at pH 5.0 and
60 °C. Under the same conditions, the K, and V},,.x values for
p-nitrophenyl (3-D-glucopyranoside and cellobiose were
2.53 mM, 268 Umg protein ' and 20.3 mM, 193 Umg pro-
tein” !, respectively. The F. oxysporum BGL enzyme was
highly stable at acidic pH (¢,,=470 min at pH 3). A commer-
cial BGL Novol88 (Novozymes) and F. oxysporum BGL
were compared in their ability to supplement Celluclast
1.5 L (Novozymes). In comparison with the commercial
Novo188 (267 mgg substrate '), F. oxysporum BGL supple-
mentation released more reducing sugars (330 mgg sub-
strate ') from cellulose under simulated gastric conditions.
These properties make F. oxysporum BGL a good candidate
as a new commercial BGL to improve the nutrient bioavail-
ability of animal feed.
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Introduction

Cellulases bring about the hydrolysis of cellulose (a homopoly-
mer of 3-1,4 linked glucose units) that comprises amorphous and
crystalline regions by the synergistic action of its constituent
enzymes. These enzymes include (a) (3-1,4-endoglucanase
(1,4-3-D-glucan 4-glucanohydrolase; EC 3.2.1.4, cellulase),
which cleaves internal (3-1,4-glycosidic bonds; (b)
cellobiohydrolase (1,4-3-D-glucan cellobiohydrolase; EC
3.2.1.91, cellulose 1,4-[3-cellobiosidase), an exo-acting enzyme
which releases cellobiose from reducing and nonreducing ends
of cellulose; and (¢) (-glucosidase (BGL; [3-D-glucoside
glucohydrolase; EC 3.2.1.21, cellulase 1,4-3-glucosidase),
which hydrolyzes cellobiose to glucose (Sateesh et al. 2012).
BGLs catalyze the hydrolysis of alkyl-(3-glucosides and aryl-(3-
glucosides as well as diglucosides and oligosaccharides.

Slow or incomplete digestion of fibrous substrates often
limits the overall digestive process in the rumen and can
significantly influence animal performance in livestock produc-
tion systems that use forage as a major dietary component. As a
result, many strategies have been developed to stimulate the
digestion of the fibrous components in ruminant feeds. These
have included the use of fibrolytic enzymes, such as cellulase,
which stimulate fiber digestion and feed processing to increase
the rate and extent of digestion. Cellulase preparations can be
used to drive specific metabolic and digestive processes in the
gastrointestinal tract and may augment natural digestive pro-
cesses to increase nutrient availability and feed intake
(McAllister et al. 2001) Adding cellulase enzyme preparations
to the diets of ruminant animals has been the topic of many
recent studies. A number of in vitro studies have demonstrated
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that it is possible to use cellulase enzyme preparations to
enhance the processes associated with fiber digestion in the
rumen (Azzaz 2009; Murad et al. 2009; Rodrigues et al.
2008; Sharma et al. 2012). The response is generally
measured as an increase in the initial rate of dry matter
and organic matter disappearance, increase in the rate of
neutral detergent fiber and acid detergent fiber disappear-
ance, altered ruminal pH, increase in volatile fatty acid
production, reduced lag phase and improved efficiency of
fermentation, increase in ruminal microbial growth, and
increase in microbial protein synthesis in batch cultures of
ruminal bacteria that have been supplemented with cellulase
preparations (Abdel Gawad et al. 2007; Giraldo et al. 2008;
Krueger et al. 2008; Nguyen et al. 2010).

Dong et al. (1999) demonstrated that cellulase activity
may begin when the enzyme is in contact with the substrate,
indicating the importance of enzyme—feed interaction.
Giraldo et al. (2004) confirmed that a pre-ingestive en-
zyme—feed interaction is necessary for any significant ben-
eficial effects on ruminal digestion. Others have also noted
that a pre-feeding enzyme—feed interaction period is neces-
sary for cellulase enzyme-mediated increases in digestion
(Krueger et al. 2008; McAllister et al. 2001). The addition of
enzymes to feeds may create a stable enzyme—feed complex
that protects free enzymes from proteolysis in the rumen
(Kung et al. 2000).

In the present study, an acid-stable BGL from Fusarium
oxysporum, with high hydrolytic activity towards cellobiose at
low pH, was purified and characterized. Compared with cel-
lulose degradation by a commercial cellulase (Celluclast®
1.5 L) alone and a commercial BGL (Novol88) with
Celluclast, the efficiency of cellulose hydrolysis was substan-
tially increased by the supplementation of F. oxysporum BGL
under all simulated gastric conditions.

Materials and methods
Culture conditions

F. oxysporum (KCTC 16909) obtained from the Korean
Biological Resource Center (Korean Collection for Type
Cultures) was used for BGL production. The fungal strain
was subcultured every 3 weeks and stored at 4 °C in potato
dextrose agar plates (Sarria-Alfonso et al. 2013). A 500-ml
flask containing 50 ml of potato dextrose broth was used for
seeding the culture. After a 4- to 5-day incubation period,
5 ml of this pre-culture was inoculated into 50 ml of the
standard media with the following composition (in grams
per liter): peptone, 8; yeast extract, 2; KH,PO,, 5; K;HPOy,
5; MgS04-7H,0, 3; thiamine hydrochloride, 0.02; and cel-
lulose, 20 with pH adjusted to 5.0. The inoculated flasks
were shaken at 150 rpm and 25 °C.

@ Springer

Enzyme assays

BGL activity was determined by monitoring the release of
p-nitrophenol from p-nitrophenyl {3-D-glucopyranoside
(PNPG). The enzyme solution (100 pl) was incubated with
10 mM pNPG (100 pl) in 800 pl of 100 mM sodium acetate
buffer (pH 5.0) for 15 min at 50 °C. The reaction was
stopped by adding 100 pl of 2 M sodium carbonate. The
color developed was measured at 415 nm using a
GENESYS 10S UV-visible spectrophotometer (Thermo
Scientific, West Palm Beach, FL, USA). One unit of BGL
activity was determined as the amount of enzyme catalyzing
the hydrolysis of 1 pmol pNPG or cellobiose in 1 min (Jeya
et al. 2010).

One-step purification of BGL

The culture broth was harvested by centrifugation at 10,000xg
for 30 min. The supernatant was concentrated and desalted by
ultrafiltration using a 10-kDa cutoff membrane. The concen-
trated enzyme solution was loaded onto a Hiload 16/60
Superdex 200 pg, equilibrated with 20 mM sodium acetate,
containing 0.5 M NaCl at pH 5.0. Proteins were eluted with
the same buffer at a flow rate of 0.5 mImin~'. BGL activity of
the fractions was assessed. Protein concentration of the frac-
tions was measured by the Bradford method, using bovine
serum albumin as the standard. The purification procedures
were performed at 4 °C. The concentration of the protein in
the column effluents was monitored by measuring the absor-
bance at 280 nm. Chromatographic separation was performed
by using a BioLogic FPLC system (Bio-Rad, Hercules, CA,
USA).

Determination of optimal pH and temperature

The optimal pH for BGL activity was determined by incu-
bating the purified enzyme with pNPG at 50 °C for 15 min
in different buffers: citrate (100 mM, pH 3-4), sodium
acetate (100 mM, pH 4-6), and phosphate (100 mM,
pH 6-8). To determine the optimal temperature, the enzyme
was incubated with pNPG in sodium acetate buffer
(100 mM, pH 5) for 15 min at different temperatures rang-
ing from 40 to 80 °C. To determine the thermostability of
BGL activity, the purified enzyme was incubated at different
temperatures (ranging from 40 to 80 °C) in the absence of
substrate. After incubating them for various periods
(0-72 h), the residual BGL activity was determined as
described previously.

Determination of molecular mass

To determine subunit molecular mass, sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) was
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performed with 10 % gels. Protein bands were visualized with
Coomassie brilliant blue R-250 (Sigma). Native PAGE was
performed with 10 % polyacrylamide gels without SDS. BGL
activity was tested on the polyacrylamide gel containing 50 pg
of 4-methylumbelliferyl-(3-D-glucopyranoside (MUG) by the
zymogram method (Bahia and Ali 2006). The ensemble was
incubated for 30 min at 50 °C for MUGase activity. Hydrolysis
of MUG by BGL released fluorescent methylumbelliferone,
which was visualized under ultraviolet light.

The molecular mass of the purified enzyme was determined
by size exclusion chromatography using a Sephacryl S-300
high-resolution (HR) (Amersham Pharmacia Biotech,
Uppsala, Sweden) column attached to a BioLogic FPLC sys-
tem (Bio-Rad, Hercules, CA, USA). The enzyme was eluted
with 20 mM sodium acetate (pH 5.0) at a flow rate of 0.5 ml

-1
min .

Substrate specificity

Substrate specificity of BGL was determined by using
pNPG, o-nitrophenyl-f3-D-glucopyranoside (oNPG),
pNP-«-D-glucopyranoside, pNP-p-galactopyranoside
(pNPgal), pNP-{3-D-mannopyranoside (pNPM), pNP-[3-
cellobioside (pNPC), oNP-B-cellobioside (oNPC), cellobi-
ose, cellotriose, cellotetraose, and cellopentaose as sub-
strates at 10 mM concentration. BGL activities towards
polysaccharides carboxymethyl cellulose, xylan, laminarin,
and avicel (2 %) were also tested. The p-nitrophenol re-
leased was determined under standard enzyme assay condi-
tions. The amount of released glucose was measured using
the 3,5-dinitrosalicylic acid (DNS) method and confirmed
by the GOD-POD method (Nguyen et al. 2010).

Determination of kinetic parameters

The values of the Michaelis constant (K,,) and maximum
velocity (Vmax) were determined for BGL by incubating
mixtures of 100 mM sodium acetate buffer (pH 5) at 50 °C
with pNPG and cellobiose at concentrations ranging from
0.5 to 50 mM. Inhibition of BGL by glucose was determined
in the presence of pNPG as the substrate. Values for K,,, and
Vmax Were determined from Lineweaver—Burk plots using
standard linear regression techniques.

Effect of metal ions and chemicals

The effects of various metal ions (Ca**, Co**, Cu*", Fe’",
Hg>*, Mg®", Mn**, and Zn>") and chemicals on BGL activ-
ity were determined by preincubating the enzyme with the
individual reagents in 100 mM sodium acetate buffer (pH 5)
at 30 °C for 30 min. Activities were then measured at 60 °C
for 15 min in the presence of the metal ions or reagents. The

activity assayed in the absence of metal ions or reagents was
set as 100 %.

Cloning of F. oxysporum BGL gene (bgl)

The degenerate primers BGLF1 and BGLR1 (Supplementary
Table S1) were designed according to the conserved amino
acid sequence regions I (YRFSLCW) and II (LDNFEW) and
partial peptide sequences obtained from nano-liquid chroma-
tography—tandem mass spectrometry sequencing. The pres-
ence of the 1,077-bp polymerase chain reaction (PCR)
fragment containing the specific sequence for the BGL gene
was confirmed by DNA sequencing. In order to obtain the
complete structural gene encoding BGL, thermal asymmetric
interlaced PCR (TAIL-PCR) (Jeya et al. 2010) was performed
to amplify the 5" and 3’ flanking sequences of the known
partial sequence (1,077 bp) of the BGL gene, using the geno-
mic DNA of F. oxysporum as the template. Three interlaced
specific primers, namely, SPR1, SPR2, SPR3 and SPFI,
SPF2, SPF3 were used for flanking the 5" and 3' regions,
respectively (Supplementary Table S1). Five random degen-
erate primers AD1, AD2, AD3, AD4, and ADS, in which N
represents A/G/C/T, were used for flanking the 5’ and 3’
regions. The TAIL-PCR product of the 1,528-bp complete
structural gene encoding BGL was cloned into pGEM-T
Easy Vector (Promega) for DNA sequencing and designated
as bgl.

Isolation and sequencing of hg/ cDNA

Total RNAs were extracted by using the QIAGEN RNeasy
Plant Kit (QIAGEN, Hilden, Germany) by following the man-
ufacturer’s instructions. The primers BGLFox-F (designed to
match the start codon ATG region) and BGLFox-R (designed
to match the sequence immediately downstream of the stop
codon) were designed according to the known 5’-end and 3'-
end sequences of the BGL structural gene (Supplementary
Table S1). The amplified cDNA fragment was then eluted
and cloned, and its identity was confirmed by sequencing.

The nucleotide and amino acid sequences were
analyzed by using the respective BLAST programs (http://
www.ncbi.nlm.nih.gov/BLAST). The molecular mass of the
mature protein was predicted using Vector NTI 10.0 software.
Multiple alignments of protein sequences were performed using
the ClustalW program (http://www.ebi.ac.uk/clustal W/).

Combination of F. oxysporum BGL with Celluclast under
simulated gastric conditions to enhance cellulose hydrolysis

Cellulose hydrolysis under simulated gastric conditions was
performed as described previously (Wang et al. 2001) with
some modifications. Reactions (50 ml) containing 2.0 mg
ml™! NaCl and 0.5 % cellulose in 0.2 M glycine were
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initially adjusted to pH 2.0 with 1.0 M HCI on ice. Celluclast
(0.05 FPU) or the enzyme combination (0.05 FPU Celluclast
and 0.15 U F. oxysporum BGL or Novo188) was added, and
the reactions were incubated for 20 min at 37 °C. Samples
were placed on ice, and a pH gradient was applied using 1.0 M
NaOH/HCI followed by incubation at 37 °C as follows:
pH 5.5, 10 min; pH 4.6, 10 min; pH 3.8, 10 min; pH 2.8,
20 min; and pH 2.0, 40 min. Pepsin (0.5 mgml ') was added
to the simulated gastric fluid (SGF) reactions at the beginning
of each pH decrease. All procedures were conducted in a
rotary incubator set at 220 rpm. Triplicate aliquots (500 pl)
were collected at the end of each incubation period, and the
amount of sugar released was determined using the DNS
method (540 nm). Reactions with Celluclast enzyme were
performed as negative controls.

Sequence submission

The nucleotide sequence of F. oxysporum bgl was deposited
in the GenBank database under accession no. KC174716.

Results
Purification of BGL from F. oxysporum culture

An extracellular BGL from F. oxysporum was purified as
described in the “Materials and methods” section, and the
results are summarized in Table 1. Fractionation by an
ultrafiltration membrane with a molecular weight cutoff of
10 kDa increased the specific activity about 1.85-fold, with
51.3 % recovery of BGL activity. The active fractions were
subjected to gel filtration chromatography and yielded three
main peaks. The first peak showed a single band on SDS-
PAGE with high BGL activity. About 30.6-fold purification
of BGL, with a recovery of 11.7 % was achieved. As shown
in Fig. 1a, the purified enzyme appeared as a single band on
PAGE, both in the presence and absence of SDS. Activity
staining of the nondenaturing gel showed a single activity
band with the same mobility as that of the protein band
(Fig. la). Purified BGL from F. oxysporum was homoge-
nous, with a molecular mass of 55 kDa (Fig. 1a). Size
exclusion chromatography on a Sephacryl S-300 HR col-
umn resulted in the elution of the enzyme activity as a

symmetrical peak corresponding to an M, of approximately
270 kDa (Fig. 1b), indicating that the enzyme is a pentamer.

Identification of the partial peptide fragment

The BGL was partially digested with trypsin, then separated
by 12.5 % SDS-PAGE and blotted onto a polyvinylidene
difluoride membrane. The fragments were sequenced in an
automated protein sequencer. The obtained peptide frag-
ments of F. oxysporum BGL, KKASFHWFKDVIATRG
and KYNGWLDPQIIKD, were identical to those of the
BGLs of Vibrio fischeri MJ11 and Vitis vinifera belonging
to GH1, respectively. Amino acid sequence similarity, en-
zymology, and bioinformatics studies strongly suggest that
F. oxysporum BGL should be classified as a member of the
GH1 family.

Optimum pH and temperature

The optimum pH for the purified BGL was 5 (Fig. 2a). The
pH stability was investigated by measuring the residual
activity after incubation at 50 °C, at pH values ranging from
2.0 to 8.0. The enzyme was stable at acidic pH values
ranging from 3.0 to 6.0. About 82.1 and 94.2 % of activity
remained after incubation at pH 2.5 and 3.0, respectively
(Fig. 2b). The optimum temperature for the hydrolysis re-
action was 60 °C (Fig. 3). Under optimum conditions (pH 5,
60 °C), the enzyme has a half-life of 540 min.

Substrate specificity

The activities of F. oxysporum BGL with various substrates
are shown in Table 2. oONPG showed 61.4 % enzyme activity
when compared with pNPG, while pNPC showed slight ac-
tivity (4.7 % compared with pNPG). Other compounds did not
serve as substrates. F. oxysporum BGL was almost completely
inactive with polymeric cellulose and xylan substrates.

Kinetics

The activity of F. oxysporum BGL towards cellobiose in-
creased rapidly with increasing substrate concentrations up
to 75 mM and then slightly decreased thereafter. Initial veloc-
ities were determined using the standard assay mixture. All of

Table 1 Purification of BGL
from the culture broth of F.
oxysporum

Procedure Total Total Specific activity ~ Yield  Purification
protein (mg)  activity (U)  (U/mg) (%) fold

Crude extract 280 1,140 4.06 100 -

Ultrafiltration 144 1,080 7.52 51.2 1.85

Gel filtration chromatography  0.90 207 230 11.7 30.6

@ Springer



Appl Microbiol Biotechnol (2013) 97:10003-10011

10007

(A)
kDa
150
100
75
50
37
25
1 2
(B)
500
= 400
=
S 300 -
g F. oxysporumBGL
S 200 |
3 Aldolase
9
[e]
100
= Conalbumin
Ovalbumin
0 T

0 50 100 150 200 250 300 350
Retention time (min)

Fig. 1 Determination of the molecular mass of F. oxysporum BGL by
SDS-PAGE and gel filtration chromatography. a Determination of
subunit molecular mass by SDS-PAGE. Lane I crude fraction, lane 2
purified F. oxysporum BGL, lane 3 zymogram of purified BGL. b
Determination of native molecular mass of F. oxysporum BGL by gel
filtration chromatography on a Sephacryl S-300 HR column from
Amersham

the substrates tested had hyperbolic saturation curves, and the
corresponding double-reciprocal plots were linear. Figure 4
shows typical Michaelis—Menten-type kinetics for BGL activ-
ity with increasing pNPG and cellobiose concentrations. The
Lineweaver—Burk plot obtained for the conversion of pNPG
under standard assay conditions showed a V., of 268 Umg
protein ' and a K,, of 2.53 mM. The Vi, and K., values for
cellobiose were 193 Umg protein ' and 20.3 mM, respective-
ly. K, and V. values were also obtained from a nonlinear
regression plot using the GraphPad Prism program (version
5.00, GraphPad Software, San Diego, CA, USA). There was
no significant difference in kinetic parameters between the
two methods.

£

120

100

80

60

40

Relative Activity (%)

20

_.
N
w
=~y
o]
[}
~
®
©

80 4

60 4

40 |

Relative Activity (%)

20 4

-
N
w
F=y
o
(<]
~
©
©

Fig. 2 a Effect of pH on the activity of purified F. oxysporum BGL.
Enzyme activity was determined by the standard assay method by
changing the buffer to obtain the desired pH. The buffers used were
citrate (filled circles), sodium acetate (open circles), and phosphate
(filled inverted triangles). b The stability of purified enzyme at differ-
ent pH values. Each value represents the mean of triplicate measure-
ments and it varied from the mean by not more than 15 %

Effects of metal ions and various compounds

The effect of metal ions and some chemical reagents on the
activity of the enzyme are shown in Table 3. Ca®", Co*", Mg*",
and Zn”" increased the activity by about 40 %. Fe*" at 1 mM
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Fig. 3 Effect of temperature on the activity of purified F. oxysporum

BGL. Enzyme activity was determined by the standard assay method at
different temperatures ranging from 40 to 80 °C
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Table 2 Effect of different sub-

strates on the activity of F, Substrate Relative activity
oxysporum BGL (%)
pNPG 100
oNPG 61.4
The purified enzyme was PpNPC ND
a.ssayed. under. standard condi- ONPC 47
tions with various compounds
(10 mM). Each value represents PNPgal ND
the mean of triplicate measure- pNPman ND
ments and varied from the mean pNPaG ND

by not more than 10 %
ND not detected

Cellobiose 20.6

enhanced enzyme activity by 78 %. However, Mn>" upgraded
BGL activity by 236 %. Manganese ions at 10 mM exerted an
approximate twofold enzyme activity enhancement of BGLs
from Clostridium cellulovorans and termite Neotermes

(A)
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BGL activity (U mg-protein-)
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PNPG concentration (mM)
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~
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100
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0 50 100 150 200 250 300
Cellobiose concentration (mM)

Fig. 4 a Effect of pNPG concentration on the activity of F. oxysporum
BGL. b Effect of cellobiose concentration on the activity of F.
oxysporum BGL. F. oxysporum BGL activity was measured in the
presence of indicated concentrations of pNPG/cellobiose at pH 5. Each
value represents the mean of triplicate measurements and it varied from
the mean by not more than 15 %
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koshunensis (Kosugi et al. 2006; Tokuda et al. 2002).
However, Hg”" ions caused significant inhibition that
appeared to be competitive with respect to the substrate
pPNPG or cellobiose. Addition of (3-mercaptoethanol or
cysteine did not result in a significant increase or decrease
in activity, suggesting that thiol groups are not essential for
catalytic activity (Yan and Lin 1997). N-ethylmaleimide
(1 mM), which is often used to inactivate enzymes (pre-
sumably by reacting with the thiol group of cysteine resi-
dues), had no effect on the activity of F. oxysporum BGL.
Ethanol and methanol at optimal concentration (5 %, v/v)
increased BGL activity by 30 %.

Cloning and characterization of F. oxysporum bgl gene

Degenerate PCR was performed using the genomic DNA of
F. oxysporum as the template and a 1,077-bp PCR fragment
was obtained. After obtaining the 5’ and 3’ flanking se-
quences of the known 1,077-bp BGL gene, reverse tran-
scription PCR was performed to amplify the full-length
cDNA. F. oxysporum BGL encodes a protein composed of
490 amino acid residues. A homology search revealed that
the deduced BGL3 had 74, 90, 69, 70, and 69 % amino acid
identity with the BGLs of Verticillium albo-atrum VaMs.102
(GenBank accession no. XP_003000876.1), Nectria
haematococca mpVI1 77-13-4 (GenBank accession no.
XP_003051841.1), Aspergillus oryzae RIB40 (GenBank ac-
cession no. XP_001819673.2), Aspergillus clavatus NRRL 1
(GenBank accession no. XP_001268785.1), and Aspergillus
fumigatus Af293 (GenBank accession no. XP_752840.1), re-
spectively (Fig. 5). All of the homologous sequences belong to
GHI1, which suggests that F. oxysporum BGL is also a member
of the GH1 family.

Cellulose hydrolysis by the synergistic action of Celluclast
and BGLs under simulated gastric conditions

The efficacy of cellulose hydrolysis in SGF for each
combination (F. oxysporum BGL and Celluclast,
Novol88 BGL and Celluclast, and Celluclast alone) is
shown in Fig. 6. When the pH of SGF was adjusted
according to the gastric pH gradient (pH 2.0-5.5) after
food ingestion (Koseki et al. 2011), a significant differ-
ence in activity was observed between the Novol88 and
F. oxysporum BGL. F. oxysporum BGL showed the
highest activity under acidic pH conditions. F.
oxysporum BGL had excellent synergistic efficacy with
Celluclast in cellulose hydrolysis over a broad range of
gastric pH values, releasing up to 336 mg sugarg sub-
strate . These values were significantly higher than that
(~270 mg sugarg substrate ') obtained by the commer-
cial BGL Novol88 with Celluclast.



Appl Microbiol Biotechnol (2013) 97:10003-10011

10009

Table 3 Effect of different metal ions and chemicals on the activity of
F. oxysporum BGL

Discussion

Chemicals Concentration (mM) Relative activity (%) In the present study, we report a high BGL-producing strain F.
oxysporum KCTC 16909. The BGL obtained using this strain
None ! 100 showed high activity and stability at pH 3. Although an
CaCl 1 141 extracellular BGL from F. oxysporum with exo-glucosidase
CoCl, 1 140 and transglycosylation activities was reported previously
CuCl, 1 81 (Christakopoulos et al. 1994), this is the first report on an
FeCls 1 178 acid-stable BGL from F. oxysporum. The F. oxysporum BGL
HgCl, 1 77 characterized in this study is distinguished from other BGLs
MgCl, 1 137 by its molecular weight, acid-stable nature, and high catalytic
MnCl, 1 236 efficiency. Some BGLs, including BGL from Fomitopsis
ZnCl, 1 140 pinicola (Joo et al. 2009), have higher catalytic efficiency;
Glycerol 1 153 however, there was no activity at pH 3. Stereum hirsutum
B-Mercaptoethanol 0.5 113 BGL, the most efficient fungal BGL described so far
L-Cysteine 0.5 98 (Nguyen et al. 2010), was also less stable (#;,=20 min) at
EDTA 1 97 pH 3. On the other hand, F. oxysporum BGL exhibited stabil-
Methanol 5% 128 ity for a long period (¢,,=470 min). Thus, F. oxysporum BGL
Ethanol 5 % 126 is one of the most acid-stable BGLs characterized so far and
N-ethylmaleimide 1 99 showed excellent stability over a broad range of acidic pH.

The purified enzyme was assayed under standard conditions with
various compounds. Each value represents the mean of triplicate mea-
surements and varied from the mean by not more than 10 %

Table 4 shows a comparison of the properties of BGLs
from various sources. On the basis of amino acid sequence
similarities, glycosidases have been classified into several

families, with most BGLs belonging to either family 1 or
family 3 (Liu et al. 2012). Cellulases are generally composed

Oryzae
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* . * *, 2. * I T s *

Oryzae

Fumigatus FEWAEGYETRFGVTIZVDYEINNQIRMPKK S AKWLESST FDQY T EX A /SN
Clavatus FEWAEGYETRFGVTYVDYENDQKRUPKKS AT T FI0 YT EX A NS
Haematococca FEWAEGYETRFGVTYVDYEDQKRMPKKSA QHEAPSLEDPKVESK
Albo-atrum FEWAEGY[TRFGVTYVDYENDQKRIPKK S AKSLISNL FEIK T EK I
Oxysporum SERTINAATEVDSEAAPTQSKENEAGR - HQGNTAVAGEVVAFMAARNCFF - - - -

Clustal Consensus

Fig. 5 Multiple sequence alignment of F. oxysporum BGL with other BGLs using ClustalW. Sequences used for alignment are from 4. oryzae, A.
fumigatus, A. clavatus, N. haematococca, and V. albo-atrum. The residues in black and gray backgrounds are identical and similar, respectively
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EE Celluclast-SGF
[ Celluclast+FoBGL-SGF
0.3 [ Celluclast+NovoBGL-SGF

0.2

0.1+

Reducing sugar (g/g of cellulose)

0.0-

pH2.0 pH5.5 pH4.6 pH3.8 pH2.8 pH2.0
20 min 30 min 40 min 50 min 70 min 110 min

Fig. 6 Cellulose hydrolysis by Celluclast alone or by Celluclast com-
bined with BGLs (F. oxysporum BGL or Novol88 BGL) under sim-
ulated gastric conditions. Cellulose hydrolysis was determined by the
DNS method, following stepwise incubation of the enzyme(s) at
pH 2.0-5.5, in the indicated buffer at 37 °C for 1040 min (totally
110 min). The x-axis represents the accumulated incubation time under
simulated gastric conditions. The black bar represents data from
Celluclast alone; the gray bar represents data from Celluclast in com-
bination with F. oxysporum BGL; and the dark gray bar represents
data from Celluclast in combination with Novol188 BGL. Data reflect
the means+SD (n=3)

of two or more discrete domains: a core, which contains the
catalytic domain; a highly conserved cellulose-binding do-
main, which is involved in binding to crystalline cellulose;
and connecting these two domains, a hinge, which tends to be
glycosylated. When F. oxysporum BGL was compared with
other related enzymes, its catalytic domain showed the highest
identity with that of N. haematococca BGL (90 %) belonging
to the GH1 family. The evidence from enzymology and bio-
informatics studies strongly suggests that F. oxysporum BGL
should be classified as a member of GHI.

Table 4 Properties of purified BGLs from various sources

A commercial cellulase preparation, Celluclast® 1.5 L, con-
tains numerous endo-1,4--glucanases and cellobiohydrolases,
but very little BGL. It has been reported that the level of BGL
present in Celluclast® 1.5 L is likely to be insufficient to relieve
the inhibitory effect of cellobiose. When used in combination
with Celluclast® 1.5 L, F. oxysporum BGL hydrolyzed cellulose
25 % more efficiently than did a commercial BGL Novol88.
This could be partly because F. oxysporum BGL has higher
efficiency in the removal of cellobiose than Novozyme 188
under gastric conditions. This ability of F. oxysporum BGL to
hydrolyze cellobiose more efficiently is likely to reduce the
cellobiose concentration significantly and, thus, greatly facilitate
the hydrolysis of cellulose under gastric conditions. F.
oxysporum BGL can be a good candidate for cellulase enzyme
preparations to enhance fiber digestion in the rumen.

In conclusion, a highly efficient BGL from F. oxysporum
KCTC 16909 was purified to homogeneity from its culture
filtrate. The successful purification of BGL from F. oxysporum
allowed us to characterize this enzyme that was found to be one
of the most acid-stable BGLs ever reported. F. oxysporum BGL
has high pH stability in acidic conditions and exhibits excellent
stability and activity under simulated gastric conditions. Our
data suggest that the commercial cellulase Celluclast in combi-
nation with F. oxysporum BGL is a promising candidate for
industrial applications requiring degradation of cellulose at
acidic pH. Its properties suggest that F. oxysporum BGL has
great potential to improve food and feed quality and increase
nutrient uptake. In addition to the animal feed industry, the
potential application of this enzyme in other fields requiring
cellulose hydrolysis under acidic conditions will necessitate
further investigation.

Strain Subunit  Quaternary  Specific activity ~ Optimum Optimum  Specific activity ~ Reference
(kDa) structure at optimum pH temperature (°C)  pH at pH 3 (U/mg)
Apis mellifera 72 Monomer 5.66 20-50 4-9 1.5 Pontoh and
Low (2002)
Penicillium decumbens 120 Monomer 423 65-70 4.5-5 63 Chen et al. (2010)
Aspergillus niger 66 Monomer 156 60 6 78 Xie et al. (2004)
no. 5.1
Stachybotrys sp. 85 Dimer 0.33 50 5 0.165 Bahia and Ali
(20006)
Secale cereale L. 60 Pentamer 50 25-30 4.9-5.1 <50 Sue et al. (2000)
Melanocarpus sp. 92 Monomer 10 60 6 0.52 Kaur et al. (2007)
Daldinia eschscholzii 64 Monomer 77.8 50 5 7.7 Karnchanatat
et al. (2007)
Piptoporus betulinus 36 Monomer 19 60 4 1.9 Valaskova and
Baldrian (2006)
Thermoplasma 57 Dimer 82 80 6 16 Kim et al. (2009)
acidophilum
Fomitopsis pinicola 110 Monomer 1,420 50 4.5 0 Joo et al. (2009)
Fusarium oxysporum 55 Pentamer 230 60 5 181 This study
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