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A novel fungal /9-glucosidase gene (bgl4) and its homologue (bgl2) were cloned from the
cellulolytic fungi Humicola grisea and Trichoderma reesei, respectively. The deduced
amino acid sequences of H. grisea BGL4 and T. reesei BGL2 comprise 476 and 466 amino
acids, respectively, and share 73.1% identity. These yS-glucosidases show significant
homology to plant /9-glucosidases belonging to the #-glucosidase A (BGA) family. Both
genes were expressed in Aspergillus oryzae, and the recombinant /9-glucosidases were
purified. Recombinant H. grisea BGL4 is a thermostable enzyme compared with recom-
binant T. reesei BGL2. In addition to /?-glucosidase activity, recombinant H. grisea BGL4
showed a significant level of /9-galactosidase activity, while recombinant T. reesei BGL2
showed weak j9-galactosidase activity. Cellulose saccharification by Trichoderma cel-
lulases was improved by the addition of recombinant H. grisea BGL4.

Key words: cellulase, cellulolytic fungi, /?-glucosidase, Humicola grisea, Trichoderma
reesei.

Endoglucanases (endo-l,4-/9-D-glucanases; EG, EC3.2.1.4),
cellobiohydrolases (exo- 1,4-yS-D-glucanases; CBH, EC 3.2.1.91),
and/9-glucosidases(l,4-^-D-glucosidase;BGL, EC 3.2.1.21)
are three major cellulase components produced by cellulo-
lytic fungi. Cellulose is efficiently hydrolyzed to cellooligo-
saccharides through the synergistic action of cellobiohy-
drolases and endoglucanases (1), and cellooligosaccharides
are hydrolyzed to glucose by /J-glucosidases. Among cel-
lulolytic fungi, some Trichoderma species have very strong
cellulose-degrading activities and their cellulase systems
have been widely studied. The most highly produced cel-
lulase component in T. reesei is CBHI, accounting for about
60% of the total secreted protein (2). CBHII and endoglu-
canases (mostly EGI) also account for about 20 and 10% of
the total secreted protein, respectively (2). /3-Glucosidases
account for only 1% of the total secreted protein (2), and
this is known to limit the saccharification of cellulose by T.
reesei cellulases (3). This problem can be partially solved
by adding y9-glucosidases of other origin or isolating mutant
strains of T. reesei that have increased levels of yff-gluco-
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sidases by standard mutagenesis (4) or recombinant tech-
niques (5).

The genus Humicola is known to produce many kinds of
thermostable cellulases (6, 7). It is also known to be a good
source of /S-glucosidase activity (6, 8, 9), and thus is
considered to be a candidate for supplementing the y9-gluco-
sidase activity of T. reesei. Although many endoglucanase
and cellobiohydrolase genes have been cloned from Humi-
cola species (10-13) and T. reesei so far (14-16), no fi-
glucosidase genes have been cloned from Humicola species,
and only one /?-glucosidase gene has been cloned from T.
reesei (5).

In our previous study, we purified six extracellular /?-
glucosidases from H. grisea and characterized their en-
zymatic properties (6). H. grisea BGL1 is an oligomeric
enzyme that shows a strong activity toward p-nitrophenyl-
yS-D-glucoside (PNPG). It also has y9-xylosidase activity. H.
grisea BGL2 and 3 are essentially the same enzyme,
composed of four molecules each of a 94-kDa protein and a
21-kDa protein. H. grisea BGL4 is a monomeric enzyme
with both y9-glucosidase and yS-galactosidase activities that
shows the highest activity toward cellobiose among these
purified /?-glucosidases. H. grisea BGL5 is a heterodimeric
enzyme comprising 46- and 49-kDa proteins, and has a
strong activity toward cellooligosaccharides. H. grisea
BGL6 is a monomeric enzyme showing strong activity
toward PNPG. The saccharification of cellulose by T. reesei
cellulases appears to be improved by supplementing the /?-
glucosidase activity of T. reesei cellulases. Among purified
/?-glucosidases, BGL4 is the best candidate for this purpose
since it shows strong activity toward cellobiose, and,
interestingly, it also has /?-galactosidase activity. In this
study, we report the isolation of the novel fungal /3-
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glucosidase gene (bgl4) encoding BGL4 from H. grisea.
This is the first report of the cloning of a gene encoding an
enzyme with both /?-glucosidase and yS-galactosidase activ-
ities from H. grisea. We also isolated the gene homologous
to the H. grisea bgl4 gene from T. reesei (designated bgl2).
The enzymatic properties of recombinant H. grisea BGL4
and recombinant T. reesei BGL2 produced by Aspergillus
oryzae were investigated.

MATERIALS AND METHODS

Strains, Plasmids, and Media—H. grisea var. thermo-
idea IFO9854 and T. reesei QM9414 was used for DNA
isolation. Stock cultures were stored on agar (1.5%) slants
of MY medium (2% malt extract, 0.2% yeast extract). For
total RNA preparation, the spores of H. grisea were
inoculated into 1 liter of cellulase-inducing medium [5%
Avicel, 0.14% (NH4)2SO4, 0.2% KH2PO4, 0.03% urea,
0.03% CaCl2-2H2O, 0.03% MgSCv7H2O, 0.1% Bacto
peptone, 1% yeast extract, 0.1% Tween 80, 0.0005%
FeSO4-7H2O, 0.00016% MnSCv4-5H2O, 0.00014%
ZnSO4-7H2O, 0.0002% CoCl2, pH6.8] and grown for 5
days at 37'C with shaking; mycelia were harvested by
filtration. A. oryzae M-2-3 (argB~) was used as a host for
the expression of the cloned fi- glucosidase genes and the
stock culture was stored on DPY medium {17). For fungal
transformation, the expression vector pAMYB118 (22)
and its derivatives, and the argB containing plasmid pSal23
{18) were used. Czapek-Dox medium was used for fungal
transformation {17). For the expression of yS-glucosidase
genes, A. oryzae transformants were cultivated in CD-P
medium for 4 days at 30° C {17). For general DNA
manipulation, Escherichia coli JM109 and E. coli MV1184
were used as hosts for the cloning vector, pUCH8 {19).

Amino Acid Sequence Analysis—H. grisea BGL4 was
purified as described previously (6). Trypsin-digested
peptides of H. grisea BGL4 were purified by HPLC on C-4
or C-18 columns (Senshu Pak VP-304 or Senshu Pak
VP-318, respectively, Senshu, Tokyo), and their amino
acid sequences were analyzed by Edman degradation using
an automated protein sequencer (Model 470A protein
sequencer, Applied Biosystems).

Genomic DNA Cloning and Sequencing—Unless other-
wise stated, standard procedures were used for recom-
binant DNA techniques {19). Fungal chromosomal DNA
was prepared as described previously (21). Partial amino
acid sequences of H. grisea BGL4 (Tyr-Gly-Met-Asn-His-
Tyr and Tyr-Val-Asp-Tyr-Ala-Asn) were used to design
two degenerate primers, 5'-TA(CT)GG(AGCT)ATGAA(C-
T)CA(CT)TA-3' (sense) and 5'-TT(AGCT)GC(AG)TA(A-
G)TC(AGCT)AC(AG)TA-3' (antisense), respectively. PCR
was carried out using these primers with H. grisea chromo-
somal DNA as the template, and a fragment of about 450 bp
was amplified and confirmed to encode a portion of the
/?-glucosidase gene. The amplified fragment was isolated
and radiolabeled with [«-32P]dCTP and a random primed
DNA labeling kit (Boehringer Mannheim), and used as a
probe for the detection of fungal /?-glucosidase genes.
Southern hybridization of H. grisea and T. reesei chromo-
somal DNA digested with PstI was performed as described
previously {11, 12). The hybridizing fragments were
cloned into pUC118 using the colony hybridization tech-
nique (19). DNA sequencing was performed on both

strands by the dideoxy sequencing method (20) using a
single strand-nested deletion kit (TaKaKa) and a BcaBEST
sequencing kit (TaKaRa).

Isolation of RNA and Synthesis of cDNA—Mycelia were
ground in liquid nitrogen, and total RNA was extracted by
the guanidine thiocyanate-CsCl method {19). The polyade-
nylated RNA was purified with an mRNA purification kit
(Pharmacia). The synthesis of cDNA was done with 5 //g of
the purified mRNA and a cDNA synthesis system plus kit
(Amersham).

Construction of Expression Plasmids—To construct the
expression vector of the H. grisea bgl4 gene, an approxi-
mately 2.4 kb Bst 11071 (nucleotideposition -48)-HindBI
fragment containing the full length H. grisea bgl4 gene was
excised and inserted into the Smal-HindiUI sites of the
fungal expression vector pAMYB118, giving rise to
pAMYB-HgBGL4. To construct the expression vector of
the T. reesei bgl2 gene, an approximately 1.8 kb blunt-
ended Sphl-EcoT22I fragment containing the full length T.
reesei bgl2 gene was sub-cloned into the Smal site of
pUCH8. Then an approximately 1.6 kb Spli-HindHl
fragment containing the region encoding the putative
catalytic domain of T. reesei BGL2 (Tyr 15-Ala 466) was
excised from this plasmid and inserted into the SpH-
Hindm sites of pAMYB-HgBGL4, giving rise to pAMYB-
TrBGL2 (Fig. 4).

Fungal Transformation—Transformation of A. oryzae
was performed according to the method of Gomi et al.{18).

Enzyme Assay—Enzyme activities were measured by
incubating 0.27 ml of 1 mg/ml PNPG solution in 50 mM
sodium phosphate buffer (pH 6.0) with 0.03 ml of enzyme
solution at the optimal temperature for the reaction of each
enzyme {H. grisea BGL4, 55'C; T. reesei BGL2, 40°C) for
10 min. The reaction was stopped by adding 0.3 ml of 2%
Na2CO3 and the absorbance at 410 run was measured, p-
Nitrophenyl-/?-D-cellobioside (PNPC) and p-nitrophenyl-
>9-D-galactoside (PNPGal) were also used as substrates
instead of PNPG. One unit of enzyme was defined as the
activity producing 1 //mol of p-nitrophenol per min under
these assay conditions.

Measurement of the Saccharification of Cellulose—The
saccharification of cellulose by Trichoderma cellulases was
measured by incubating 10 //I of 1% Avicel suspension in 50
mM sodium phosphate buffer (pH 6.0) with 1 jx\ of 5 mg/ml
Trichoderma cellulase (Cellulase Onozuka R-10) solution in
the presence and absence of 1 //I of 0.1 mg/ml recombinant
H. grisea BGL4 solution at 37'C for an appropriate time.
The released glucose produced by these reactions was then
measured by the mutarotase-glucose oxidase method (Glu-
coseCn-Testwako, Wako).

Protein Purification—Recombinant y9-glucosidases pro-
duced by A. oryzae transformants were purified by culti-
vating for 4 days in CD-P medium, after which the culture
supernatants were obtained by filtration. Solid ammonium
sulfate was added to the filtrates to 40% saturation and the
precipitates were removed by filtration. The samples were
loaded onto a column of Phenyl Toyopearl 650M (2.5x5.0
cm, Tosoh), equilibrated with 50 mM Tris-HCl buffer, pH
7.5, containing 40% saturated ammonium sulfate. The
enzymes were eluted with a linear gradient of 40 to 0%
saturated ammonium sulfate in the same buffer. Fractions
showing /? -glucosidase activity were collected and ultra-
filtrated with Centriprep 30. The desalted samples were

Vol. 125, No. 4, 1999

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


730 S. Takashima et al.

buffered by adding 1/10 volume of 100 mM Tris-HCl
buffer, pH 7.5, and loaded onto a column of MonoQ 10/10
(Pharmacia), pre-equilibrated with 10 mM Tris-HCl
buffer, pH 7.5. The enzymes were eluted with a linear
gradient of 0 to 0.5 M of NaCl in the same buffer, and
purified y9-glucosidases were obtained. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed as described by Laemmli (21). Protein
content was measured by a dye-binding assay kit (Protein
assay kit, Bio-Rad) using y-globulin as the standard.

RESULTS AND DISCUSSION

Cloning of the H. grisea bgl4 Gene—H. grisea BGL4 was
purified as described previously (6). The protein was
digested with trypsin and the proteolytic fragments were
purified by reverse phase HPLC. Amino acid sequence
analysis revealed the sequences of the five internal pep-
tides.

Degenerate oligonucleotide primers corresponding to the
sequences of two peptides (Tyr-Gly-Met-Asn-His-Tyr and
Tyr-Val-Asp-Tyr-Ala-Asn) were synthesized for use in
PCR to amplify the DNA fragment encoding a portion of the
bgl4 gene. A specific fragment of about 450 bp was
amplified by PCR, and then isolated and used as a probe to
screen for a genomic clone of the bgl4 gene. Southern
hybridization of H. grisea chromosomal DNA digested with
Pstl was performed, and a 9.4 kb fragment was found to
hybridize uniquely with the probe; this fragment was
cloned into pUC118 using the colony hybridization tech-
nique. Restriction and partial sequence analysis suggested
that a part of the DNA, a 4.0 kb HindBI fragment, con-
tained the bgl4 gene, and this fragment was sequenced on
both strands by the dideoxy sequencing method (Fig. 1).
The sequence contained a coding region of 1,532 nucleo-
tides interrupted by an intron of 104 nucleotides, both of
which were confirmed by cDNA sequencing. The transla-
tion product of the coding region should contain 476 amino
acids with a molecular mass of 54,061 Da. The sequences of
all five peptides were found in the deduced amino acid
sequence shown in Fig. 1. The codon usage of this gene is
similar to that of H. grisea cellulase genes (11, 12), with
cytosine and guanine preferred in the third position of
codons, and a strong bias against the use of adenine in the
third position.

Cloning of the T. reesei bgl2 Gene—So far, only one 0-
glucosidase gene (bgll) has been cloned from T. reesei (5),
but its sequence shows no significant homology to the H.
grisea bgl4 gene cloned in the present work. To examine
whether T. reesei has a gene homologous to the H. grisea
bgl4 gene, Southern hybridization of Ps£l-digested T.
reesei chromosomal DNA was performed using the H.
grisea bgl4 gene as a probe, and the membrane was washed
under conditions of low stringency (11). A 7.0 kb fragment
was found to hybridize uniquely with the probe, and this
fragment was cloned as described above and sequenced on
both strands by the dideoxy sequencing method (Fig. 2).
The sequence contained a putative coding region of 1,472
nucleotides interrupted by an intron of 74 nucleotides
located in an identical position to that in the H. grisea bglA
gene. The translation product of the putative coding region
should contain 466 amino acids with a molecular mass of
52,239 Da. The deduced amino acid sequence shows 73.1%

identity to that of H. grisea BGL4 (Fig. 3). The sequence
homology and enzymatic properties of the translation
product (see below) suggest that this putative coding region
encodes a /3-glucosidase gene homologous to the H. grisea
bgl4, and we designated it the T. reesei bgl2 gene.

Sequence Homology—y9-Glucosidases can be divided into
two enzyme subfamilies, y9-glucosidase A (BGA) and yS-
glucosidase B (BGB), on the basis of their structure similar-
ities (22, 23). The BGA family includes bacterial /?-gluco-
sidases, archaebacterial y3-galactosidase, plant thiogluco-
sidases, and human lactase-phlorizin hydrolase, while the
BGB family includes fungal and rumen bacterial £-gluco-
sidases (24). It is also known that the BGA family is related
to cellulase family A (22, 23, 25). Interestingly, a homol-
ogy search revealed that H. grisea BGL4 and T. reesei
BGL2 show significant similarity to /9-glucosidases of plant
origin, which belong to the BGA family (Fig. 3), rather than
to yS-glucosidases of the BGB family. H. grisea BGL4 and
T. reesei BGL2 show 46.3 and 43.8% identity to Costus
specious furostanol glycoside 26-O-/S-glucosidase (24),
respectively; 41.4 and 41.6% identity to Sorghum bicolor
cyanogenic yS-glucosidase (dhurrinase) (26), respectively;
38.7 and 38.5% identity to Trifolium repens cyanogenic
/?-glucosidase (linamarase) (27), respectively.

BGA family enzymes are considered to share a common
mechanism for the hydrolysis of yS-glycosidic bonds (24),
and have two highly conserved amino acid stretches in-
volved in their putative active sites; the Ile/Val/Leu-Thr/
Ser-Glu-Asn-Gly motif has been shown to contain an active
nucleophilic center (28, 29), andthe Asn-Glu-Pro motif has
been shown to contain an acid-base catalyst (29, 30). In
addition to the amino acid sequence homology with BGA
family enzymes, both H. grisea BGL4 and T. reesei BGL2
contain these putative active site motifs, suggesting that
these /3-glucosidases belong to the BGA family. The main
function of these fungal /9-glucosidases should be to hydro-
lyze cellobiose to glucose (6), while the functions of plant
/7-glucosidases are related to saponin metabolism (24) or
cyanogenesis (26, 27). Thus, the substrates of plant fi-
glucosidases are structurally more complex than those of
fungal /S-glucosidases. It should be noted that H. grisea
BGL4 has significant y9-galactosidase activity (6). H. grisea
BGL4 may have broader substrate specificity and be able to
hydrolyze more complex substrates.

Expression of /3-Glucosidase Genes in Aspergillus
oryzae—In our previous study, we expressed H. grisea and
T. reesei cellulase genes in A. oryzae and reported their
enzymatic properties (11, 12, 31). In this expression
system, the introduced H. grisea and T. reesei cellulase
genes were correctly transcribed, indicating that splicing
signals in introns of these fungal cellulase genes are
recognized by A. oryzae. In order to characterize and
compare the enzymatic properties of H. grisea BGL4 and
T. reesei BGL2, we also used an A. oryzae expression
system (17) and constructed expression vectors, pAMYB-
HgBGL4 and pAMYB-TrBGL2. Our first attempt to
express the T. reesei bgl2 gene in A. oryzae was unsuccess-
ful for unknown reasons, but when the fusion gene between
the H. grisea bgl4 and the T. reesei bgl2, consisting of two
portions encoding the putative signal peptide of H. grisea
BGL4 and the catalytic domain of T. reesei BGL2, was used
in pAMYB-TrBGL2 (Fig. 4A), expression was successful.
A comparison of the putative signal peptides of H. grisea
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GrTO3ACGGTCCGAAACACGCGGGAGAATGGGGTGCGGAAGAAGCCCGGAAGCAACAT^ -209

-129

-49

ATCACTCGACCTCAGTCI^ 32

(BstllO7I) M S L P P D F K W G F 1 1

TGCCACCGCTGggtacgttttatttaccctatgcctcttcaaaacagaaatctcaggggggtgaatgagaactcgagaac 112

A T A A (Spll) 15
agtgatgaactgaccccggcctctttcaactcacagCTACCAGATCGAa^GCTCCGTCAAOSAGGATGGCCGTGGGCCGT 192

Y Q I E G S V N E D G R G P S 3 0

CCATCTGGGACACCTTCTGCGCCATCCCaSGCAAGATCGCC^ 272

I W D T F C A I P G K I A D G S S G A V A C D S Y K 56

CGCACCAAGGAGGACATTGCCCTCCTCAAGGAGCTCGGCGCCAACT^^ 352

R T K E D I A L L K E L G A N S Y R F S I S W S R I I 83

CCCCCTGGGCGGCCGCAATGACCCCATCAACCAGAAGGGCATCGACCA^ 4 3 2

P L G G R N D P I N 0 K G I D H Y V K F V D D L I E A 1 1 0

CCGGCATCACCCCCTTCATCACCXrrCTTCCACTGGGACC^ 512

G I T P F I T L F H W D L P D A L D K R Y G G F L N 136

AAGGAGGAGTTCGCCGCCGACTTTGAGAACTACGCCCGCATCATGTI^^ 5 9 2

K E E F A A D F E N Y A R I M F K A I P K C K H W I T 163

CTICAACGAGCCCTGGTGCTCCGCCATCCTCGGCTAaiACACGGGCTACT^^ 672

F N E P W C S A I L G Y N T G Y F A P G H T S D R S K 190

AGTCCCCCGTCGGCGACAGCGCCCGCGAGCCCTGGArrcrrc^^ 752

S P V G D S A R E P W I V G H N I L I A H A R A V K 2 1 6

A Y R E D F K P T Q G G E I G I T L N G D A T L P W D 2 4 3

P E D P A D I E A C D R K I E F A I S W F A D P I Y F 2 7 0

G K Y P D S M R K Q L G D R L P E F T P E E V A L V 2 9 6

A A G Q G C T C C A A I ^ U T I T C T A C G G C A T G A A C C A J C T A C A C G G C C ^ 1 0 7 2

K G S N D F Y G M N H Y T A N Y I K H K T G V P P E D 3 2 3

CGACTTCCTCGGCAACCTCGAGACGCTCTTITACAACAAGTACGGCGACTGCATCQGC^ 1152

D F L G N L E T L F Y N K Y G D C I G P E T Q S F W L 3 5 0

R P H A Q G F R D L L N W L S K R Y G Y P K I Y V T 3 7 6

E N G T S L K G E N D M P L E Q V L E D D F R V K Y F 4 0 3

C&ACGACTACGTGCGCGCCATCGCGGCCGCCGTCGCay\O3ACGGC^ 1392

N D Y V R A M A A A V A E D G C N V R G Y L A W S L L 4 3 0

TCGACAACTTTGAGTGG<XXGAGGGCTACGAGACGAGGTTTGGCGTGACCT'ATGTGGAC^ 1 4 7 2

D N F E W A E G Y E T R F G V T Y V D Y A N D O K R 456

TATCCCAAGAAGTCGGCCAMSAGCCTCAAGCCGTKOTTGATA^ 1552

Y P K K S A K S L K P L F D S L I R K E * 4 7 6

TAGTG<nTCTATCTGGAGTGGGAriTlVlTl^TlCTCTGTAa^TAGTITGAAAGGAGTGG 1612

Fig. 1. Nucleotide sequence of the H. grisea bgl4 gene and the underline. The peptide sequences determined by Edman degradation
deduced amino acid sequence. Nucleotide numbering begins with are underlined. The restriction enzyme sites used to construct the
the translational initiation site. Intron sequences are shown in lower- expression vector are double-underlined,
case letters. A putative TATA sequence is shown by the waved

BGL4 and T. reesei BGL2 revealed three differences and Gin, respectively, in the T. reesei BGL2 signal peptide.
between them (Fig. 3): (i) there is no amino acid residue in Probably because these differences are critical, the signal
the T. reesei BGL2 signal peptide corresponding to Ser 2 of peptide of T. reesei BGL2 might not work well in A. oryzae.
the H. grisea BGL4 signal peptide; (ii) Pro 5 and (iii) Lys PAMYB-HgBGL4 and PAMYB-TrBGL2 (20 ^g, each)
8 in the H. grisea BGL4 signal peptide are replaced by Lys were introduced into A. oryzae M-2-3, an arginine-auxo-
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AGTACTTGCATCTTAGTCTCTTCAAAGGTTGCAAACAG^

AATCAGCAGCCCATCATOTTATGTATITCTCCATGT^^

TAATGrTCHCTACCTJ^JAJ^JAJAJ^JprGGGGACCA^

GaAGAGGATTCTGCATGCCTGAGTTGGAGTTCArrATCTGAGK^^

(SphI)

CArrcACAOXrrTTGTTTTTATCTCGAACTnXrrrACGGTCCGA

M L

GCCCAAGGACTITCAGTGGGGGTTCCXX^CGGCTGggtasa t tg t tgca tca tgc tccc t t ce iaacgccccccccc tga t

P K D F Q W G F A T A A (SplI)

agtccatctcact tacacccgtccgacagCTACCAGATCGAGGGCGCCGTCGACCAGG^

Y Q I E G A V D Q D G R G P S I W

D T F C A Q P G K I A D G S S G V T A C D S Y N R T A

E D I A L L K S L G A K S Y R F S I S W S R I I P E

GGCGGCCGCGGCGATGCCGTCAACXaGGCGGGCATCGACCACTACGTCA^

G G R G D A V N Q A G I D H Y V K F V D D L L D A G I

CACGCCCTICATCACCCTCTTCCACTGGGACCTGCCXXSflGG^

T P F I T L F H W D L P E G L H Q R Y G G L L N R T E

AGTTCCCGCTCGACTITGAAAACTACGCCCGCGTCATGTrCAGGGCGC^^

F P L D F E N Y A R V M F R A L P K V R N W I T F N

GAGCCGCTGTGCTCGGCCATCCCGGGCTACGGCTCCGGCACCTICGCCCCCGGCC^

E P L C S A I P G Y G S G T F A P G R Q S T S E P W T

CGTCGGCCACAACATCCTCGTCGCCCACGGCCGCX3CCG?I<^AGGCGTACCGa

V G H N I L V A H G R A V K A Y R D D F K P A S G D G

GCCAGATCGGCATCGTCCTCAACGGCGACTTCACCTACCCCTGGGA^

Q I G I V L N G D F T Y P W D A A D P A D K E A A E

CGGCGCCTCGAGTICTTCACGGCCTGGTTCGCGGATCCCATCTACIT^

R R L E . F F T A W F A D P I Y L G D Y P A S M R K Q L

GGGCGACCGGCTGCCGACCTTTACGCCCGAQGAGCGCGCCCTanCCAC^

G D R L P T F T P E E R A L V H G S N D F Y G M N H Y

ACACGTCCAACTACATCCGCCACCGCAGCTCGCCCGCCTCCGCCGACGAC^^

T S N Y I R H R S S P A S A D D T V G N V D V L F T

AACAAGCAGGGCAACTGCATCGGCCXXGAGACGCAGTCCCCCTGGCTGCGCC^^

N K Q G N C I G P E T Q S P W L R P C A A G F R D F L

GGTGTGGATCAGC^^GAGGTACGGCTACCCGCCCATCTACGTGACGGAGAACGG

V W I S K R Y G Y P P I Y V T E N G T S I K G E S D L

TGCCCAAGGAGAAGATTCTOSAAGATGACTTCAGQGTCAAGTACTATAAC^^

P K E K I L E D D F R V K Y Y N E Y I R A M V T A V

GAGCTGGACGGGGTCAACGTCAAGGGGTACTTTGCCTGGTCGCTCAT^

E L D G V N V K G Y F A W S L M D N F E W A D G Y V T

GAGGTTTGGGGTTACGTATGTGGATTATGAGAATGGGCAGAAGCGGriTCC^

R F G V T Y V D Y E N G Q K R F P K K S A K S L K P L

TGTTTGACGAGCTGATIXX«GCGGCX?rcATGGAAAAAGTTITIGAGTK^TGATA^

F D E L I A A A *

GATGATGTATGAACACGAAAGGGATAGTATTATAGCAAGCTAGGATAACCTGATGCTICTTCAAAGGGGA^

TAAACATGCAT

( E t o T 2 2 I )

- 4 7 6

- 3 9 6

- 3 1 6

- 2 3 6

- 1 5 6

- 7 6

5

2

85

1 4

165

3 1

245

56

325
84

405

111

485

138

565

164

645

191
725

218

805
244

885

271

965

298

1045

324

1125

351

1205

378

1285

404

1365

431

1445

458

1525

466
1605

1616

Fig. 2. Nucleotide sequence of the T. reesei bgl2 gene and the case letters. A putative TATA sequence is shown by the waved
deduced amino acid sequence. Nucleotide numbering begins with underline. The restriction enzyme sites used to construct the expres-
the translational initiation site. Intron sequences are shown in lower- sion vector are double -underlined.

troph, by co-transformation with 20 //g of an argB contain-
ing plasmid, pSal23 (18). The expression of these y9-gluco-
sidase genes is regulated by the Taka-amylase promoter,

and both are inducible by the addition of maltose as a
carbon source. The arg+ transformants were isolated and
grown in 10 ml of CD-P medium (containing maltose as a
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Costus specious BGL 1 :MAAQLGLPLVSCHRGASQAASSSAHLVPGASAI>̂ Aâ RRQKMRAPAIJU3KvVFARVA/p 59
Sorghum bicolor BGL 1:MALLLASAINHTAHPAGLRSHPNNESFSRHHLCSSP Î 39
Trifolium repens BGL 1:MDF—IVA 6

H. grisea BGL4 1:MSLPPDFKWGFATAAYQIBGSVNEDG 26
T. r e e s e i BGL2 I : * _ * * K * * Q * * * * * * * * * * * * A * U Q * * 25
Costus s p e c i o u s BGL 60:VDGSVGFAGSSTEQETAVESATPTAVPSKWLGRS*F*RG*IF*A*S****V**AW**G* 119
Sorghum bicolor BGL 40:SKRRŜ ĴSImPRAQTISSESAGIHRLSPWEIPRRDWF**S*LF*A**S**•***AW**** 99
Tri fo l ium repens BGL 7:1-FAL-FVTSSFT-ITSTTIAVEASTLLDIGNLSRS*F*RG*IF*AGSS***F**A***G* 63

H. grisea BGL4 27 :RGPSIWDTFC-AIPGKIADGSSGAV7O3SYKRTKEDIALLKELGANSYRFSISWSRIIPL 85
T reesei BGL2 26•**********—*Q**********VT*****N**A*******S***K*************E 84
Costus specious BGL 120: *********THEH*E****H*N*EK*T****KY***VK***D**LD***********L*K 179
Sorghum bicolor BGL 100:K***T**H**HNF*EW*V*R*N*D**A***HMYA**VR****M*MElA*******P**L*K 159
Trifolium repens BGL 64:*********THKY*E**R***NADITV*Q*H*Y***VGIM*DQM4D*****4**P**L*K 123

H. grisea BGL4 86:GGRbTOPINQKGII*mraFvT»LIEAGITPFmjHWDLPnAI^^ 145
T. reesei BGL2 8 5 : * * * G * A V * * A * * * * * * * * * * * * * D * * * * * * * * * * * * * * * E G * H Q * * * * L * * R T * * P L * * * 144
Costus specious BGL 180: *TLQGG***E**QY*NDLINE*LKN**R*MV******V*Q**EDS*K*-FRSS'*IVN**k 238
Sorghum bicolor BGL 160: *TLAGG**E**VEY*N*LI*L*L*N**E*Y**I****T*Q**VnA*-*GFLD**DYK*YT 218
Tri fo l ium repens BGL 124: *KLSGG**HE**KY*NKLrNE*LAN**Q**V********QV*EDE***-F'LNSGvTN**R 182

H. grisea BGL4
T. reesei BGL2
Costus specious BGL
Sorghum bicolor BGL

146:NYARIMFKA-I
145:****V**R*-L**VRN***
239:D**D*C**EFGDRV*** **
219: DF*KVC*EKFGKTV*N*L*

Tri fo l ium repens BGL 183 :D*TDLC**EFGDRVRY*S*

!SAILGYNrGYFAPGHrS—ERSKSPVGDSAREPWI 202
****p**GS*T**** * Q*TS***T 191
SLSTM**AF*RH***RC*--TWYGC*A****N**YE 296

:SVS*G***L***RC*PGVSCAV*T*N*LS**Y* 278
VFSNS**AL*TO***RC* — ASNVAKP* * *GTG*Y* 240

H. grisea BGL4 203 :VGHNILIAHARAVKAYREDFKPTQG^-CTIG:[TLNGI»TI,PTO^ 261
T. reesei BGL2 192 : ******V**G*******D****AS*D*Q***V****F*Y***AA****K**AE*RL**FT 251
Costus specious BGL 297:*T****L***N***I**ENY*A**-N********SLWYE*Y-SKSHE*V**AT*ALD*MF 354
Sorghum bicolor BGL 279: *A****R***ET*DI*--NKVHKGAD*R**IA*n^FGRV*Y-TNTFL*QQ*QE*SMDKCL 335
Tri fo l ium repens BGL 241: *T**QIL***E**HV*KrnCYQAY*-K*K*****VSNWLM*L*ENSIP**K*AE*SLD*QF 299

H. grisea BGL4 262: SV^ADPrfFGKYPDamKQIjGDRLPKtTVKtVALVKGS^ 321
T. reesei BGL2 252:A*******L*D**A***********T*****R***H************S***R*RSSPAS 311
Costus specious BGL 355:G'YM**LVN*D**FI**ALVR****F**HA*SE*I***Y**I*I*Y**S**AQ*APVTED 414
Sorghum bicolor BGL 336:G**LE*WR*D**F***VSAR**V*Y*KEK*QEKLV**Y*MI*I*Y**STFS**IDLS*N 395
Tri fo l ium repens BGL 300:GL*MEQLTT*D*SK***RXvKN***K*SKF*SS**N**F**I*I*Y*SSS**SNAPSH3N 359

H. grisea BGL4 322:EDDFLG—NIJETL-F-YNKYGDCIGPETQSFWL-R-PHAQGF—RDLLNWLSK-RYGYPK 372
T. r e e s e i BGL2 312:A**TV*—*VDV*-*-T**Q*N********P**-*-*C*A**—**p*V*I**-*****P 362
Costus specious BGL 415:HITr«SY-Fr)SYVNQSGE*N*VP***LQG*-*IYFY*-RGLKE-L-**-YV-*R**CN** 467
Sorghum bicolor BGL 396:NSPV*NTDDAYASQETKGPD*NA***P*GNA*n«Y*—K*LHD ILMIM*NK**K*P 450
Trifolium repens BGL 360:AKPSYS—TNP^^^aSFE*H*IPL**RAA*I*rYVY*YMFIQEDFEIFCYIL*INITILQ 417

H. grisea BGL4 373:
T. reesei BGL2 363:
Costus specious BGL 468:
Sorghum bicolor BGL 451:n
Tri fo l ium repens BGL 418 :F

431
S*L*K*KI*********Y*E*I***VT**EL**V**K**F****** 421

'AEVEK*KGV**HDPERKEY-LT—Y-HLAQVLQ*I-RE*VR*K*HFT*A*T* 522
«33IES03*L*KPVA***HT*LD*IQRHLSVLKQS-IDL*AD****F****** 508

-NnATL*V*EA*LNTY*ID*YYRHLYYIRS*I-RA*S**K*FY***F** 475

H. grisea BGL4 432:NFEWAEGYETRFGVTYVTDYAM3QKRYPKKSAKSLKPLFDSLIRKE:476
T. reesei BGL2 4 2 2 : • * * * * D * * V * * * * * * * * * * E * G * * * F * * * * * * * * * * * * * E * * A A A : 4 6 6 73.1%
Costus specious BGL 523:****DK**TE***LI*I**DK*FN*Q**D*T*WFSKFLRT:562 46.3%
Sorghum bicolor BGL 509:****SS**TE***IV***RE*GCE*TM*R**RW*QEFN3AAKKV*NKKILTPAGQLN:565 41.4%
Trifolium repens BGL 476:CN**FA*FTV***LKF**:493 38.7%

Fig. 3. Sequence comparison of H. grisea BGL4, T. reesei BGL2, and other /9-glucosidasea of plant origin. Asterisks denote residues

identical to those in H. grisea BGL4. Highly conserved motifs containing a putative active nucleophilic center are shown as white characters

on a black background.

carbon source) for 4 days at 30*C and assayed for enzyme
activities toward PNPG. The control strain transformed
with pSal23 and pAMYB118 showed no activity toward
PNPG under these assay conditions, while some transfor-
mants transformed with pSal23 and pAMYB-HgBGL4 or
pAMYB-TrBGL2 showed apparent activity toward PNPG.
Clones showing the highest activity of each enzyme were

selected and used for enzyme production. The clones were
cultured for four days in CD-P medium, after which the
enzymes were purified from the culture supernatants by
Phenyl Toyopearl and MonoQ column chromatographies
(Fig. 4B). Under these culture conditions and purification
procedures, the amount of recombinant y9-glucosidases
produced by each transformant was estimated to be about
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734 S. Takashima et al.

50 to 200/zg/ml of recombinant /?-glucosidases in the
culture supernatant. These production levels are equiva-
lent to those of recombinant cellulases produced by A.
oryzae (11, 31). The apparent molecular weight of recom-
binant H. grisea BGL4 estimated by SDS-PAGE is about
57,000, which is slightly larger than the molecular mass of
the deduced amino acid sequence (54,061 Da). The discrep-
ancy between the molecular weight estimated by SDS-
PAGE and the molecular mass from the deduced amino acid
sequence may be due to minor glycosylation of the recom-
binant H. grisea BGL4 by A. oryzae. On the other hand, the
apparent molecular weight of recombinant T. reesei BGL2
as estimated by SDS-PAGE is about 52,000, which corre-
sponds to the molecular mass from the deduced amino acid
sequence.

Enzymatic Properties of Recombinant 0- Glucosidases—
The optimal temperature, thermal stability, optimal pH,

H. grisea bgl4

//indlll

//indlll

H.griseabg!4^ T. rttrzti bull^ EcotllVSmal

B
M 1 2

kDa

94

67

43

30

20.1 — .

Fig. 4. Construction of the fusion gene (A) and SDS-PAGE of
the purified recombinant 0-glucosidases produced by A. oryzae
(B). Lane M, molecular mass standard; lane 1, recombinant H. grisea
BGL4; lane 2, recombinant T. reesei BGL2.

and pH stability of these recombinant enzymes were
measured using PNPG as a substrate. Although H. grisea
BGL4 and T. reesei BGL2 are homologous to each other,
some differences were observed in their enzymatic prop-
erties. The optimal temperatures for the reaction of recom-
binant H. grisea BGL4 and recombinant T. reesei BGL2
were found to be 55 and 40"C, respectively. Recombinant
H. grisea BGL4 and recombinant T. reesei BGL2 retain
more than 80% of their relative activity following heating
to 50 and 45°C for 10 min, respectively. These differences
may be related to the fact that H. grisea is a thermophilic
fungus and produces thermostable cellulases (6, 7).

The pH optima of these enzymes was found to be pH 6.0,
and they retain more than 80% of their relative activity
within the range of pH 6.0-11.0 after 20 h at 4°C.

The optimal temperature, thermal stability, optimal pH,
and pH stability of recombinant H. grisea BGL4 are similar
to those of native H. grisea BGL4 (6).

The purified recombinant /J-glucosidases were tested for
substrate specificity (Table I). Both enzymes show relative-
ly high activity toward PNPG, while they show very weak
or no activity toward p-nitrophenyl-/?-D-cellobioside (PN-
PC). Native H. grisea BGL4 has y9-galactosidase activity
(6), so we examined the /J-galactosidase activity of the
recombinant enzymes using p-nitrophenyl-/S-D-galactoside
(PNPGal) as a substrate. Recombinant H. grisea BGL4
shows significant activity toward PNPGal, while recom-
binant T. reesei BGL2 shows weak activity. The y?-galacto-
sidase activity of recombinant H. grisea BGL4 is about 6.5
times higher than that of recombinant T. reesei BGL2.

The kinetic parameters for the hydrolysis of PNPG and
PNPGal were calculated by Lineweaver-Burk plots to
evaluate the efficiency of substrate use. As shown in Table
II, the Vmax/iCn values of recombinant H. grisea BGL4
toward PNPG and PNPGal were 4.3 times and 11.1 times
higher than those of recombinant T. reesei BGL2, respec-
tively. In addition, H. grisea BGL4 is a thermostable
enzyme compared with T. reesei BGL2, suggesting that H.
grisea BGL4 is a stronger enzyme than T. reesei BGL2.
These results may be related to the fact that the /?-gluco-
sidase activity of the H. grisea cellulase system is higher
than that of the T. reesei cellulase system (8). It is interest-
ing that H. grisea BGL4 contains a unique amino acid
stretch between His 183 and Gly 194 when compared with
T. reesei BGL2 (Fig. 3). This stretch may be related to the

TABLE I. Substrate specificity of purified /9-glucosidases.

Enxyme
Specific activity toward
PNPG PNPC PNPGal

Recombinant H. grisea BGL4 26.1 nd 11.2
Native H. grisea BGL4" 8.38 1.80 2.70
Recombinant T. reesei BGL2 23.9 O89 1.72

nd, not detected. *Data from Ref. 6.

TABLE n. Kinetic parameters of purified ^-glucosidases in the hydrolysis of PNPG and PNPGal.

Enzyme

Recombinant H. grisea BGL4
Native H. grisea BGL4"
Recombinant T. reesei BGL2

(mM) (j
0.32
0.34
2.22

PNPG

i/mol PNP.min~1-mg~1)
25.0

8.70
40.0

78.1
25.6
18.0

Km
(mM)

1.82

20.0

PNPGal

0/mol PNP-min-'-mg-')
21.1

20.8

11.6

1.04
•Data from Ref. 6.
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0 5 10 15
time(h)

Fig. 5. Improvement of sacchartfication of cellulose by Tri-
choderma celluloses in the presence of recombinant H. grisea
BGL4. Saccharification of cellulose by Trichoderma cellulases in the
presence (closed circles) and absence (open circles) of recombinant H.
grisea BGL4 was measured by the mutarotase- glucose oxidase
method.

thermostability and enzymatic activity of H. grisea BGL4.
The activities of recombinant H. grisea BGL4 toward

PNPG and PNPGal are about 3-4 times higher than those of
the native enzyme (Table I). We think this is mainly due to
differences in the assay conditions used, that is, buffer
system [50 mM sodium phosphate buffer (pH 6.0) vs. 50
mM sodium acetate buffer (pH 5.0)], incubation time (10
min vs. 30min), incubation temperature (55'C us. 50'C),
and so on. In some cases, recombinant enzymes produced
by A. oryzae are glycosylated differently compared with
the native enzymes (31), and this may also affect some
enzymatic properties. The VmaX value of recombinant H.
grisea BGL4 is about 3 times higher than that of the native
enzyme (Table II), possibly for the same reasons described
above.

Improvement of Saccharification of Cellulose by Tricho-
derma Cellulases with Recombinant H. grisea BGL4—
Some Trichoderma species such as T. reesei, T. viride, and
so on have strong cellulose degrading activities, and their
cellulases are commercially available. However, these
species produce only small amounts of /3-glucosidases. So,
in the process of saccharification of cellulose by Trichoder-
ma cellulases, large amounts of cellobiose should remain.
By using the strong yS-glucosidases of H. grisea, it might be
possible to improve the saccharification of cellulose by
Trichoderma cellulases. To examine this, we compared the
level of cellulose saccharification by Trichoderma cellulases
with and without recombinant H. grisea BGL4. H. grisea
BGL4 shows strong activity toward cellobiose (13.1 U
mg"1, 6), and the recombinant enzyme also has this activity
(9 U mg"1). As shown in Fig. 5, the level of saccharification
in the presence of recombinant H. grisea BGL4 was 1.4-2.2
times higher than in its absence, indicating that the level of
cellulose saccharification by Trichoderma cellulases can be
improved by adding recombinant H. grisea BGL4. In these
assays, we used purified recombinant H. grisea BGL4, but
the production level of recombinant H. grisea BGL4 by A.
oryzae transformants is high enough that the culture
supernatant could be used instead of the purified enzyme,
although there is the possibility of contamination by A.
oryzae proteases. It is also possible that the overexpression
of the H. grisea bgl4 gene in T. reesei or T. viride improves

the saccharification of cellulose by cellulases from these
transformants. To utilize the cellulose resources efficiently,
it is necessary to establish an efficient system for cellulose
saccharification. In this study, we show that H. grisea
y9-glucosidase can replace the /?-glucosidase activity of
Trichoderma cellulases. A combination of Trichoderma and
Humicola cellulases may provide a strong cellulose
saccharification system.

We wish to thnnk Dr. K. Kitamoto for generously providing the A.
oryzae expression system. This work was performed using the
facilities of the Biotechnology Research Center, The University of
Tokyo.
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