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Abstract Two endo-l4-f-glucanase genes, designated
celd and celB, rom a shoyu koji mold Aspergiflus oryzae
KBNG616, were cloned and characterized. The cefd gene
comprised 877 bp with two introns. The CelA protein
consisted of 239 amino acids and was assigned to the
cellulase family H. The celB gene comprised 1248 bp
with no introns. The CelB protein consisted of 416
aming acids and was assigned to the eellulase family C.
Both genes were overexpressed under the promoter of
the A. oryzae taka-amylase A gene for purification and
enzymatic characterization of CelA and CelB, CelA had
a molecular mass of 31 kDa, a pH optimum of 5.0 and
temperature optimum of 55 °C, whereas CelB had a
molecular mass of 53 kDa, a pH optimum of 4.0 and
temperature optimum of 45 °C.

Introduction

The filamentous lungus Aspergillies oryzae has been used
in Japan for food production, such as soy sauce or
shoyu, miso and sake, and has also been used for in-
dustrial enzyme production, such as a-amylases and
proteases. 4. oryzae, when grown on a shoyu koji
composed of soybean and wheat, secretes soybean-cell-
wall-degrading enzymes including cellulases, pectinases,
xylanases and hemicellulases. These enzymes synergisti-
cally degrade the soybean cell wall components such as
cellulose, pectin and hemicellulose. The genetic and en-
zymatic characterization of these enzymes could eluci-
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date their roles in soybean cell wall degradation, which
would result in an increased utilization of soybean
protein and a decrease in the pressed cake obiained
through the press filtration of soy sauce mash.
Cellulose, which is the world’s most abundant bio-
polymer, is the major component of plant cell walls.
Biological breakdown of cellulose is catalysed by the
cellulase enzyme complex, consisting of three classes of
enzymes, endo-14-B-glucanase (EC 3.2.1.4), cellobio-
hydrolase (exo-1,4-B-glucanase, EC 3.2.1.91) and p-glu-
cosidase (EC 3.2.1.21). Numerous studies on fungal
cellulases have been done and several fungal genes en-
coding endo-1,4-B-glucanase have been isolated from
Aspergillus aculeatus (Ooi et al. 1990), Aspergillus ka-
wachii (Sakamoto et al. 1995), Fusarium oxysporum
(Sheppard et al. 1994), Humicola insolens (Davis et al.
1993; Dalbege and Heldi-Hansen 1994) and Tricho-
derma reesel (Penttild et al. 1986; Saloheimo et al. 1988,
1994). However, little is yet known about the structures
and genes of the A. oryzae endo-1,4-P-glucanases. Here
we describe the cloning and sequence analysis of two
endo-1,4-B-glucanase genes, celd and celB, from an in-
dustrial shoyu koji mold strain, 4. oryzae KBNG16. In
addition, these genes were overexpressed under the
promoter of the A. oryzae taka-amylase A gene (Tua,
Tsukagoshi ¢t al. 1989), purified to homogeneity and
characterized for their enzymatic properties.

Materials and methods

Strains, plasmids, media and transformation

A. oryzoe KBNG616, obtained from Bio'c (Toyohashi, Japan), was
used for isolation of DNA and grown at 30 *C in Czapex-Dox
medium, 4. aryzae KBME16-39 {nizD™), a derivative of KBNGIS,
was used for transformation and grown at 30 °C in the modified
Crapex-Dox medium containing NH.Cl as the nitrogen source
instead of MaMNOy, Plasmid pND300 and its derivatives, which
contain the A. eryzae miaD gene (Kitamoto e al. 1995), were used
for transformation of A. oryzae KBNG616-39 (miaD"). A oryzec
transformations were carried out as described by Ballance and
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Turner (1985). NiaD"™ transformants grew afer T=10 days at 30 °C
on plates with nitrate as sole nitrogen source. Transformants were
purified through conidia. Starch medium (% starch, 1% poly-
peprone, 0.5% KH;PO,, 0.5% KCI, 0.1% NH,CL, 0.05% MgS0,)
was used [or cellulase production by A, eryzae transformants. Es-
cherichia coli DH5x and MV1184 were used for DNA manipula-
tion, pUC plasmids were used to subclone various DNA lragments
and also to prepare single-stranded plasmid DNAs.

Strains of plasmid-carrying E. coli were grown at 37 °C in
Luria-Bertani medium with 30 pg ampicillin/ml. E. coli transfor-
mations were carried out as described by Hanahan (1983).

Isolation of chromosomal DNA and construction
of a genomic library

The chromosomal DNA, isolated from A. oryzac as described
previously (Kitamote et al. 1993), was partially digested with
SaudAl. Fragments of 10=23 kb were isolated by electroclution
from an agarose pel and ligated into the BanrH] site on Charomid
9-28 cosmid DNA (Mippon Gene, Toyama, Japan). The DNA was
packaged in vitro and recombinant phages were infected to £ cofi
DH 35z, The genomic library contained about § = 10* clones with an
average insert size of 18 kb, This library was screened with the
digoxigenin-labelled polymerase-chain-reaction (PCR)-amplified
genomic DNA fragments described below. The DNA of cosmid
clones that hybridized with the probes were analysed by Southern
hybridization and hybridizing fragments were subcloned into pUC
plasmids,

Amplification of eeld and cel# genomic DNA sequences by PCR

A genomic DMNA fragment encoding a portion of the A. aryzae
celd gene was amplified by the method of semi-nested PCR. Three
oligonucleotide primers were designed, based on three amino acid
sequences conserved well between A, aculeans Fl carboxymeth-
yicelullase (CMCase) and Erwinie coretovora celS (Saarilahti
et al. 1990). The sense primer, P1 [5-AA(CTIAACTICT(G/C)-
TGGGGOTIAA(AIGIGA-Y], was homologous to the sense
strand for amino acid residues 3743 of A. acwleares F1-CMCase.
The antisense primers, P2 [F-CCA{A/GIATCATIAIGIAGICT)-
TC(AIG)TA(GIAITC-¥] and P3 [5'-GC(A/GIGT(AIG)AA(CIG)-
AGIAJG)TCIA/GITA(AIG)GA-Y), were complementary Lo the
sense strand for amino acid residues 115-121 and 132-138 of
A. aculeatus F1-CMCase respectively. A 254-bp fragment was spe-
cifically amplified from genomic DNA by combinations of three
primers, the first and second rounds of PCR using P1-P3 and PI1-
P2 respectively. The amplified 254-bp fragment cloned on pUCIHIE
was sequenced as described by Sanger el al. (1977) and found to
contain an open-reading frame encoding 84 amino acids bearing a
relatively high homology to the sequence of A. aculeans Fl-
CMCase.

A genomic DNA Fr:am:nt encoding a portion of the A. ory-ee
celB gene was also amplified by semi-nested PCR. Three oligonu-
cleotide primers were designed, based on three amino acid se-
quences conserved well among the family of C cellulases such as
T. recsei CBHI and T, reesef EGIL. The sense primers, P4 [5-GA
(AGTTMOACTICTTTICGATICIGTICIGIGA-3] and P35 [5-
THTIOGGTICICT{TICIAAMICICGTIC)GTTICHTIC) T-3], were
homologous to the sense strand for amino acid residuss 143-14%
and 155-161 of T. reesei CBHI respectively, The antisense primer,
P [5-GCCMTCCCAAGIATIA/G)TCCAT(TIC)TC-3], was
complementary 1o the sense sirand lor amino acid residues 229-235
of T. reesei CBHI. A 191-bp fragment was amplified specifically
from genomic DNA by combinations of three primers, the first and
second rounds of PCR using P4—P6 and P4-P3. The amplified 191-
bp lragment was subcloned, sequenced and found to contain an
open-reading frame encoding 63 amino acids bearing a relatively
high hemology to those of the fungal family of C cellulases.

Construction and expression of the A. oryzae celd
and celB genes under the control
of the A, oryzae taka-amylase gene (Toa) promoter

To construct the cefd and cef8 genes, expression plasmids under the
control of the A. orpzec laka-amylase (Toe) promoter and the
promoter regions of cefd and celB were substituted for the Taa
promoter region as follows. A 0.6-kb Tuer promoter, extending from
the 3" end to the initiator ATG, was amplified by PCR, using the Taa
gene as template, the M3 reverse primer and the antisense primer,
TaaP (3-COGAGCTCATGCATAAATGCCTTCTGTGG-Y), as
primers. TaaP included cleavage sites for EcoT221 and Sl at the §°
end. The PCR-amplified Taw promoter was dipested with EcoRl
and Sacl and cloned into pUCI 19 digested with EcoR1 and Sacl 10
construct plasmid pTAPI00,

In erder to ligate the Too promoter fragment precisely next 1o
the eeld and cel8 coding regions, an EceT22] cleavage site was
introduced just before the ATG codon of both the cefd and colf
genes by PCR. The 0.6-kb Tea promoter fragment excised from
pTAP200 with EcoRl and EcoT221 digestion and the 1.3-kb cefd
gene excised from pTAE400 with EceT22] and EcoRl1 digestion
were ligated and cloned into the EcoRl site on pUCTIE to create
plasmid pTACA100, which contains the cef4 gene under the con-
trol of the Tag promoter. A 5.1-kb HindIl] fragment, containing
the A. eryzae nial gene from plasmid pMND300, was subcloned into
pTACA DD, resulting in plasmid pTACA200. Plasmid pTACAZ00
was transformed 1o the nig P-deficient A. orpzae strain KBNGI6-39.

The EcoT22 and Sacl-digested 1.9-kb colB pene was ligated 1o
EcoT22] and Secl sites on pTAPZ00 1o construct pTACBIDD,
which was cotransformed to A, orpzae KBNG616-39 together with
pND3I00.

Enzyme assay

Endoglucanase (carboxymethylcellulase) activity was determined
by evaluating the viscosity changes of a reaclion mixture containing
carboxymethylcellulose (CMC, degres of substitution, 0.6; mole-
cular mass, 180 kDa; Cellogen WS-C; Daiichi Seivaku Kogyo,
Kyoto) at 40 *°C and was monitored for 5 min by using a cone
plate-type viscometer (Tokisangyo Co.). The reaction muixture
contained CMC solution (1%) in 50 mM sodium acetate buffer
{5 mi; pH 5.0 for CelA and pH 4.0 lor CelB) with enzyme solution
{1 ml), One unit of enzyme activity was defined as the increase of |
fluidity unit [reciprocal of the viscosity: mPa™" 57" (centipoise™")] of
the CMC solution in | min {Ohmiya et al. 1987).

Purification of the CelA from A. eryzoe transformant TAJ3

A 610-ml sample of culture supernatants was harvested after 4 days
growth and dialysed against 10 mM TRIS/HCI buffer, pH 7.5
Protein was adsorbed 1o a DEAE-Toyopearl 650M column
(3.2 = 9.0 cm) equilibrated in the same buffer and eluted by pulse
elution with the ame buffer containing 0.1 M NaCl. The CelA-
conlaining Mractions were diluted ten times with the same buffer and
loaded on a DEAE-Toyopearl 650 M column (3.2 x 9.0 cm].
Protein was eluted with a linear gradient from 0 to 0.2 M NaCl.

Purification of the CelB from A. eryzac transformant TBI

A 150-ml sample of culture supernatants was harvested after 4 days
growth and dialysed against 10 mM sodium acetate buffer pH 4.0
Protein was adserbed batchwise 1o SE-Sephadex C30 and eluted by
pulse elution with 10 mM sodium acetate buffer pH 6.0. The CelB-
containing fractions were diluted ten times with 10 mM sodium
acetate buffer pH 4.0 and loaded on a SE-Sephadex C50 column
(3.2 % 7.0 em) equilibrated in the same buffer. Protein was eluted
with a linear pH gradient from 4.0 to 6.0 in 10 mM sodium acetate
buffer.
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Fig. 1A,B Restriction map and the nucleotide sequence of the celd
gene. A Restriction map of the celd gene. The sequencing strategy for
the celd gene is outlined below the resiriction map by arrows. The
sequencing region is indicated by a hatched box. The coding region is
indicated by solid (exons) and open (introns) boxes, B Mucleotide and
deduced amino acid sequences of the cefd gene. Putative intron
sequences are in lower-case letters. wew The translation stop codon.

Mumbers on the nght refer 1o nucléotde sequence (negative numbers
refer 1o nucleotides upstream from the celd ATG) and amine acid
sequence. # Two potential M-glycosylation sites. A putative ermina-
tion sequence [TAG.. TA(TIGT...TTT) is underlined. This sequence
has besn deposited in the DDBJ, EMBL and GenBank nucleotide
sequence databases under the accession number DE3T3)
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Results
Isolation and characterization of the A. oryzae celd gene

A genomic library of A. oryzae KBN616, constructed in
Charomid 9-28, was screened with the 254-bp genomic
DNA fragment described above. Of 5.3 x 10" colonies
screened, five positive clones were found to contain a
4.3-kb EcoRI fragment, which was hybridized to the
probe on Southern blot analysis and was further char-
acterized in detail. The celA gene was present on a |.8-kb
EcoRV-EcoRI restriction fragment, which was se-
quenced in both directions (Fig. 1A). The coding region
consisted of 877 bp and was interrupted by two introns of
98 bp and 62 bp (Fig. 1B). These two introns had char-
acteristics typical of filamentous fungal genes, such as
consensus 5° and 3’ splice-junction sequences and puta-
tive lariat-formation internal sequences. The positions of
two introns are the same as those of the 4. aculeatus
F1-CMCase gene. The coding sequence comprised 239
amino acids with a molecular mass of 26 096Da. Two
potential N-glycosylation sites (Asn-Xaa-Thr/Ser-Zaa,
where Zaa is not Pro) were found, one of which (Asn™*-
Trp-Thr***) existed at the same position as that of the A.
aculeaius F1-CMCase and A. kawachii CMCase L.

_ Isolation and characterization of the A. oryzae celB gene

A genomic library of A. oryzae KBNG616 was also
screened with the 191-bp genomic DNA fragment de-
scribed above. Of 3.6 x 10° colonies screened, seven
positive clones were found to contain a 9.2-kb HindIll
fragment, which was hybridized to the probe on
Southern blot analysis and was further analysed in de-
tail. The celB gene was present on a 2.3-kb Smal-
HindII1 restriction fragment, which was sequenced in
both directions (Fig. 2A). The coding region consisted
of 1248 bp and contained no intrens (Fig. 2B). The
coding sequence comprised 416 amino acids with a
molecular mass of 42 623Da. Eight potential N-glyco-
sylation sites were found and some of them appeared to
be glycosylated as judged by sodium dodecyl sulphate/
polyacrylamide gel electrophoresis (SDS-PAGE), since
CelB formed a rather broad band (Fig. 3).

Comparison of the A. eryzae KBN616 CelA
and CelB with other cellulases and xylanases

The deduced amino acid sequence of the A oryzae
KRNG616 CelA was compared to that of 4. aculeams Fl-
CMCase and appeared to contain an N-terminal exten-
sion of 16 amino acids before the N terminus (Gln'") of
the mature protein. The deduced amino acid sequence of
the A. oryzae KBN616 CelA revealed a significant ho-
mology to those of the family H cellulases (Henrissat and
Bairoch 1993) such as A, aculeatus F1-CMCase (63%), A.
Eawachii CMCase [ (77%) and E. carotovora CelS (31%:).

Several sequences highly conserved among the fanmily
H cellulases might be involved in the catalytic reaction.
On the basis of the three-dimensional structure and site-
directed mutagenesis, two totally conserved glutamate
residues have been identified as catalytic residues of the
Bacillus pumilus xylanase (Okada et al. 1989; Ko et al.
1992). The three-dimensional structural similarity be-
tween the A. aculearus F1-CMCase and the B. pumilus
xylanase indicates that two glutamate residues (Glu'*
and Glu*'®) of the A. aculearus F1-CMCase are involved
in the enzymatic activity of this enzyme (Tarrénen et al.
1993). As two glutamate residues are conserved among
all the family H eellulases, the corresponding residues
(Glu'*? and Glu™®) of the A.oryzae KBN616 CelA
should also be involved in the catalytic reaction.

The deduced amino acid sequence of the A. oryzae
KBN616 CelB was compared to those of the T. reesei
CBHI (Shoemaker et al. 1983) and the T. reesei EGI and
appeared to coniain an N-terminal extension of 17
amino acids before the N terminus (Gin'®) of the mature
protein. The deduced amino acid sequence of the
A. oryzae KBN616 CelB showed a significant homology
to those of the family C cellulases such as F. exysporum
Cfaml (47%), F. oxysporum Cfam2 (39%). Humicola
grisea CBHI (Azevedo et al. 1990; 40%), Penicillium
Jjanthineflum CBHI (Koch et al. 1993; 42%%), Phaner-
ochaete chrysosporitm CBHI (Sims et al. 1988, 42%),
T. reesei CBHI (39%) and T. reesei EGI (50%). Most
noteworthy, CelB lacked both the hinge and cellulose-
binding domains at the C terminus, a common feature of
the family C cellulases.

Overexpression, purification and characterization
of A. eryzae CelA and CelB

In order to obtain high-level expression of celd and celB
genes in A, orpzae, A. orpzae KBNG16-39 (niaD™) was
either transformed with pTACA200, which contained
the celd gene under the control of the A. oryzae Taa
promoter and the A. oryzae niaD gene, or cotransformed
with pTACBI00 containing the celB gene under the
control of the A.oryzae Taa promoter and pND300
carrying the A. oryzae niaD gene. Transformants grown
with starch were assayed for cellulase activity Lo select
the high-CelA- or high-CelB-producing strain for fur-

[
L

Fig. 2A.B Restriction map and the nucleotide sequence of the cel
gene. A Resiriction map of the cel gene. The sequencing sirategy fior
the celd gene is outlined below the restriction map by arrows. The
sequencing region is indicated by a hatched box. The coding region is
indicated by a solid box. B Nucleotide and deduced amino acid
sequences of the ce/B gene. »»» The translation stop codon. Numbers
on the right refer to nucleotide sequence (negative numbers refer w
nucleotides upstream from the cof B ATG) and amino acid sequence. #
Eight potential N-glycosylation sites. A putative termination sequence
[TAG. . TATGT..TTT] is underlined. This sequence has been
deposited in the DDBJ, EMBL and GenBank nucleotide sequence
databases under the accession number DE3732
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CTTCICTC TG TAT TATATICTCCACCTGAATCT TATCT TTTCCGEATT GTAGTGAGET TETTCCATAMATATCTACATCOCGACTCTTTC 1363
ATACATACTTTCARTACC TTOCA TCCTATACCC CARAC ARG TAAM TAC TAGAGCCACAGCARTACCC TCACT TACTCGECCACTCAAGA 1453
A TGO O T O T eAS T T T e T O So AR T TCCAAMSAC TTCCACTTCCAAR CCCCCTCOOCEE 1526
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Fig. 3 Sodium dodecyl sulphate/polyacrylamide pel electrophoretic
profiles of two endo-1,4-f-glucanases purified from Aspergiliees oryzee
transformants. The gel was stained with Coomassie brilliant blue,
Lane | molecular size markers: (rabbit muscle phosphorylase b,
97.4 kDa; bovine serum albumin, §6.2 kDa; hen egg-white ovalbu-
min, 42.7 kDa; bovine carbonic anhydrase, 31.0 kDa: soybean trypsin
inhibitor, 21.5 kDa), Lane 2 purified CelA. Lane 3 purified CelB

ther study. CelA and CelB were purified 1o homoageneily
from culture supernatants of high-production transfor-
mants by anion-exchange chromatography for CelA and
cation-exchange chromatography for CelB, as described
in Materials and methods. CelA was purified 60.3-fold,
with recovery of 51% of the initial activity. CelB was
purified 29.5-fold, with recovery of 43% of the initial
activity. CelA had a molecular mass ol 31 kDa, which
was approximately 7 kDa larger than the calculated
value of 24 kDa (Fig. 3, lane 2). The molecular mass of
CelB was also at least 10 kDa larger than the calculated
value of 40 kDa (Fig. 3, lane 3).

The enzymatic features of CelA and CelB: pH and
temperature optima and pH and thermal stabilities,
were determined with the purified proteins (Table 1).
The pH optima of both enzymes were determined by
incubating them for 5 min at 40 °C in 50 mM sodium
acetate buffers of various pH wvalues (3.0-7.0). Their
temperature optima were determined by incubation at
various temperatures (35 °C to 65 °C) in 50 mM sodium
acetate buffer of optimal pH. CelA had a pH optimum
of 5.0 and temperature optimum of 55 °C, whereas CelB
had a pH optimum of 4.0 and temperature optimum of
45 °C. The pH and temperature optima for CelA were
similar to the values reported for the A, acwleatus Fl-
CMCase (Murao et al. 1988). The thermal and pH sta-

Table 1 Enzymatic characteristics of the purified endo-].4-P-glu-
canases, CelA and CelB

Characteristics CelA CelB
Meolecular mass (kDa) 3 33

pH optimum 50 40

pH stability 3.0-7.0 3.0-7.0
Temperature optimum{°C) 55 45
Temperature stability (°C) = 55 < 30

bilities were determined by incubating the enzymes at
various temperatures (35-65 °C) for 10 min and at
various pH values (3.0-7.0) for 20 h at 30 °C respec-
tively. Both enzymes were stable in the wide pH range of
3.0-7.0, but CelB was rather unstable compared to CelA
at pH 3.0 and 7.0. The CelA was stable up to 55 °C and
became inactivate sharply above 60 *C. whereas the
CelB was stable up to 50 °C and became inactivate ra-
ther sharply above 55 °C, The thermal stability of CelA
was superior to that of the A, aculearns FI-CMCase
(Murao et al. 1988).

Discussion

This is the first report of the isolation, sequencing and
characterization of the genes bearing a hizch homology
to the families C and H cellulases from A. oryzae. The
celd gene, encoding the family H cellulases comprised
877 bp coding for 239 amino acids. The cel/B gene, en-
coding the family C cellulases comprised 1248 bp coding
for 416 amino acids, The DNA sequences surrounding
the ATG translation start sites of celd (CACCATGAA)
and celB (CGATATGAT) closely resemble the Kozak
consensus sequence for filamentous fungi (Kozak 1986).
The 3" and 3" non-coding regions of the cefd and celB
genes were screened for various consensus sequences.
Although no typical eukaryotic promoter with a TATA
box existed, one CCAAT sequence, which is often ob-
served in fungal promoter regions, was found 192 and
453 nucleotides upstream from the translation initiation
codon of celd and celB genes. In common with some
other fungal genes, the typical polyadenylation signal,
AATAAA, was not present within the 3 non-coding
regions of either gene. However, the sequence involved
in transeription termination in Saccharomyces cerevisiae,
defined by Zaret and Sherman (1982): TAG..TA(T)-
GT..TTT, was present at nucleotides 932-966 and
1249-1314 of the celd and celB genes respectively.

The celd and celB genes were expressed under the
taka-amylase A gene promoter in 4. eryzac. Among
transformants, TA3L, a transformant carrying the celd
gene, and TBI, a transformant carrying the ce/8 gene,
produced approximately 70 and 500 times more ¢nzyme
respectively than the host strain. CelA and CelB proteins
were easily purified to homogeneity from the respective
transformants. Although their enzymatic properties
were found to be essentially the same as those of other
fungal glucanases, CelA was rather siable to heat
treatment compared to other mesophilic fungal enzymes.
The apparent molecular masses of CelA and CelB, de-
termined by SDS-PAGE, were approximately 7 kDa
and 10 kDa larger than the respective calculated values
(Fig. 3, lanes 2, 3). These discrepancies between appar-
ent and calculated molecular masses of the enzymes may
be due to the attachment of a significant amount of
glycan to the enzymes, which is in accordance with re-
ports from other extracellular fungal enzymes, since two
and eight potential N-glycosylation sites are present in

-
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the primary structure of CelA and CelB respectively
(Figs. 1B, 2B).

In addition to the celd and celB genes, two more
cellulolytic enzyme-encoding genes, celC and celD,
bearing a homology to cellobiohydrolases, have been
isolated from the same strain. We are now trying to
improve the utilization of soybean cell wall components
in the production of soy sauce by expressing all these
genes in the shoyu koji mold.
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