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A novel Eubacterium cellulosolvens 5 gene encoding an endoglucanase (Cel5A) was cloned and expressed in
Escherichia coli, and its enzymatic properties were characterized. The cel5A gene consists of a 3,444-bp open
reading frame and encodes a 1,148-amino-acid protein with a molecular mass of 127,047 Da. Cel5A is a
modular enzyme consisting of an N-terminal signal peptide, two glycosyl hydrolase family 5 catalytic modules,
two novel carbohydrate-binding modules (CBMs), two linker sequences, and a C-terminal sequence with an
unknown function. The amino acid sequences of the two catalytic modules and the two CBMs are 94% and 73%
identical to each other, respectively. Two regions that consisted of one CBM and one catalytic module were
tandemly connected via a linker sequence. The CBMs did not exhibit significant sequence similarity with any
other CBMs. Analyses of the hydrolytic activity of the recombinant Cel5SA (rCel5A) comprising the CBMs and
the catalytic modules showed that the enzyme is an endoglucanase with activities with carboxymethyl cellulose,
lichenan, acid-swollen cellulose, and oat spelt xylan. To investigate the functions of the CBMs and the catalytic
modules, truncated derivatives of rCelSA were constructed and characterized. There were no differences in the
hydrolytic activities with various polysaccharides or in the hydrolytic products obtained from cellooligosac-
charides between the two catalytic modules. Both CBMs had the same substrate affinity with intact rCelSA.
Removal of the CBMs from rCel5A reduced the catalytic activities with various polysaccharides remarkably.

These observations show that CBMs play an important role in the catalytic function of the enzyme.

The rumen microbial ecosystem is composed of anaerobic
microorganisms, such as bacteria, fungi, and protozoa. Some of
these rumen microorganisms, the cellulolytic bacteria, are able
to digest cellulosic material of plants and produce energy for
the host animals. Many cellulolytic enzymes have been isolated
from rumen microorganisms, and the genes encoding these
enzymes have been cloned and sequenced (5, 9, 17). However,
the precise mechanisms of lignocellulose degradation in the
rumen are not yet fully understood. In order to clarify these
mechanisms, it is necessary to study the microbial cellulolytic
enzymes biochemically and genetically.

The anaerobic cellulolytic bacterium Eubacterium cellu-
losolvens is sporadically dominant in the rumen (18). It is
known that E. cellulosolvens 5 adheres tightly to cellulose, so
studies of this adhesion have been performed (13, 14, 23-26).
Some cellulose-binding proteins (CBPs) have been found in
culture supernatant and cell lysate of the organism (14, 26). A
gene encoding cellulose-binding protein A (CBPA), which is
one of these CBPs, has been cloned and characterized (23-25).
Additionally, the presence of some proteins exhibiting carboxy-
methyl cellulase (CMCase) activity in culture supernatant and
cell lysate of E. cellulosolvens 5 was revealed by zymogram
analysis (26). In order to advance research on the mechanism
of cellulose degradation by this bacterium, we tried to isolate a
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gene encoding CMCase from the genomic DNA library of
E. cellulosolvens 5.

In this report, we describe cloning and nucleotide sequencing
of the E. cellulosolvens 5 endoglucanase CelSA gene (cel5A), the
primary structure of CelSA, and the enzymatic properties of
Cel5A and derivatives of this protein expressed in Escherichia coli.
We also describe the importance of novel carbohydrate-binding
modules (CBMs) in cellulose hydrolysis by CelSA.

MATERIALS AND METHODS

Bacterial strains and vectors. The E. cellulosolvens 5 used in this study was
kindly supplied by N.O. van Glyswyk (National Chemical Research Laboratory,
Pretoria, South Africa). Recombinant ZAP Express (Stratagene) phages were
grown on E. coli XL1-Blue MRF'. E. coli XLOLR (Stratagene) was used for in
vivo excision of the pBK-CMV phagemid vector from the ZAP Express vector
using the ExAssist/XLOLR system (Stratagene). XL1-Blue MRF' and TOP10F’
were used as the hosts for pBluescript II SK(+) (Stratagene) and pCRT7-TOPO
(Invitrogen) cloning, respectively. E. coli BL21(DE3) and MI15(pREP4)
(QIAGEN) were used as the hosts for pPCRT7-TOPO and pQE-30 (QIAGEN)
expression, respectively. The media and culture conditions used have been
described in a previous report (23), except for pQE-30 expression. E. coli
M15(pREP4) harboring pQE-30 plasmids was grown at 37°C or 18°C in Luria-
Bertani (LB) broth or on LB agar supplemented with ampicillin (50 pg/ml) and
kanamycin (25 pg/ml).

Construction of genomic DNA library, screening of CMCase-producing
clones, and sequencing. Ligation, transformation, and restriction enzyme anal-
ysis were performed by standard procedures (20). A genomic DNA library of
E. cellulosolvens 5 was constructed in the ZAP Express vector as described
previously (23). The genomic library was screened for CMCase-producing clones
by using an overlay of 0.7% (wt/vol) top agar containing 0.2% (wt/vol) carboxy-
methyl cellulose (CMC). Plaques having CMCase activity were recognized by the
formation of clear haloes on a red background after staining with 0.1% (wt/vol)



5788 YODA ET AL.

Congo red and destaining with 1 M NaCl (27). Positive plaques were reisolated
three times to ensure purity. The sequences of both strands were determined as
described previously (23).

Cloning of a DNA fragment encoding the N-terminal end of Cel5A by targeted
gene walking PCR. Targeted gene walking PCR was performed as described
previously (23). The first PCR was performed with a targeted sequence-specific
primer, K-3 (Table 1), containing a known sequence in the cel54 gene, and a
walking BK-reverse primer corresponding to the sequence present in the multi-
ple-cloning site of the NZAP Express vector. After the first PCR, the PCR
product was subjected to a second PCR with an internal detection primer, K-4
(Table 1), which contained a known sequence upstream from the K-3 sequence,
and a walking T3 primer corresponding to the T3 promoter sequence that is
located downstream from the BK-reverse sequence present in the multiple-
cloning site of the AZAP Express vector. The first PCR amplification was per-
formed for 32 cycles consisting of 94°C for 30 s, 52°C for 45 s, and 72°C for 2 min,
using ExTaq (Takara). The second PCR was performed under the same condi-
tions as the first PCR except that the annealing temperature was 56°C.

Plasmid construction. A DNA fragment encoding mature Cel5A was ampli-
fied by PCR from E. cellulosolvens 5 genomic DNA with LA Tag (Takara) and
primers K-26 and K-36 (Table 1). The PCR product was cloned into the pCRT7-
TOPO vector, which included the gene coding for six histidine residues (Hisy), as
recommended by the supplier. The plasmid constructed was designated pKY12.
The plasmids used to produce the truncated derivatives of CelSA were con-
structed as follows. DNA fragments encoding derivatives were amplified by PCR
from E. cellulosolvens 5 genomic DNA with ExTaq (Takara) and an appropriate
combination of primers (Table 1) containing artificial BamHI or Sall restriction
sites for cloning the PCR fragments into plasmid vectors. The resulting PCR
fragments were cloned into pQE-30. The absence of mutations in the inserted
fragments was confirmed by sequencing. The combinations of primers used were
as follows: K-46 and K-39 to construct a plasmid yielding a polypeptide of
CBM-1 (D1); K-40 and K-41 to construct a plasmid yielding a polypeptide of
family 5 catalytic module GHF5-1 (D2); K-46 and K-41 to a construct plasmid
yielding a polypeptide composed of CBM-1 and GHF5-1 (D3); K-47 and K-42 to
construct a plasmid yielding a polypeptide of CBM-1 (D4); K-40 and K-43
to construct a plasmid yielding a polypeptide of GHF5-2 (D5); K-47 and K-43 to
construct a plasmid yielding a polypeptide composed of CBM-2 and GHF5-2
(D6); and K-40 and K-42 to construct a plasmid yielding a polypeptide composed
of CBM-2 and GHF5-1 (D7). Schematic diagrams of these proteins are shown
in Fig. 1B.

Expression and purification of recombinant Cel5A (rCel5A) and its deriva-
tives. To produce the recombinant proteins, E. coli recombinant cells harboring
pYKI12 or the plasmids constructed for expression of the derivatives of CelSA
were grown to the mid-log phase (absorbance at 600 nm, 0.6) and induced by
adding isopropyl-p-p-thiogalactopyranoside to a final concentration of 0.1 or
0.5 mM. After additional incubation at 37°C for 4 h or at 18°C overnight, the
cells were harvested and disrupted by sonication. Cell debris was removed by
centrifugation. The cell extracts obtained in this way were used for purification
of the recombinant proteins. The recombinant proteins were partially purified by
using ProBond resin (Invitrogen) (23).

Enzyme assays. The CMCase activities of the derivatives of CelSA were
detected by spotting the proteins on an agar plate containing 0.2% (wt/vol) CMC
in 50 mM sodium citrate buffer (pH 5.5). The plate was incubated for 15 min at
37°C. The CMCase activities of the proteins were detected by Congo red staining
as described above. The hydrolytic activities of the recombinant proteins were

TABLE 1. PCR primers used for screening of the N terminus
of Cel5A and construction of rCelSA and its derivatives

Oligonucleotide sequence”

5'-CCGTATGCTTTTGCGATCTG-3’
5'-CTGCGGTTTAGAGCCATG-3’
.5'-ACTGAGGCTGCATCCGGGGA-3’
.5'-CAGGTCGATTACGGGATCAGGTTGCCGGA-3’
.5'-CCGTCGACCGGCAATACCCTTGAGA-3’
.5'-GCCGGATCCTGGGCAAACGGCGTGAAC-3'
.5'-TGTGTCGACTGCTCCGCCGTTTGCAGCA-3’
5'-CTGTCGACTCGCCGGCAATTCCCTTGAGG-3'
5'-CAGTCGACGGGATCAGGTTGCCGGAGCTTA-3’
5'-CAGGATCCCAGGGCACTGAGGCTGCATC-3'
5'-CAGGATCCTCAGGAGCTGATTCCGGCG-3'

“ The underlined sequences are the restriction sites of BamHI and Sall.
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FIG. 1. Restriction map of pKY1 (A) and molecular architecture
of Cel5A and its derivatives used in this study (B). The thin lines
indicate vector plasmid DNA. The arrows indicate the primers used
for targeted gene walking PCR. The different modules of Cel5A are
indicated.

measured after 5 or 60 min of incubation at 37°C in 50 mM sodium citrate buffer
(pH 5.0) in the presence of 1% (wt/vol) polysaccharides. The polysaccharides
tested were CMC (Wako), acid-swollen cellulose (ASC) (28), Avicel (PH-101;
Asahi Chemical Industry), oat spelt xylan (Sigma), lichenan (Sigma), laminarin
(Sigma), chitin (Wako), and mannan (Sigma). The reducing sugars released from
the substrates were determined with the 3,5-dinitrosalicylic acid reagent as de-
scribed by Miller (12). One unit of activity was defined as the amount of enzyme
that released 1 wmol of glucose equivalents per min from the substrate. The
viscometric assay with recombinant CelSA was performed using CMC as de-
scribed previously (25).

SDS-PAGE and zymogram analysis. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) was performed using standard procedures, as
described previously (26). Zymogram analysis was performed by the method of
Toyoda et al. (26), with some modifications.

Analysis of hydrolysis products. Cellooligosaccharides (cellobiose to cello-
hexaose; 1 mg each) were incubated with 0.1 U of the purified enzyme in 0.2 ml
of 50 mM sodium citrate buffer (pH 5.5) at 37°C for 6 h. Thin-layer chromatog-
raphy (TLC) of the hydrolysis products was performed on a silica gel plate
(Sigma) developed with a solvent consisting of 1-propanol, acetic acid, and
water (2:1:1, vol/vol/vol). Cellooligosaccharides were visualized by spraying the
plate with an aniline-diphenylamine-phosphoric acid reagent and heating it at
120°C (30).

Polysaccharide binding assay. Binding of Cel5A and its derivatives to the
insoluble polysaccharides was determined as follows. The proteins were mixed
with insoluble polysaccharides (5 mg) in 0.2 ml of 50 mM sodium phosphate
buffer (pH 6.5) and were incubated on ice for 1 h with occasional stirring. After
centrifugation, the pellets were washed four times with 50 mM sodium phosphate
buffer (pH 6.5). Then the polysaccharides with bound proteins were eluted with
100 pl of 5% SDS for 30 min at 37°C. The eluted proteins were collected by
centrifugation and subjected to SDS-PAGE. The polysaccharides tested were
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FIG. 2. Alignment of the amino acid sequences of the catalytic modules of E. cellulosolvens 5 (e.c.) Cel5A, C. longisporum (c.l.) CelA (GenBank
accession no. L02868), O. joyonii (0.p.) CelB29 (GenBank accession no. AF015248), Orpinomyces sp. strain PC-2 (0.sp.) CelE (EMBL accession
no. U97153), and R. albus (r.a.) endoglucanase VII (GenBank accession no. AB028321). Amino acids that are conserved in at least four of the
six sequences are shaded. Dashes indicate gaps left to improve the alignment. The numbers indicate the amino acid residues at the beginning of

each line; all sequences are numbered from Met-1 of the peptide.

ASC, Avicel, oat spelt xylan, lichenan, chitin, agarose (Agarose S; Nippon Gene),
Sephadex G-25 (Amersham Biosciences), and corn starch (Wako).

The affinities of the proteins for soluble polysaccharides, including methylcel-
lulose (Wako), birchwood xylan (Sigma), laminarin, and soluble starch (Wako),
were examined by native affinity gel electrophoresis as described by Arai et al.
(4). The separating gel contained 7.5% acrylamide. The polysaccharides were
incorporated into the gel at a concentration of 0.1% prior to polymerization. A
control gel without polysaccharides was prepared and run simultaneously.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper have been deposited in the DDBJ, EMBL, and GenBank
nucleotide sequence databases under accession number AB179780.

RESULTS

Cloning of the gene encoding Cel5A. An E. cellulosolvens 5
genomic DNA library was screened for clones (plaques) hy-
drolyzing CMC. Eight positive plaques were selected from
approximately 45,000 plaques. The DNA fragments of these
eight clones were subcloned into the pBK-CMV phagemid by
in vivo excision. The restriction fragment patterns of all posi-
tive clones were identical, and one of the plasmids constructed
was designated pKY1 (Fig. 1A). pKY1 expressed an approxi-
mately 120-kDa protein having CMCase activity (data not
shown). Since sequencing analysis revealed that pKY1 did not
carry the entire genetic region encoding Cel5A, gene walking
PCR was employed to determine the complete sequence of
the cel5A gene. The size of the fragment amplified by a nested
PCR of a genomic DNA library of E. cellulosolvens 5 was
4.8 kb. Sequence analysis of the PCR fragment revealed that
the DNA fragment contained the nucleotide sequence encod-
ing the N-terminal end of CelSA (Fig. 1A).

Nucleotide sequence of the cel54 gene. The nucleotide se-
quence of the gene encoding Cel5A was determined from both
the sequence of the inserted DNA in pKY1 and the sequence

of the 4.8-kb PCR product obtained by the gene walking PCR.
The open reading frame of the cel54 gene consisted of 3,444
nucleotides encoding a 1,148-amino-acid protein with a de-
duced molecular mass of 127,047 Da. The putative ATG trans-
lational start codon was preceded at a spacing of 6 bp by a
potential ribosome-binding site (GGGGA). Two possible pro-
moter sequences, TTGCGT and TTGCAG for the —35 region
and TATAAT and TAAAAA for the —10 region, with 17-bp
spacing, were located upstream of the open reading frame. A
presumptive transcription terminator that consisted of a 12-bp
palindrome was found downstream of the TAA termination
codon.

Structural features of Cel5A. The deduced primary structure
of Cel5A is shown in Fig. 1B. The 36-amino-acid sequence of
the N terminus of the deduced polypeptide had features sim-
ilar to features of the signal sequences of prokaryotes. A com-
parison of the amino acid sequence of CelSA with the amino
acid sequences of other proteins using the BLAST program
revealed that the mature CelSA consisted of four modules, two
linker sequences, and a C-terminal sequence with an unknown
function. In particular, CelSA comprised mainly two catalytic
modules belonging to glycosyl hydrolase family 5 and two mod-
ules with unknown functions. The two modules with unknown
functions had carbohydrate-binding ability, as described below.
The C-terminal sequence with an unknown function was com-
posed of 17 amino acid residues. The two family 5 catalytic
modules of Cel5A were designated GHF5-1 and GHFS5-2.
The amino acid sequences of GHF5-1 and GHF5-2 were 94%
identical. An amino acid sequence alignment of the catalytic
modules of Cel5A and family 5 glycosyl hydrolases is shown in
Fig. 2. The amino acid sequence of the GHF5-1 module of
Cel5A exhibited high degrees of similarity to the amino acid
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FIG. 3. Recombinant Cel5A expressed in E. coli and its CMCase
activity. Proteins in gels containing 0.1% CMC were stained with
Coomassie brilliant blue (lanes 1 to 3), and CMCase in gels containing
0.1% CMC was detected by Congo red staining (lane 4). Whole-cell
lysates of both E. coli BL21(DE3) (control) (lane 1) and E. coli
BL21(DE3) harboring plasmid pKY12 (lane 2) were included. The
rCel5A expressed was partially purified with ProBond resin (lanes 3
and 4). The arrow indicates the position of the approximately 127-kDa
band. The locations of molecular mass markers are indicated on
the left.

sequences of endoglucanase VII from Ruminococcus albus
(43% sequence identity for 355 amino acid residues) (16),
CelE from Orpinomyces sp. strain PC-2 (39% sequence identity
for 359 amino acid residues) (7), CelB29 from Orpinomyces
joyonii (39% sequence identity for 359 amino acid residues)
(19), and CelA from Clostridium longisporum (37% sequence
identity for 353 amino acid residues) (15). All of these enzymes
had a family 5 catalytic module. Two modules with unknown
functions (UM-1 and UM-2) were linked to the N termini of
GHF5-1 and GHF5-2, respectively (Fig. 1B). The level amino
acid sequence identity between UM-1 and UM-2 was 73%.
Furthermore, two linker sequences rich in proline, threonine,
and serine linked to the C termini of GHF5-1 and GHF5-2.
Expression of Cel5A and its derivatives in E. coli. SDS-
PAGE analysis showed that the molecular mass of Hiss-tagged
Cel5A (rCel5A) expressed in E. coli harboring plasmid pKY12
was approximately 127 kDa (Fig. 3, lanes 1 to 3). Zymogram
analysis showed that recombinant CelSA exhibited CMCase
activity (Fig. 3, lane 4). The proteins of truncated forms of
Cel5A, which were constructed as described in Materials and
Methods, were D1, D2, D3, D4, D5, D6, and D7 (Fig. 1B).
These proteins were partially purified from whole-cell lysates
of E. coli recombinants by Ni" affinity chromatography. Each
of the purified proteins produced a single band on SDS-PAGE
gels, and their molecular sizes were in good agreement with
those deduced from the nucleotide sequences (Fig. 4A).
Binding of rCel5A and its derivatives to insoluble and sol-
uble polysaccharides. rCel5A bound to ASC, lichenan, and oat
spelt xylan. On the other hand, rCelSA had no affinity for
Avicel, agarose, Sephadex G-25, and chitin (data not shown).
Since rCel5A could bind to ASC, the abilities of the partially
purified derivatives of Cel5A to bind to ASC were examined.
An ability to bind to ASC was detected for D1, D3, D4, D6,
and D7. These proteins commonly included one of the un-
known modules (UM-1 or UM-2) of Cel5A. On the other
hand, D2 and D5, the derivatives that lacked the unknown
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FIG. 4. Expression of CelSA and its derivatives in E. coli (A) and
binding of the proteins to acid-swollen cellulose (B). Lane 1, Cel5A;
lane 2, D1; lane 3, D2; lane 4, D3; lane 5, D4; lane 6, DS5; lane 7, D6;
lane 8, D7. The locations of molecular mass makers are indicated on
the left.

modules, did not bind to ASC (Fig. 4B). Furthermore, in order
to characterize the unknown modules of Cel5A, the abilities of
the derivatives largely consisting of UM-1 or UM-2 of CelSA
(D1 and D4) to bind to various insoluble polysaccharides were
examined. D1 and D4 could bind to lichenan and oat spelt
xylan in addition to ASC. On the other hand, these proteins did
not bind to Avicel, agarose, Sephadex G-25, or chitin (data not
shown). From these results, UM-1 and UM-2 were identified
as CBMs of Cel5A.

The affinities of the CBMs (D1 and D4) for a series of
soluble polysaccharides were also qualitatively evaluated by
native affinity gel electrophoresis (Fig. 5). The migration of
these proteins was significantly retarded by inclusion of methyl-
cellulose and lichenan in gels but was not affected by CMC,
laminarin, or soluble starch, whereas the CBMs showed very
low affinity for the soluble fraction of oat spelt xylan (data for
oat spelt xylan, laminarin, and soluble starch are not shown).

Enzymatic properties of rCel5A and its derivatives. rCelSA
and its derivatives were spotted on an agarose plate containing
CMC. CMCase activity was detected in rCel5A and its deriv-
atives which contained the family 5 catalytic module (D2, D3,
D5, D6, and D7). On the other hand, the D1 and D4 deriva-
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FIG. 5. Affinity analysis of derivatives D1 (lane 1) and D2 (lane 2)
of CelSA with soluble polysaccharides by native affinity gel electro-
phoresis. Purified protein samples were separated in nondenaturing
polyacrylamide gels containing 0.1% (wt/vol) soluble polysaccharides,
including methylcellulose (B), lichenan (C), and CMC (D). A gel
without polysaccharide was used as a noninteracting control for mi-
gration (A). Lane M contained bovine serum albumin as a control
protein.

tives, which consisted mostly of the CBM, could not hydrolyze
CMC (Fig. 1B). Then the hydrolytic specific activities of
rCel5A and the D2, D3, D5, D6, and D7 derivatives with
various polysaccharides were examined (Table 2). Partially pu-
rified rCel5A exhibited relatively high specific activities with
CMC (4,800 IU/pwmol) and lichenan (2,900 IU/pmol) and low
activities with ASC (48 IU/umol) and oat spelt xylan (170
IU/pmol). In addition, the activities of the D2, D3, D5, D6,
and D7 derivatives with CMC and lichenan were also high, and
the activities with ASC and oat spelt xylan were low. On the
other hand, rCel5A and its derivatives exhibited no hydrolytic
activity with Avicel, laminarin, chitin, and mannan.

To investigate the activities of rCel5SA and the D2 and D5
derivatives with various cellooligosaccharides, the hydrolysis
products obtained from the substrates were qualitatively ana-
lyzed by TLC (Fig. 6). rCelSA produced mainly cellobiose and
cellotriose along with glucose as a minor product from cello-
tetraose and cellohexaose and produced only cellobiose and
cellotriose from cellopentaose. As shown in Fig. 6, the hydro-
lysis products obtained from these cellooligosaccharides after
hydrolysis by D2 and D5 were identical to the products ob-
tained after hydrolysis by rCelSA (data for D5 are not shown).
rCel5A, D2, and D5 did not hydrolyze cellobiose and cellotri-

TABLE 2. Activities of rCel5A and its derivatives with
various substrates”

Sp act (IU/umol) of:

Substrate”
rCel5A D2 D3 D5 D6 D7
CMC 4,800 1,500 2,800 2,200 3,400 2,700
ASC 48 12 26 13 26 29
Oat spelt 170 46 170 64 220 140
xylan
Lichenan 2,900 400 980 800 1,800 1,800

“ The measurements were done at least in triplicate.
b Hydrolytic activities were not detected with Avicel, chitin, laminarin, and
mannan.
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FIG. 6. TLC analysis of products from hydrolysis of cellooligosac-
charides by the derivatives of Cel5A. Each cellooligosaccharide (G2 to
G6; 1 pg) was incubated with the D2 derivative (0.1 U) for 6 h, and the
hydrolysates were analyzed by TLC. Lane M contained authentic oli-
gosaccharides. G1, glucose; G2, cellobiose; G3, cellotriose; G4, cel-
lotetraose; G5, cellopentaose; G6, cellohexaose.

ose. These proteins were less active with cellotetraose than
with cellopentaose and cellohexaose.

To investigate the properties of rCelSA as a cellulolytic
enzyme, a viscometric analysis of CMC hydrolysis was per-
formed. The viscosity of a CMC solution was reduced rapidly
by rCel5A during the first 5 min of a reaction. After this, the
reduction in viscosity was small (data not shown). This behav-
ior of rCel5A is typical for endoglucanase activity.

DISCUSSION

Most glycoside hydrolases are modular enzymes that consist
of two or more discrete modules, such as catalytic modules and
CBMs. Catalytic modules, which are involved in the hydroly-
sis of polysaccharides, are now classified into 96 families
on the basis of amino acid sequence similarities (10; http:
/[afmb.cors-mrs.fr/~cazy/CAZY/index.html). On the other
hand, CBMs are classified into 49 families on the basis of
amino acid sequence similarities (http://afmb.cors-mrs.fr/
~cazy/CAZY/index.html). It is thought that CBMs promote
close proximity of enzymes to polysaccharides and assist the
more rapid degradation of polysaccharides with their catalytic
modules (2, 6).

E. cellulosolvens 5 Cel5A is a modular enzyme consisting of
an N-terminal signal peptide, two catalytic modules belonging
to glycosyl hydrolase family 5, two novel CBMs, two linker
sequences, and a C-terminal sequence with an unknown func-
tion (Fig. 1B). The two catalytic modules were classified into
glycosyl hydrolase family 5 on the basis of amino acid sequence
similarity (Fig. 2). It has been reported previously that the
amino acid sequence of the CBM of E. cellulosolvens 5 CBPA
did not exhibit significant homology with the amino acid se-
quences of other CBMs (23); the amino acid sequences of
CBMs of E. cellulosolvens 5 Cel5A also did not exhibit signif-
icant homology to the amino acid sequences of other CBMs as
determined by a BLAST search. These findings indicate that
CBMs of both Cel5A and CBPA from E. cellulosolvens 5 are
members of new types of CBM families.

To compare the enzymatic properties of the two catalytic
modules (GHF5-1 and GHF5-2) of E. cellulosolvens 5 Cel5A,
truncated derivatives (D2, D3, D4, D5, D5, and D6) of Cel5SA
were constructed by PCR, and their hydrolytic activities with
various substrates and activities with cellooligosaccharides
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were examined. All of the derivatives that commonly contained
one catalytic module of CelSA hydrolyzed CMC, ASC, oat
spelt xylan, and lichenan. rCelSA showed the same substrate
specificity with these derivatives (Table 2). In addition, all of
the derivatives produced cellobiose and cellotriose and a minor
amount of glucose from cellotetraose and cellohexaose and
produced only cellobiose and cellotriose from cellopentaose.
rCel5A showed the same activity with cellooligosaccharides
with these derivatives (Fig. 6). These results indicate that there
are no differences in substrate specificity and activity with cel-
looligosaccharides between GHF5-1 and GHF5-2.

Moreover, to investigate the effect of the repetition of a
catalytic module of Cel5A on enzymatic activities, the hydro-
lytic activities of rCel5A and its derivatives with various sub-
strates were determined. The specific activity of rCel5A with
ASC or lichenan was almost identical to the sum of the specific
activities of D3 containing GHF5-1 and CBM-1 and D6 con-
taining GHF5-2 and CBM-2. On the other hand, the specific
activity of rCel5A with oat spelt xylan was about one-half the
sum of the D3 and D6 specific activities (Table 2). This sug-
gests that only one of the two catalytic modules of rCel5A is
involved in the hydrolysis of xylan. One possible explanation
for this result is that B-1,4-linked hexoses present a planar
three-dimensional structure, with 180° rotation between mono-
mers, whereas xylan has a threefold helical structure, with
approximately 120° rotation between every second monomer
(1, 11). Therefore, it is possible that the substrate-binding
groove of rCel5A has a completely complementary shape with
a flat conformation of B-1,4-linked hexoses but has an incom-
plete complementary shape with a threefold helix conforma-
tion of xylan. Furthermore, the results described above indi-
cate that the duplication of a catalytic module in Cel5A does
not result in synergistic activity between the catalytic modules.
In general, it is known that aerobic microorganisms produce
higher concentrations of the enzymes than anaerobic microor-
ganisms produce (21). Therefore, E. cellulosolvens and other
rumen microorganisms may have overcome the disadvantage
mentioned above by using a strategy such as reiteration of the
catalytic module in an enzyme and insertion of a different kind
of catalytic module into an enzyme.

It is known that the removal of CBMs from cellulolytic
enzymes reduces their catalytic activities with various sub-
strates (2, 4). In this study, the hydrolytic specific activities of
the derivatives containing a catalytic module and a CBM with
insoluble polysaccharides (ASC, oat spelt xylan, and lichenan)
and soluble polysaccharide (CMC) were evidently higher than
those of the derivatives devoid of CBMs (Table 2). These
results indicate that for Cel5SA and its derivatives the hydrolytic
activities with insoluble and soluble polysaccharides are re-
markably reduced by removal of CBMs and that the CBMs of
Cel5A play an important role in assisting hydrolysis of poly-
saccharides by the catalytic module. Additionally, CBMs of
Cel5A showed no affinity for CMC (Fig.5), whereas CBMs
adjacent to catalytic modules were involved in reinforcing the
hydrolytic activity of catalytic modules (Table 2). A likely as-
sumption is that the carboxymethyl side chains of CMC inter-
fere with the association with the substrate-binding sites of
Cel5A and that CBMs adjacent to catalytic modules accom-
modate a flat CMC structure on the substrate-binding surface
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of Cel5A and facilitate an association between active sites and
ligands.

Cel5A from E. cellulosolvens 5 contained two homologous
family 5 catalytic modules. Other cellulases comprising multi-
ple family 5 catalytic modules have been found mainly in ru-
men fungi (3, 8, 29). For example, Neocallimastix patriciarum
CelD consists of three family 5 catalytic modules that exhibit a
very high degree of amino acid identity (3, 29), and Piromyces
equi Cel5A comprises four family 5 catalytic modules that are
more than 99% identical to each other on the nucleic acid level
(8). Recently, genes encoding cellulases with multiple family 5
catalytic modules have been found in the rumen protozoa
Polyplastron multivesiculatum and Epidinium caudatum (22).
Additionally, the region consisting of a CBM and a catalytic
module is tandemly reiterated in the primary structure of
Cel5A. The two catalytic modules (GHF5-1 and GHF5-2) of
Cel5A exhibited 94% sequence identity. Based on these find-
ings, it is assumed that CelSA arose through duplication of an
ancestral gene that originally encoded a single region consist-
ing of one CBM and one catalytic module.

In this study, the cel5A gene from E. cellulosolvens 5 was
expressed as a Hisg-tagged CelSA protein in E. coli, and the
properties of the recombinant CelSA were examined. How-
ever, further work is needed to compare the characteristics of
the recombinant Cel5SA with those of native Cel5A from
E. cellulosolvens 5.
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