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Cellulose is a polymer of glucose linked by b-1,4-glucosidic
bonds. Cellulose chains form numerous intra- and intermolecular hydrogen bonds, which result in the formation of insoluble
cellulose microfibrils. Microbial hydrolysis of cellulose to glucose involves the following three major classes of cellulases: (i)
endoglucanases (EC 3.2.1.4), which cleave b-1,4-glucosidic
links randomly throughout cellulose molecules; (ii) cellobiohydrolases (EC 3.2.1.91), which digest cellulose from the nonreducing end, releasing cellobiose; and (iii) b-glucosidases (EC
3.2.1.21), which hydrolyze cellobiose and low-molecular-mass
cellodextrins to release glucose. These three types of enzymes
work synergistically to degrade cellulose (2).
Cellulases are produced by many microorganisms and are
often present in multiple forms. Recognition of the economic
significance of the enzymatic degradation of cellulose has promoted an extensive search for microbial cellulases which may
be used industrially. As a result, the enzymatic properties and
the primary structures of a large number of cellulases have
been investigated. On the basis of the results of a hydrophobic
cluster analysis of the amino acid sequence of the catalytic
domain, these cellulases have been placed into 11 families (18,
19). Most cellulases consist of a cellulose-binding domain
(CBD) and a catalytic domain separated by a linker rich in
proline and hydroxy amino acid residues. In the past decade,
studies on the molecular biological aspects of cellulases have
focused mainly on bacteria and aerobic fungi; however, relatively little is known about the molecular structure of the cellulases of anaerobic fungi.
The rumen anaerobic fungus Neocallimastix patriciarum has
been shown to possess diverse plant polysaccharide hydrolase

activities, a high capacity for cellulose degradation, and the
ability to grow on cellulose as a sole carbohydrate source (44).
The Neocallimastix cellulases have been shown to form a large
multienzyme complex, which exhibits very high cellulase activity against crystalline cellulose (45). Studies on the enzymatic
properties of individual native cellulases belonging to the rumen fungal cellulase complex have been hampered by difficulties encountered in obtaining purified native enzymes. Recently, two groups of workers have reported the cloning of
cellulase and xylanase genes from the rumen fungus N. patriciarum (36, 47, 48). Analysis of the primary structure of one
endoglucanase and two xylanases from this rumen fungus revealed that there is substantial sequence homology between
rumen eukaryotic and prokaryotic genes (4, 16, 51); thus, there
is evidence of horizontal transfer of genes between rumen
fungi and bacteria. In this paper, we describe the characterization of the primary structure of an N. patriciarum cellulase
cDNA (celA) which appears to share substantial sequence homology with cellobiohydrolase II (CBHII) from the aerobic
fungus Trichoderma reesei. We also describe enzymatic properties of the cellulase encoded by celA.
MATERIALS AND METHODS
Microbial strains, vectors, and culture media. The anaerobic fungus N. patriciarum (the type species of the genus Neocallimastix) obtained from a sheep
rumen was cultivated as described previously (48). Escherichia coli XL1-Blue
(Stratagene) was grown in L broth (30). For expression studies, isopropyl-b-Dthiogalactopyranoside (IPTG) was added to LBPG medium (5 g of Bacto Yeast
Extract per liter, 10 g of Bacto Tryptone per liter, 5 g of NaCl per liter, 3.5 g of
K2HPO4 per liter, 1.5 g of KH2PO4 per liter, 5 mg of thiamine per liter, 4 g of
glucose per liter) to a final concentration of 1 mM. lZAPII and pBluescript SK
vectors were supplied by Stratagene, and recombinant phage were grown in E.
coli strains as specified by the supplier.
General DNA manipulation and DNA sequence analysis. DNA isolation, restriction endonuclease digestion, ligation, and transformation were performed by
using the procedures described by Sambrook et al. (30). DNA amplification by
PCR was performed by using Taq DNA polymerase (Boehringer). The methods
used to construct the N. patriciarum cDNA library in lZAPII and isolate cellu-
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The nucleotide sequence of a cellulase cDNA (celA) from the rumen fungus Neocallimastix patriciarum and the
primary structure of the protein which it encodes were characterized. The celA cDNA was 1.95 kb long and had
an open reading frame of 1,284 bp, which encoded a polypeptide having 428 amino acid residues. A sequence
alignment showed that cellulase A (CELA) exhibited substantial homology with family B cellulases (family 6
glycosyl hydrolases), particularly cellobiohydrolase II from the aerobic fungus Trichoderma reesei. In contrast
to previously characterized N. patriciarum glycosyl hydrolases, CELA did not exhibit homology with any other
rumen microbial cellulases described previously. Primary structure and function studies in which deletion
analysis and a sequence comparison with other well-characterized cellulases were used revealed that CELA
consisted of a cellulose-binding domain at the N terminus and a catalytic domain at the C terminus. These two
domains were separated by an extremely Asn-rich linker. Deletion of the cellulose-binding domain resulted in
a marked decrease in the cellulose-binding ability and activity toward crystalline cellulose. When CELA was
expressed in Escherichia coli, it was located predominantly in the periplasmic space, indicating that the signal
sequence of CELA was functional in E. coli. Enzymatic studies showed that CELA had an optimal pH of 5.0 and
an optimal temperature of 40&C. The specific activity of immunoaffinity-purified CELA against Avicel was 9.7
U/mg of protein, and CELA appeared to be a relatively active cellobiohydrolase compared with the specific
activities reported for other cellobiohydrolases, such as T. reesei cellobiohydrolases I and II.
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lase cDNA clones have been described previously (48). Exonuclease III deletions
of DNA were performed to generate overlapping sequences for DNA sequencing and for functional analysis as described in the Promega Protocols and Applications Guide (41).
DNA sequencing by the dideoxynucleotide chain termination method was
performed by using single-stranded DNAs as templates and the T7 DNA polymerase sequencing system (Promega) as recommended by the supplier. The
complete sequence of the cDNA contained in pNPCA was determined for both
strands. The sequence data were analyzed with SEQAID (26). The deduced
amino acid sequence was sent to the electronic mail server BLITZ
(blitz@heidelberg-embl.de) (34), where the sequence was compared with the
SWISS-PROT protein database. Multiple alignments were carried out by using
Clustal W (39).
Construction of celA cDNA deletion mutants. pNPCA2 was constructed by
exonuclease III deletion of the 59 end of the celA cDNA in the pBluescript
vector, and the 59 end of the truncated celA cDNA was fused in frame to the
sequence coding for the N terminus of the lacZ a-peptide present in the pBluescript vector. An N-terminal deletion mutant, pNPCA3, was constructed by PCR
amplification of the celA cDNA in the pNPCA construction by using sense
primer DCF1 (59GGAATTCATGGCTCAACATCTTAAAGCTGC) and antisense primer CR1 (59GAGCAAGCTTAAAATGATGGTCTAGC) (the underlined sequences in the primers are additional sequences that represent the
restriction sites for EcoRI and HindIII, respectively). The PCR amplification
product was digested with EcoRI and HindIII and ligated to the EcoRI-HindIIIdigested pBTac2 vector (Boehringer). An ATG start codon was incorporated
into the sense primer, DCF1, so that celA was under the control of the tac
promoter. C-terminal deletion mutants pNPCA4 and pNPCA5 were constructed
by PCR amplification of the 39 region of the celA cDNA in plasmid pNPCA,
using a sense primer (primer T3, corresponding to the vector sequence upstream
of the celA cDNA) and two antisense primers (primer R2 [59CGTCTCGAGT
TAATCAGCTCTAGAACCAGAG] for pNPCA4 and primer R3 [59CGTCTC
GAGTTACATGTAAGCATCTAATAATGG] for pNPCA5) (the underlined
sequences in the primers are additional sequences that represent an XhoI restriction site). The PCR amplification products were digested with BstXI and
XhoI and ligated to the BstXI-XhoI-digested pBluescript vector. An in-frame
stop codon (TAA) was incorporated into the antisense primers, so that the
truncated cellulase A (CELA) molecules in pNPCA4 and pNPCA5 were synthesized as nonfusion proteins. In order to avoid possible point mutations arising
during PCR amplification, multiple isolates (at least six isolates with the expected
restriction pattern of the constructions) from two PCRs were analyzed for cellulase activity in the construction of pNPCA3, pNPCA4, and pNPCA5. The
truncated celA cDNA was checked either by determining the restriction pattern
or by partial nucleotide sequencing at the insertion termini. The deletion mutants are shown in Fig. 1.
Construction of Flag-tagged CELA. An expression-secretion vector (pSF-tac)

was modified from vector pBTac2 (Boehringer) to include a synthetic signal
peptide (MKRGKLWGRLVSAAGLSLSISSIGNVSTAYA) followed by the sequence for a Flag peptide (DYKDDDDK). The sequence encoding the mature
CELA, as deduced from the nucleotide sequence, was amplified by PCR, using
sense primer CS (59CGGGATCCTGCTTGTGGTGGTGCCTGG), which corresponds to the N terminus of mature CELA, and anti-sense primer CR1
(59GAGCAAGCTTAAAATGATGGTCTAGC) which corresponds to the carboxy terminus (the underlined sequences in primers CS and CR1 are additional
sequences that represent restriction sites for BamHI and HindIII, respectively).
The PCR product was digested with BamHI, which was followed by filling in with
the Klenow enzyme, and was then digested with HindIII. The BamHI-HindIIIdigested celA PCR product was then ligated to the pSF-Tac vector which had
previously been cut with BamHI and filled in and then digested with HindIII. The
resulting plasmid, designated pBSFCA, encoded the N terminus of mature
CELA fused to the C terminus of the Flag peptide. Expression of the FLAGtagged CELA was under the control of the tac promoter. Several cellulasepositive isolates were quantitatively analyzed for cellulase activity, and they all
exhibited similar enzyme levels.
Enzyme analyses. E. coli cells harboring recombinant plasmids were grown in
LBPG medium containing ampicillin (100 mg/ml) and 1 mM IPTG to the end of
the exponential growth phase. Crude lysates were prepared by treatment with
lysozyme (1 mg/ml) in a buffer containing 50 mM TrisCl (pH 8.0) and 1 mM
EDTA. After incubation on ice for 30 min, the cells were frozen at 2808C and
then thawed at room temperature to lyse the cells. The lysates were homogenized
with a Polytron apparatus for 60 s to shear the DNA and centrifuged to separate
the cell debris. Periplasmic and cytoplasmic fractions were prepared for cellular
location studies by using the protocol described by Sambrook et al. (30). Measurement of cellulase activity and assays to determine the cellulose-binding
capacities of the cloned cellulases were carried out as described previously (48)
by using the following substrates: 0.4% (wt/vol) carboxymethyl cellulose (CMC)
(low viscosity; Sigma), 1% (wt/vol) Avicel (Merck), 1% (wt/vol) amorphous
cellulose (H3PO4-swollen Avicel), 0.4% (wt/vol) lichenan (practical grade; Sigma), 0.5% (wt/vol) oat spelt xylan (Sigma), and 0.05% p-nitrophenyl cellobioside
(Sigma). All assays were carried out under reaction conditions within the range
of a linear response with respect to incubation time and the amount of enzyme
added. The rates of hydrolysis were essentially linear for at least 1 h, provided
that the proper enzyme concentration was used. One unit of cellulase activity was
defined as 1 mmol of reducing sugars released from substrates per min when
glucose was used as a standard. The protein concentrations of the enzyme
preparations were determined by a bicinchoninic acid (BCA) protein assay
method in which a Micro BCA protein assay reagent kit (Pierce) was used
according to the supplier’s instructions.
A zymogram analysis was carried out by using a sodium dodecyl sulfate (SDS)polyacrylamide gel electrophoresis (PAGE) gel containing 0.3% (wt/vol) lichenan to separate the proteins. Lichenan was used as the substrate in the
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FIG. 1. Restriction map of celA cDNA and its deletion mutants. The precise positions of the celA deletion mutants are shown in Fig. 2. Values for CMC and Avicel
activity are expressed as percentages compared with pNPCA activity. The Avicel activity experiment was carried out without adsorption to Avicel. Values for
cellulose-binding capacity were calculated as the percentages of the retained activity after adsorption to Avicel and washing to remove unbound proteins compared with
the amount of activity against Avicel without adsorption. SP, signal peptide.
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FIG. 2. Nucleotide sequence of celA cDNA aligned with the deduced amino
acid sequence. The numbers for the nucleic acid sequence start with the first base
of the cDNA, and the amino acid numbering begins with the predicted signal
peptide cleavage site for the mature protein. The CBD spans residues 2 to 37, the
linker spans residues 38 to 81, and the catalytic domain spans residues 82 to 408.

Nucleotide sequence. The celA cDNA was isolated previously from an N. patriciarum cDNA library (48), and the restriction map is shown in Fig. 1. The cDNA was 1.95 kb long
and contained an open reading frame (ORF) of 1,284 nucleotides. The nucleotide sequence and deduced amino acid sequence are shown in Fig. 2. The enzyme encoded by the celA
cDNA consisted of a polypeptide of 428 amino acids with a
calculated molecular mass of 45,681 Da. The cloned CELA
enzyme appeared to be synthesized from its own translational
start codon under the control of the lacZ promoter in the
pBluescript vector. Assignment of the proposed translation
initiation codon was based on the following observations: (i)
there are no ATG sequences upstream of the proposed ORF;
(ii) an ORF shift at the vector polyclonal site (the vector was
cut with BamHI upstream of the putative start and then filled
in and religated, which led to a frameshift of 11) did not affect
the expression of cellulase activity, suggesting that there is an
internal translation start codon; (iii) translation stop codons
are present in all three ORFs upstream of the proposed translation initiation codon; (iv) a typical signal peptide occurs at
the N terminus of the ORF; and (v) correct assignment of the
ORF is supported by deletion of the 59 untranslated region of
celA cDNA and an in-frame fusion with the N-terminal sequence of lacZ (the pNPCA2 construction). Fungal mRNAs
do not contain a prokaryotic Shine-Dalgarno sequence for
translation initiation. Examination of the celA sequence upstream of the proposed translational initiation codon did not
reveal a typical E. coli Shine-Dalgarno-like sequence. However, the sequence TAACGA, which is 2 bp upstream of the
ATG start codon, partially matches the 39 end of the E. coli 16S
rRNA and may act as a very weak ribosomal binding site to
allow the expression of the CELA enzyme in E. coli.
The G1C content of the celA ORF was 37%, compared with
27% for the entire celA cDNA. The overall G1C content of
Neocallimastix DNA is approximately 15% (3, 5), indicating
that noncoding regions of the genome are generally very A1T
rich. Like other N. patriciarum cellulase and xylanase genes (4,
16, 51), celA showed a clear bias in codon usage, with a marked
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zymogram analysis because CELA is more active against this compound than
against CMC and thus the sensitivity of the analysis was increased. The proteins
were denatured at 508C for 10 min in the presence of SDS and b-mercaptoethanol. The denatured proteins were loaded onto an SDS denaturing gel for separation. After electrophoresis the proteins were renatured and stained to reveal
cellulase activity as described by Schwarz et al. (31).
The Flag-tagged CELA was purified from the periplasmic fraction of the
enzyme preparation by using an anti-Flag M1 affinity gel (IBI) according to the
supplier’s instructions. Purified protein samples were electrophoresed on a gradient SDS–10 to 15% polyacrylamide PAGE gel by using the Phast System
(Pharmacia). To remove the Flag peptide from the recombinant protein, 2 mg of
Flag-tagged CELA was incubated for 8 h at 378C in a 50-ml reaction mixture
containing 10 mM Tris (pH 8), 10 mM CaCl2 buffer, and 600 ng of enterokinase
(Boehringer).
The extent of Avicel hydrolysis was assayed at 408C for 24 h in a 1-ml reaction
mixture containing 0.2% Avicel, 50 mM sodium citrate (pH 6), and 3 mg of crude
CELA extract (total cell lysate) from the Flag-tagged celA construct. An extract
of E. coli cells containing only the vector was used as a control. A zero blank was
also used so that the amount of reducing sugars present in the enzyme extract
could be subtracted. The amounts of the reducing sugars released from Avicel
digestion were determined to calculate the extent of hydrolysis.
pH and temperature profiles were analyzed by varying the pH values of the
buffers (50 mM sodium citrate [pH 4 to 7] and 25 mM Tris-Cl–50 mM NaCl [pH
7.5 to 9.5]) and the hydrolysis temperatures and using the periplasmic fraction of
the Flag-tagged CELA. The assays were performed under conditions which gave
a linear response for hydrolysis of Avicel. An incubation temperature of 408C was
used for the pH profile analysis, while the temperature profile was analyzed at
pH 6.
Nucleotide sequence accession number. The GenBank accession number for
the celA sequence of N. patriciarum is U29872.
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preference for a T in the third position (56% of all codons
contained T in the third position).
Homology, primary structure, and function studies. In contrast to the previously characterized N. patriciarum enzymes,
the comparison of the deduced amino acid sequence of CELA
with the sequences in the SWISS-PROT protein database
showed that CELA did not share sequence homology with any
of the other rumen microbial enzymes that have been characterized to date. However, the CELA sequence exhibited homology with sequences in the catalytic domain of family B
cellulases or family 6 glycosyl hydrolases (19). The sequence

with the highest level of homology to CELA was the CBHII
sequence of Trichoderma reesei (level of similarity, 53%; level
of identity in the catalytic domain region, 37%), followed by
the sequences of Microbispora bispora CELA, Thermomonospora fusca CELB, Cellulomonas fimi CENA, Streptomyces sp.
strain Ksm9 CASA, and Streptomyces halstedii CELA1. An
alignment of the sequences of these enzymes and N. patriciarum CELA is shown in Fig. 3.
Analysis of the deduced amino acid sequence showed that
CELA contained a typical eukaryotic signal peptide sequence
consisting of 20 amino acid residues (Fig. 2). The predicted
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FIG. 3. Clustal W (1.5) multiple-sequence alignment of the catalytic domains of N. patriciarum CELA (CELA), Trichoderma reesei CBHII (27) (CBHII), M. bispora
CELA (49) (MICBI), Thermomonospora fusca CELB (22) (THEFU), C. fimi CENA (46) (CELFI), Streptomyces sp. strain Ksm-9 CASA (9) (STRSQ), and S. halstedii
CELAI (14) (STRHA). A dot indicates similar residues, an asterisk indicates identical residues, and slightly unaligned Cys residues that are involved in disulfide
formation are indicated by boldface type.
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cleavage site of the signal peptide is located at alanine 21. This
is consistent with the expectation that CELA is an extracellular
enzyme of the rumen fungus N. patriciarum.
Similar to the primary structure of Trichoderma reesei CBHII, the CBD of CELA is located at the N terminus of the
mature enzyme, whereas the catalytic domain is at the C terminus (Fig. 1). These two domains are separated in CELA by
an Asn-rich linker.
The sequence alignment shown in Fig. 4 revealed that the
CBDs of fungal enzymes appear to be highly conserved, as the
CELA CBD exhibited a high degree of homology with the
CBD of aerobic fungal cellulases, particularly Trichoderma reesei CBHII (level of identity, 57%; level of similarity, 77%).
This type of CBD belongs to the type 2 family, which so far is
exclusive to fungal cellulases (17).
A deletion analysis of the function of the CELA CBD revealed that the Avicel-hydrolyzing activity of CELA without
the CBD (the pNPCA2 construct) was markedly reduced,
whereas the CMC-hydrolyzing activity of the pNPCA2 enzyme
was higher than that of full-length CELA (Fig. 1). Thus, the
ratio of Avicel-hydrolyzing activity to CMC-hydrolyzing activity in CELA lacking the CBD was reduced ninefold compared
with the ratio obtained with full-length CELA. This indicates
that there was a marked reduction in crystalline cellulosehydrolyzing activity after the CBD was removed. To assess the
effect of removal of the CBD on the cellulose-binding capacity
of CELA, the relative activities (Avicel-hydrolyzing activities
before and after adsorption) of full-length CELA and CELA
lacking the CBD were compared. As shown in Fig. 1, markedly
reduced recovery of pNPCA2 cellulase activity after preadsorption and washing was observed compared with the recovery of full-length CELA activity, clearly indicating that the
cellulose-binding capacity was reduced after the CBD was removed.
Deletion of the amino acid residues of the catalytic domain
at either end in the constructs pNPCA3, pNPCA4, and
pNPCA5 resulted in a complete loss of catalytic activity (Fig.
1). These three deletion mutants were constructed by using the
PCR method; an in-frame TAA stop codon was introduced
into the 39 end of the truncated celA cDNA (pNPCA4 and
pNPCA5), or a translation start codon (ATG) was introduced
into the 59 end of the truncated cDNA (pNPCA3). The C
termini of pNPCA4 and pNPCA5 end at Asp-374 and Met356, respectively, while the N terminus of pNPCA3 starts at
Ala-140 (Fig. 2). Several isolates that produced the expected
restriction pattern were screened on agar plates containing

CMC, and none of them exhibited cellulase activity. The
pNPCA3, pNPCA4, and pNPCA5 constructs were designed as
nonfusion proteins to avoid any possible effect of a protein
fusion on the truncated CELA activity.
Enzymic properties. Studies on the substrate specificity and
catalytic mode of CELA have shown that this enzyme possesses the properties of a cellobiohydrolase, similar to the
properties of Trichoderma reesei CBHII (48). The cellulase
activity of the cloned CELA was found predominantly in the
periplasm (87% of the total cellular activity), indicating that
the CELA signal peptide mediated efficient secretion in E. coli
to the periplasm. The zymogram analysis showed that the apparent molecular mass of CELA produced in E. coli was approximately 43 kDa (Fig. 5), which appears to be consistent
with the deduced molecular mass of the mature CELA after
removal of the proposed signal peptide. This also provides
evidence which supports our prediction that CELA in pNPCA
(celA cDNA in the pBluescript vector) was translated from its
native ATG start codon.
In order to simplify purification of the cloned CELA for
assessment of the specific activity of the pure enzyme, we
constructed a celA expression plasmid in which CELA was
tagged with a Flag peptide at the N terminus of the mature
CELA under the control of the tac promoter. The Flag peptide
is an antigenic epitope consisting of eight highly hydrophilic
amino acid residues which allows affinity purification of tagged
recombinant proteins. The Flag-tagged CELA was purified to
near homogeneity (.95% pure) by using anti-Flag antibody
affinity gel (Fig. 6). The substrate specificity of the Flag-tagged
CELA shown in Table 1 appears to be similar to that of the
nonfusion CELA (48). Both CELA and the Flag-tagged CELA
were found to be more active on lichenan than on amorphous
cellulose. The purified Flag-tagged CELA exhibited relatively
high specific activity toward crystalline cellulose (Avicel) compared with the specific activity of purified N. patriciarum
CELD (9.7 U/mg of protein for Flag-tagged CELA, compared
with 2.3 U/mg of protein for Flag-tagged CELD domain II
[unpublished CELD data]). In order to assess whether the Flag
peptide tagging affected the specific activity of CELA, Flagtagged CELA was incubated with enterokinase, which cleaves
Flag from CELA. No significant changes in the specific activity
of the enzyme during hydrolysis of CMC were observed after
digestion with enterokinase (data not shown).

FIG. 5. Zymogram of cloned CELA analyzed on an SDS–10% polyacrylamide PAGE gel containing lichenan. Lane 1, total cellular protein from E. coli
containing pBluescript SKII; lane 2, total cellular protein from E. coli harboring
pNPCA; lane 3, molecular mass standards. The position of the lichenan hydrolysis band is indicated by an arrow. The weak band above the 94-kDa band was
due to some residual nondenatured CELA, as denaturation was carried out at a
low temperature (508C).
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FIG. 4. Clustal W (1.5) multiple-sequence alignment of the fungal CBD type
2 family. CELA, N. patriciarum CELA; TrEgl, Trichoderma reesei EGLI (24);
TrEgIII, Trichoderma reesei EGLIII (29); HgCbhI, Humicola grisea CBHI (11);
TrCbhII, Trichoderma reesei CBHII (38); TrCbhI, Trichoderma reesei CBHI (32);
TvCbhI, Trichoderma viride CBHI (6); NcCbhI, Neurospora crassa CBHI (35);
PcCbhI, Phanerochaete chrysosporium CBHI (33); PjCbhI, CBHI, Penicillium
janthinellum CBHI (20). Dots indicate similar residues, asterisks indicate identical residues, and the number sign indicates the position of Tyr-492 in Trichoderma reesei.
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The pH profile of CELA was examined at pH values between 4 and 9.5. CELA had an acid optimal pH (pH around
5.0), and there was substantial activity (.40% of the optimum
activity) at pH values between 4.5 and 6.5. The temperature
profile revealed that CELA was most active at 408C. CELA
was almost inactive at a hydrolysis temperature of 608C.
To assess the ability of CELA to hydrolyze the crystalline
regions of cellulose, a prolonged hydrolysis assay was performed. Hydrolysis of Avicel by CELA for 24 h resulted in
9.9% 6 0.1% hydrolysis (mean 6 standard deviation; n 5 3).
The main hydrolysis product was cellobiose (data not shown),
which is in agreement with our previous results (48).
DISCUSSION
It has been shown that the amino acid sequences of cellulolytic and xylanolytic enzymes (CELB, XYNA, and XYNB)
from N. patriciarum exhibit similarity to the sequences of enzymes isolated from rumen bacteria (4, 16, 51), which suggests
that horizontal transfer of genes may have occurred during
evolution (15). Conditions within the rumen are potentially
favorable for gene transfer because of the large populations of
various microorganisms that live in close proximity to each
other. This is the first report of a rumen anaerobic fungal
cellulase that exhibits substantial homology with an aerobic
fungal enzyme. As anaerobic rumen fungi and aerobic microorganisms live in separate ecological niches, this finding
strongly suggests that a common ancestral precursor of cellulolytic aerobic fungi and rumen anaerobic fungi may have
existed.
Primary structure and function analysis revealed that CELA
has two distinct domains, a CBD and a catalytic domain. This
is in contrast to the other N. patriciarum cellulases that have
been characterized, CELB (51) and CELD (17a), in which
there are no CBDs. The two domains of CELA are connected
by a linker sequence. Unlike the usual Ser/Thr/Pro-rich linker
found in most other cellulases, the CELA linker sequence is
extremely Asn rich. Of the 44 amino acid residues in the linker,
33 (75%) are Asn. To date, the only other glycosyl hydrolase
that contains an Asn-rich linker sequence is a xylanase from
Ruminococcus flavefaciens, which has a linker consisting of
45% Asn (50). Trichoderma reesei CBHII has an abundance of
serine and threonine residues in its linker region; both of these
compounds are polar, uncharged, hydrophilic amino acids with

a hydroxyl group. Asn is also a polar, uncharged, hydrophilic
amino acid, but it contains an amide group.
It has been shown that the Ser/Thr-rich linkers of Trichoderma reesei cellulases are heavily O glycosylated (13, 42).
Glycosylation may increase the resistance of a linker to proteolytic cleavage. The CELA linker is unlikely to be heavily
glycosylated, as there are only a few Ser residues present in the
linker region. One potential N-glycosylation site (Asn-45) is
present in the linker (Fig. 2), as predicted from the tripeptide
sequence (Asn-Xaa-Ser/Thr, where Xaa is any residue). There
are six more potential N-glycosylation sites present in CELA,
but all are located in the catalytic domain. Many glycoproteins
require glycosylation for their biological function to occur. It
has been reported that screening for functional expression of
Trichoderma reesei cellulases in E. coli, which lacks the necessary glycosylation mechanism, was unsuccessful (37). In contrast, an active form of the cloned CELA is produced in E. coli,
indicating that glycosylation is not absolutely required for
CELA activity. It remains to be seen whether glycosylation
affects the specific activity or stability of CELA.
It has been shown by three-dimensional structure analysis
that three tyrosine residues present on the flat face of the
wedge-shaped CBD of Trichoderma reesei CBHI are important
for binding to cellulose (7). Site-directed mutagenesis of the
Tyr-492 residue of CBHI leads to a reduction in the binding
capacity equivalent to the binding capacity of the core enzyme
(25). Unlike most members of the type 2 family, CELA contains only one Tyr residue, but still exhibits strong cellulosebinding capacity (48). The other Tyr residues thought to be
directly involved in binding of Trichoderma reesei CBHI are
replaced with Trp residues in CELA. These Trp residues in
CELA may play a role in cellulose binding, as Saloheimo et al.
(28) have suggested that both Tyr and Trp residues interact
readily with carbohydrates. This type of amino acid substitution is also seen in other fungal CBDs (Fig. 4). Another Tyr
residue (Tyr-474) in the CBD of Trichoderma reesei CBHI,
which is not located on the flat face of the CBD, is replaced
with a Phe residue in CELA. It has been proposed that this Tyr
residue has an important structural role and that it is involved
in forming a hydrogen bond with the conserved Gly (Gly-476)
(21). The conservation of an aromatic residue at this position
in all fungal CBDs (Fig. 4) appears to support this hypothesis.
Two other conserved residues (Asn-490 and Gln-495) found
on the flat face of the CBHI CBD are also conserved in CELA.
It has been suggested that these two residues are essential for
tight binding of the CBD to cellulose (23).
TABLE 1. Specific activity of Flag-tagged CELA expressed
in E. coli
Sp act (U/mg of protein)a
Substrate

Avicel
CMC
Amorphous cellulose
Lichenan
Xylan
p-Nitrophenyl cellobioside

Crude CELAb

Purified CELAc

1.7
3.1
7.72
66.7
0
0

9.7
15.5
42.82
343.5
0
0

a
Cellulase activity was measured at 408C in 50 mM sodium citrate (pH 6) for
30 to 60 min; the values are the means of the values obtained in at least two
separate assays.
b
Crude CELA was prepared as the total cell lysate from E. coli XL1-Blue
harboring the cellulase expression plasmid (pBSFCA).
c
Flag-tagged CELA was purified from the clone pBSFCA by using an immunoaffinity column (M1 anti-Flag antibody affinity gel). The purity of the enzyme
was .95%, as judged on an SDS-PAGE gel (Fig. 6).
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FIG. 6. SDS-PAGE analysis of the Flag-tagged CELA produced by E. coli
harboring plasmid pBSFCA. Lane 1, molecular mass standards; lane 2, antibody
affinity-purified CELA; lane 3, crude CELA prepared as total cell lysate from E.
coli harboring pBSFCA.
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U/mg of pure enzyme, respectively, as reported by Tomme et
al. (42), and 0.26 and 0.48 U/mg of pure enzyme, respectively,
as reported by El-Gogary et al. (12). The pH and temperature
profiles of CELA basically match the physiological conditions
of the rumen, where the enzyme may be expected to work at a
relatively efficient rate.
The results of this study demonstrated that the strong cellulolytic capacity of rumen fungi can be at least partially attributed to the high specific activities of some of the cellulases
that they produce. Although rumen fungi are highly cellulolytic, their contribution to the total cellulolytic capacity of the
rumen is generally considered to be relatively low. This is
because the fungal populations in the rumen are very small
compared with the populations of the rumen bacteria. Recent
advances in the development of transformation systems for
rumen bacteria (1, 8, 40, 43) have made it possible to modify
rumen microorganisms for improvement of plant fiber degradation in the rumen. In view of its high specific activity against
crystalline cellulose and enzyme activity with no absolute requirement for glycosylation, the celA cDNA is currently being
explored as a possible candidate for introduction into rumen
bacteria to enhance their cellulolytic capacity in the rumen.
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