
Orpinomyces Celf 775

Applied Biochemistry and Biotechnology Vol. 105–108, 2003

Copyright © 2003 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/03/105-108/0775/$20.00

775

*Author to whom all correspondence and reprint requests should be addressed.

CelF of Orpinomyces PC-2 Has an Intron
and Encodes a Cellulase (CelF)

Containing a Carbohydrate-Binding Module

HUIZHONG CHEN,1 XIN-LIANG LI,*,2 DAVID L. BLUM,3

EDUARDO A. XIMENES,4 AND LARS G. LJUNGDAHL1

1Center for Biological Resource Recovery,
Department of Biochemistry and Molecular Biology, Life Science Building,

The University of Georgia, Athens, GA 30602-7229;
2Fermentation Biotechnology Research Unit, NCAUR, USDA†, ARS,

1815 N. University Street, Peoria, IL 61604, E-mail: lix@ncaur.usda.gov;
3Diversa Corporation, 4955 Directors Place,

San Diego, CA 92121-1609; and
4Laboratorio de Enzimlogia, Departamento de Biologia Celular,

Universidade de Brasilia, Asa Norte, Brasilia-DF, Brazil 70910-900

Abstract

A cDNA, designated celF, encoding a cellulase (CelF) was isolated from the
anaerobic fungus Orpinomyces PC-2. The open reading frame contains regions
coding for a signal peptide, a carbohydrate-binding module (CBM), a linker,
and a catalytic domain. The catalytic domain was homologous to those of
CelA and CelC of the same fungus and to that of the Neocallimastix patriciarum
CELA, but CelF lacks a docking domain, characteristic for enzymes
of cellulosomes. It was also homologous to the cellobiohydrolase IIs
and endoglucanases of aerobic organisms. The gene has a 111-bp intron,
located within the CBM-coding region. Some biochemical properties of the
purified recombinant enzyme are described.

Index Entries: Cellulase; anaerobic fungi; Orpinomyces; cellulose-binding
module; carbohydrate-binding module.

†Names are necessary to report factually on available data; however, the USDA neither
guarantees nor warrants the standard of the product, and the use of the name by USDA
implies no approval of the product to the exclusion of others that may also be suitable.
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Introduction

Anaerobic fungi are part of the natural microflora of the alimentary tract
of many herbivorous animals. Since the discovery of the first anaerobic fun-
gus, Neocallimastix frontalis, by Orpin in 1975 from the rumen of sheep (1), at
least 17 different species of anaerobic fungi have been isolated from ruminant
and nonruminant herbivores. Anaerobic fungi produce highly active hydro-
lytic enzymes (2), such as endoglucanases, xylanases, lichenase, and esterases.
The fungi physically associate with the lignocellulosic tissue of plant frag-
ments. The hydrolytic enzymes exist as high molecular mass complexes
and as individual molecules (3,4). Several genes coding for the hydrolytic
enzymes have been cloned and sequenced from the monocentric fungi
N. patriciarum (5–8), N. frontalis (9), and Piromyces sp. (10,11) and from the
polycentric fungi Orpinomyces PC-2 (12–15) and Orpinomyces joyonii (16).
Analyses of the primary structures of endoglucanases, xylanases, and
lichenase from the anaerobic fungi have revealed that there are substantial
sequence similarities between them from the rumen anaerobic fungi and from
bacteria of the rumen, which suggests that these genes may have bacterial
origin (5,7,8,12–14). However, recently several family 6 cellulase genes have
been isolated from N. patriciarum (17) and Orpinomyces PC-2 (15), and their
amino acid sequences are homologous to enzymes of aerobic fungi. An eno-
lase gene from N. frontalis containing an intron (18) and a cyclophilin gene
from Orpinomyces PC-2 that is heavily interrupted by introns (3,19) have been
reported. So far no intron has been found in any of the sequenced genes coding
for plant cell wall–degrading enzymes of the anaerobic fungi. Here we report
the cloning and sequencing of a cDNA (celF) encoding a family 6 cellulase
(CelF) from Orpinomyces PC-2 and characterization of the cellulase obtained
by expression in Escherichia coli. Analysis of genomic DNA of the gene celF
revealed that there is an intron, indicating that celF has a fungal origin. This
appears as the first report for an intron-containing gene coding for an enzyme
from an anaerobic fungus involved in plant cell wall degradation.

Materials and Methods
Strains, Vectors, Construction, and Screening

of an Orpinomyces cDNA Library

Cultivation of the anaerobic fungus Orpinomyces PC-2, extraction and
purification of mRNA, cDNA library construction, screening for cellulase
clones, in vivo excision, and sequence determination and analysis have
been described previously (12,14). Cellulase-producing plaques were iden-
tified by incorporating 0.2% (w/v) remazol brilliant blue–carboxymethyl-
cellulose (CMC) into top agar (15).

Enzyme Purification and N-Terminal Sequencing

A single colony of E. coli XL-1 Blue harboring pCEL8 grown on Luria-
Bertani (LB)-ampicillin medium was inoculated into a flask containing
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500 mL of LB-ampicillin (50 µg/mL) broth. The culture was shaken
(280 rpm) at 37°C and grown to an OD600 of approx 1.0. Isopropyl-1-thio-β-
D-galactopyranoside (1 mM) was added, and the culture was incubated for
another 4 h. Cells were harvested by centrifugation (5000g, 10 min), washed
with 50 mL of buffer containing 25 mM Tris-HCl (pH 7.0), and resuspended
in 30 mL of the same buffer. The cells were then disrupted by sonication, and
cell debris was removed by centrifugation. The recombinant enzyme was
purified using Q Sepharose, Mono S HR 10/10, and Superdex 75 10/30
columns on a fast performance liquid chromatography (FPLC) system.
Purified CelF was subjected to N-terminal amino acid sequencing using an
Applied Biosystems model 477A gas-phase sequencer equipped with an
automatic on-line phenylthiohydantoin analyzer.

Enzyme Characterization
All enzyme assays were carried out in duplicate in 50 mM sodium

citrate buffer at pH 6.0 and 40°C unless otherwise stated. Carboxy-
methylcellulase activity was assayed by mixing a 0.2-mL aliquot of
appropriately diluted enzyme with 0.4 mL of buffer containing 1% (w/v)
CMC (low viscosity; Sigma, St. Louis, MO). The reaction time was 30 min
and was terminated by the addition 1.2 mL of 31 mM dinitrosalicylic acid
reagent (20). Reducing sugars were measured by reading the absorbance
at 550 nm. Glucose was used as the standard. Hydrolysis of other polysac-
charides was tested similar to that for CMC. Activity measurements of
enzyme preparations toward p-nitrophenol (pNP)–linked substrates were
performed in 0.3 mL of buffer containing 2 mM substrates. Reactions
were terminated after 10 min by the addition of 0.8 mL of 1 M Na2CO3.
The release of pNP was measured by reading the absorbance at 405 nm.
pNP was used as the standard. One unit of enzyme activity was defined
as the amount of enzyme required to release 1 µmol of glucose equiva-
lent/min. Protein was quantified by the Bradford (21) method using bo-
vine serum albumin as the standard.

The effect of pH on the activity and the pH optimum of the cellulase
were determined at 40°C using the following buffers: 0.1 M sodium acetate
(pH 4.2–5.4), 0.1 M sodium phosphate (pH 5.8–7.8), and 0.1 M Tris-HCl (pH
8.2). The effect of temperature on the cellulase was determined by assaying
the enzyme at temperatures from 20 to 65°C. Thermostability was measured
by incubating enzyme samples in 50 mM sodium citrate buffer, pH 6.0, for
up to 24 h at temperatures from 40 to 65°C. The enzyme solution was chilled
in an ice bath for 5 min and then assayed using the standard assay at 40°C.
In all these assays, CMC was used as the substrate. For determination of Km

and Vmax values, enzyme assays were performed at pH 6.0 and 40°C with
CMC as the substrate at concentrations from 1.0 to 25 mg/mL. Km and Vmax

values were obtained from Lineweaver-Burk plots. Zymogram analysis was
done with lichenin (0.2% [w/v]) as the substrate according to Chen et al. (12).

Sugars released from cellooligosaccharides and polysaccharides were
analyzed with a Hewlett-Packard 1100 series high-performance liquid
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chromatograph equipped with an autoinjector and a 1047A refractive
index detector using a Bio-Rad Aminex HPX-42A carbohydrate column.
Water was used as the mobile phase at a flow rate of 0.6 mL/min, and the
column temperature was set at 80°C. Glucose, cellobiose, cellotriose,
cellotetraose, and cellopentaose were used as the standards.

For assays of cellulose-binding capability, enzyme samples of 50 µg
of protein were mixed with 30 mg of Avicel in a final volume of 1 mL of
buffer (50 mM sodium citrate buffer, pH 6.0) at 4°C. After 1 h with continu-
ous shaking, the Avicel was removed by centrifugation (15,000g at 4°C).
Residual cellulase in the supernatant was assayed as already described.

Analysis of Genomic DNA

Oligonucleotides 5'ATGAAAATTTTACTTTTTGCCAG3' and 5'TTA-
GAATCCTGGTCTAGCATTTC3' corresponding to opposite strands of the
end regions of celF (GenBank accession no. U97154) were used as primers
with genomic DNA (12) and the cDNA libraries as templates for poly-
merase chain reactions (PCRs). Amplification was for 30 cycles with each
cycle consisting of 90 s of melting at 95°C, 60 s of annealing at 55°C, and 90
s of extension at 72°C. Amplified DNA was separated on an agarose gel,
and DNA bands were visualized by ethidium bromide staining. The PCR
products amplified from the genomic DNA were cloned into PCRII vector
(Invitrogen) and sequenced as described previously (12,14).

Results and Discussion

Isolation and Sequencing of Orpinomyces CelF

Screening of the cDNA library constructed in λZAPII yielded 19 cel-
lulase-producing plaques when 2 × 105 plaque-forming units were plated.
The positive plaques were further enriched and purified. PCR, restriction
enzyme digestion, and sequencing analyses revealed that 16 of these
plaques represented cDNAs of celA, celB, and celE, which were reported
previously (13–15). The other three plaques represented three different
new cellulase cDNAs (pCEL2, pCEL5, and pCEL8).

Sequencing of the inserts in the plasmids obtained from the plaques
by in vivo excision revealed that pCEL8 contained a 1520-bp cDNA (celF)
with a complete open reading frame (ORF) encoding a polypeptide (CelF)
of 432 amino acids with a calculated mass of 46,736 Daltons. The detailed
sequence data are deposited to GenBank and can be accessed as U97154.
The putative translation start codon (ATG) for celF was assigned based on
the fact that there were stop codons in all three frames preceding the ORF;
there was no ATG codon upstream of the proposed ORF. After the ORF,
a 3' untranslated AT-rich end of 127 bp was observed, but no typical long
poly(A) stretch was found. The G+C content of the ORF of celF was 36.4%
and that of the 5' and 3' noncoding regions was very low (11.8%). High
A+T contents have also been found in other cDNAs from anaerobic fungi
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(12–15). The codon usage for celF is similar to that of other Orpinomyces
PC-2 cellulase, xylanase, and lichenase genes.

Purification and N-Terminal Processing
of Recombinant Enzyme from E. coli

Several steps (see Materials and Methods) were required to purify the
recombinant enzyme to homogeneity. Starting from 650 mg of crude pro-
teins, we were able to obtain 2.5 mg of purified CelF with 22-fold purifica-
tion. Specific activity toward CMC of the purified enzyme was 120 U/mg.
Based on the specific activity of the purified cellulase, the recombinant CelF
protein constituted about 4.6% of the total E. coli proteins.

The first 10 N-terminal amino acid residues of the recombinant en-
zyme were AXGGAYAQXG. Except the two unidentified residues, the
sequence matched the region corresponding to amino acid residues 21–30
of the deduced protein sequence, suggesting that the enzyme is processed
in E. coli with a 20 amino acid signal sequence being removed to give a
mature active enzyme of 412 amino acid residues.

Enzyme Characterization

The purified recombinant CelF appeared as a single band on sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1).
Zymogram analysis showed that the apparent molecular mass of CelF
produced in E. coli was approx 45.5 kDa (Fig. 1), which appears to be
consistent with the deduced molecular mass of the mature CelF lacking
the proposed signal peptide of 20 amino acid residues. No other activity
band with lower molecular mass was detected in the crude cell extracts,

Fig. 1. SDS-PAGE and zymogram of the recombinant CelF. (A) Coomassie brilliant
blue staining of SDS-PAG; (B) cellulase zymogram gel. Lane S, protein molecular mass
standards; lane 1, crude E. coli proteins (50 µg); lane 2, the purified CelF (2 µg).
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indicating that the Asn-rich linker region was relatively stable. This is
in contrast to several other anaerobic fungal hydrolytic enzymes contain-
ing the noncatalytic repeated peptide domains where the linker regions
between the catalytic domains and the noncatalytic repeated peptide
domains are susceptible to truncation (7,13,14).

The activity of the cellulase was determined from pH 4.2 to 8.6 using
CMC as the substrate. A typical pH profile was obtained with an opti-
mum between pH 5.8 and 6.2, which was similar to values of most other
hydrolytic enzymes from the anaerobic fungi (12,15) and was close to the
physiologic pH in the rumen. The effect of temperature on the cellulase
activity was determined in 50 mM sodium citrate at pH 6.0 from 20 to
65°C. Maximum activity was observed between 40 and 50°C, and the
activity decreased rapidly above 55°C. Thermal stability was investigated
by incubating the enzyme, up to 24 h, at different temperatures. Almost
no activity loss was observed between 40 and 45°C in the above men-
tioned buffer at pH 6.0 for 24 h, and 61 and 12.9% of the enzyme activity
were retained after 24 h of incubation at 50 and 55°C, respectively. Inac-
tivation occurred at 60°C with only 15.5% of the enzyme activity remain-
ing after 1 h of incubation. Km and Vmax values using CMC as the substrate
at 40°C and pH 6.0 obtained from Lineweaver-Burk plots were 4.37 mg/
mL and 173 U/mg of protein, respectively.

Activities of the purified CelF against various substrates are given in
Table 1. The enzyme rapidly hydrolyzed acid-swollen cellulose, CMC,
barley β-glucan, and lichenin. The CelF had a low but detectable activity
toward microcrystalline cellulose (Avicel) with a specific activity of 0.039
U/mg of protein. No detectable hydrolysis was observed of pNP-β-D-
glucoside, oat spelt xylan, or pNP-β-D-xyloside.

Hydrolysis products formed during the action of the purified recom-
binant CelF on cellooligosaccharides, Avicel, acid-swollen cellulose, and
CMC were determined by hifh-performance liquid chromatography
(HPLC) (Table 2). Cellobiose was not hydrolyzed, whereas cellotriose was
slowly hydrolyzed to cellobiose and glucose. With cellotetraose as the sub-
strate, cellobiose was the sole product detected. Thus, the second gluco-
sidic linkage was mainly cleaved by the enzyme. Cellopentaose was largely
converted into cellobiose, cellotriose, and some glucose, indicating that
some cellotriose was further hydrolyzed to yield cellobiose and glucose.
The hydrolysis patterns of cellooligosaccharides by CelF are somewhat
similar to those by cellobiohydrolase II (CBHII) from Trichoderma reesei (22).
The end products of hydrolysis of Avicel, acid-swollen cellulose, and CMC
yielded mainly cellobiose, cellotriose, and minor amounts of glucose. It is
apparent that CelF had both endoglucanase and CBH activities, which is
similar to that for CelA and CelC from the same fungus (15).

Domain Structures of CelF and Its Homology with Other Cellulases
Analysis of the CelF sequence revealed that it contains a typical sig-

nal peptide sequence consisting of about 20 amino acid residues (23).
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Immediately after the signal sequence, amino acid residues 22–57 consti-
tute a typical fungal carbohydrate-binding module (CBM) (17,24). The
catalytic domain is located at the C-terminus (amino acid residues 106–
432). It is separated from the CBM by an extremely Asn-rich linker (amino
acid residues 67–105).According to classification of CBMs (24), the CBM
of CelF should be placed in family 1, which is exclusive to fungal hydro-
lases. It has a high degree of similarity with the CBM of CBHII from
T. reesei (86% similarity and 53% identity). Six cysteine residues (nos. 22,
29, 39, 40, 46, and 56) forming three disulfide bridges that stabilize the
polypeptide are conserved in CelF (25,26). Three highly conserved aro-
matic residues (Tyr26, Trp52, and Tyr53), which are conspicuous build-
ing blocks of the flat-face binding to the cellulose surface (23), are present

Table 2
HPLC Analysis of Products of Cellooligosaccharide

and Polysaccharide Hydrolysis by CelF a

Products or residual substrates (µmol/mL)

Substrate G1 G2 G3 G4

Cellotriose (G3) 0.30 0.20 2.7 —
Cellotetraose (G4) — 5.8 — —
Cellopentaose 0.20 3.3 2.7 —
Avicel — 0.20 0.11 —
Acid-swollen cellulose 0.037 0.72 0.34 —
CMC 0.017 0.31 0.12 —

aReaction mixtures contained 0.25 U/mL of enzyme (CMC as sub-
strate) and 3 mM cellooligosaccharides, 0.7% (w/v) CMC, or 0.5% (w/v)
acid-swollen cellulose in 20 mM sodium citrate. Reactions were at pH 6.0
and 40°C for 4 h. In the case of Avicel, 1.0 U/mL of enzyme (CMC as
substrate) and 1% (w/v) Avicel were combined and reactions were at pH
6.0 and 40°C for 16 h.

Table 1
Substrate Specificity of Orpinomyces CelF Produced in E. colia

Substrateb Specific activity (U/mg protein)

Avicel 0.039
Acid-swollen cellulose 83.1
CMC 120.0
Barley β-glucan 1001.5
Lichenin 724.6

aAssays were performed at 40°C and pH 6.0 (50 mM sodium citrate)
for 10 min (pNP-β-glycosides), 15 min (oat spelt xylan, barley β-glucan,
and lichenin), 30 min (CMC), and 4 h (Avicel), respectively.

bThe activities with pNP-β-D-glucoside, pNP-β-D-cellobioside, oat spelt
xylan, or pNP-β-D-xyloside as substrate were < 1.0% of that against CMC.
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in the CBM. Moreover, three invariant amino acids (Gln28, Asn50, and
Gln55) in suitable positions for hydrogen bonding with the cellulose sur-
face are also present in the CBM (23). The presence of a CBM in CelF is
consistent with the fact that about 80% of the cellulase activity of the
purified CelF adsorbed onto Avicel.

The deduced amino acid sequence of CelF of Orpinomyces PC-2 when
compared with protein sequences in the SWISS PROT and GP data banks
was homologous to several CBHIIs and endoglucanases belonging to fam-
ily 6 glycosyl hydrolases (27). The highest identity was with CELA of
N. patriciarum (17). The identity with it was 82.9% when the complete
sequences including signal peptide, CBM, linker, and catalytic domain were
compared. One deletion and/or insertion between these two enzymes was
found in the linker region (after residue 86 in CelF), whereas five amino
acids (residues 345–349) present at the carboxyl terminus of Orpinomyces
PC-2 CelF were not found in N. patriciarum CELA. The catalytic domain of
CelF of Orpinomyces PC-2 is homologous with the catalytic domains of CelA
(75.2% similarity, 64.8% identity) and CelC (74.9% similarity, 63.6% iden-
tity) of the same organism (15). It also has substantial similarity with the
CBHIIs of T. reesei (52.6% similarity, 37.2% identity) (26) and Fusarium
oxysporum (54.7% similarity, 38.9% identity) (28), Cellulomonas fimi CENA
(49.2% similarity, 32.0% identity) (29), Streptomyces halstedii CELA1 (51.6%
similarity, 31.2% identity) (30), and Thermomonospora fusca CELE2 (50.3%
similarity, 26.5% identity) (31).

The three-dimensional structures of the catalytic domains of T. reesei
CBHII (32) and T. fusca CELE2 have been determined (33). Mutagenesis
studies of T. reesei CBHII have shown that Asp245 is the likely proton
donor in the catalytic event and that the neighboring Asp199 is charged,
ensuring the protonation of Asp245. A function of the Tyr193 is to modu-
late the protonation states of the interacting carboxylates of Asp199 and
245 (34). These three amino acid residues are conserved in family 6 gly-
cosyl hydrolases and are present in the catalytic domain of CelF (Asp181,
Asp223, and Tyr175), CelA, and CelC (15). Family 6 glycosyl hydrolases
contain both CBHIIs and endoglucanases. Endo- or exo-type activity
depends on whether the enzyme contains loops that form a tunnel active
site (32,34) or an open cleft (endoglucanase) (33). Compared with T. reesei
CBHII exoglucanase, there are deletions of two amino acids correspond-
ing to the carboxyl terminal loop (from Ser391 to Gly409) and four amino
acids corresponding to the second loop (from Pro178 to Ala191) for CelF
of Orpinomyces PC-2, which suggests that the loops might only partially
enclose the tunnel of the active site (15). This indicates that the loops of
CelF, like those of CelA and CelC, are distinct from those of CBHIIs and
endoglucanases in the same family, which may result in CelF having both
CBHII and endoglucanase activities (15).

Although the catalytic domain of CelF is very similar to those of CelA
and CelC, CelF has a CBM, whereas CelA and CelC contain a dockerin,
which is involved in neither catalysis nor cellulose binding (5,7,15). It has
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been suggested that dockerins function as docking domains in a fashion
similar to that of the dockerin domains of catalytic subunits of the
cellulosome of Clostridium thermocellum (4,10,35,36). The lack of a dockerin
in CelF suggests that enzyme is not a part of cellulase/hemicellulase com-
plexes found in Orpinomyces PC-2 (37) and other anaerobic fungi (38). The
presence of cellulases as both free and complex forms that are highly cata-
lytically similar may provide the fungus with an advantageous strategy for
the rapid decomposition of plant cell wall structures.

Coding Region of CelF Contains an Intron

The ORF region of celF was amplified by PCR, and its size is larger
than that amplified from cDNA (Fig. 2A). Sequencing the DNA amplified
from the genomic DNA template revealed that it produced a 1410-bp
DNA fragment. Alignment of the sequences of genomic and cDNA of celF
revealed an intron of 111 bp (Fig. 2B) located in the CBM-coding region.
Splicing boundaries started with GT and ended with TA, which match the
general consensus sequences found for introns in filamentous fungi (39).

Fig. 2. Analysis of genomic sequence of celF. (A) Amplification of genomic DNA of
Orpinomyces PC-2 celF coding region by PCR. Reaction solutions (20 µL) with genomic
DNA (lane 1) and cDNA (lane 2) as the templates and without template (lane 3) were
run on 1.5% agarose gel. DNA molecular standards were used in lane M. After elec-
trophoresis, DNA bands were visualized by ethidium bromide staining. (B) Nucle-
otide sequence of an intron found in Orpinomyces celF.
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In a similar experiment, the ORF regions of celA and celC genomic DNA
were amplified by PCR, and their sizes were the same as those amplified
from their cDNAs (data not shown), indicating that celA and celC are
devoid of introns. Other genes coding for cellulolytic enzymes of anaero-
bic fungi, which have been examined, are devoid of introns (8,12–14,16).
The fact that the ORF of celF contains an intron indicates that it has a
eukaryotic origin. Several other genes isolated from anaerobic fungi are
believed to have prokaryotic origins (3).

Using the software package PHYLIP (40), a phylogenetic tree based on
cellulase sequences was created from neighbor-joining bootstrap analysis.
It showed that CelF, CelA, CelC, and N. patriciarum CELA were clustered
together. It has been suggested that a common ancestral precursor of cel-
lulolytic aerobic fungi and rumen anaerobic fungi may have existed (17).
Our finding of an intron in celF provides solid evidence that the gene has
a eukaroytic origin. Thus, two types of cellulase genes have been discov-
ered in anaerobic fungi. One type includes those coding for endoglucanases
possibly transferred from rumen bacteria (7,13,14,16), and the other is those
of Orpinomyces CelA, CelC, CelF and Neocallimastix CELA, which appear to
have fungal origin ([15,17] this study). Moreover, current observations seem
to support that celF CBM-coding region was replaced with those coding for
a dockerin-coding sequence during evolution, resulting in the formation of
celA and celC. Of course, the opposite could also be a possibility. In any
event, the high sequence similarity among celA, celC, celF, and Neocallimastix
celA strongly suggests the occurrence of gene transfer and duplication
among the fungi.
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