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Phanerochaete chrysosporium cellulase genes were cloned and characterized. The cel61A product was struc
turally similar to fungal endoglucanases of glycoside hydrolase family 61, whereas the cel9A product revealed 
similarities to Thermobifida fusca Cel9A (E4), an enzyme with both endo- and exocellulase characteristics. The 
fungal Cel9A is apparently a membrane-bound protein, which is very unusual for microbial cellulases. 
Transcript levels of both genes were substantially higher in cellulose-grown cultures than in glucose-grown 
cultures. These results show that P. chrysosporium possesses a wide array of conventional and unconventional 
cellulase genes. 

Phanerochaete chrysosporium has served as a model system 
for investigating lignocellulose degradation. Components of 
the cellulolytic system include multiple exocellobiohydro
lase I (CBHI) isozymes. as well as an exocellobiohydrolase 
II (CBHII) isozyme arid a b-glucosidase (for a review, see 
reference 20). The CBHIs are encoded by six structurally re
lated genes (8, 9, 28, 38). Previously designated cbh1-1 through 
cbh1-6, these have been renamed cel7A through cel7F in ac
cordance with the glycoside hydrolase classification system of 
Henrissat and coworkers (16, 17). Single genes encode CBHII 
(ce16A) (33) and b-glucosidase (22). 

Cellulolytic microbes typically feature endoglucanases that 
work in synergy with the exocellobiohydrolases (for a review, 
see reference 4) and both activities have been detected in 
P. chrysosporium cultures (12, 15, 34-36). However, as re
peated attempts to clone endoglucanase genes have failed, it 
has been suggested that certain cellobiohydrolases might pos
sess endoglucanase activity (5, 29). In short, the number, struc
ture, and transcriptional regulation of P. chrysosporium endo
glucanase genes have not been elucidated. 

Cloning and characterization of cel61A. Expressed sequence 
tag libraries were prepared from wood chip cultures (1) inoc
ulated with P. chrysosporium strain RP-78 (32). The PCR-
amplified libraries were constructed from poly(A) RNA (18, 
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37) 	 according to the manufacturer's recommendations (Smart 
PCR cDNA synthesis kit; Clontech, Palo Alto, Calif.). Approx
imately 3,000 clones were sequenced from plasmids (10) by 
using DYEnamic dye terminator chemistry (Amersham Bio
sciences) and Molecular Dynamics MegaBACE 1000 sequenc
ers. Sequence quality was assessed by using Phred (13), and the 
sequence was edited (DNASTAR, Madison, Wis.) and func
tionally categorized (MyPipeOnline, Oklahoma State Univer
sity Bioinformatics [http://wwv.bioinfo.okstate.edu/pipeonline 
/MyPOL.html]). Among 1,400 unique expressed sequence tag 
sequences, a single clone of approximately 650 nucleotides was 
found to have substantial similarity to other fungal endoglu
canase genes. The genomic clone corresponding to the cDNA 
sequence was isolated by genome walking (Universal Genome-
Walker kit; Clontech), and the sequence was recently veri
fied by genome sequencing (http://ww.jgi.doe.gov/programs 
/whiterot/whiterot-mainpage.html). Intron positions were ver
ified by reverse transcription (RT)-PCR amplification and 
cDNA sequencing. The catalytic domain of the predicted pro
tein is 25 to 30% identical to glucoside hydrolase family 61 
(http://www.afmb.cnrs-mrs.fr/~pedro/CAZY/ghf.html) from 
Agaricus bisporus CEL1 (2), Aspergillus kawatchii endogluca
nase B (GenBank accession number AB055432), and Tricho
derma reesei Cel61A (previously EGIV) (27). Accordingly, the 
gene was designated cel61A. The C-terminal cellulose-binding 
domain of P. chrysosporium Cel61A is clearly a member of the 
family 1 carbohydrate binding module. A putative secretion 
signal with cleavage between amino acid residues 23 and 24 
was identified by using Signal P (http://www.cbs.dtu.dk/services 
/SignalP/). The comparison of cDNA and genomic sequences 
revealed several introns, which permitted competitive PCR 
(cPCR). 

5765 

http://facstaff.wisc.edu
http://wwv.bioinfo.okstate.edu/pipeonline
http://ww.jgi.doe.gov/programs
http://www.afmb.cnrs-mrs.fr/-pedro/CAZY/ghf.html
http://w.cbs.dtu.dWservices


5766 VANDEN WYMELENBERG ET AL. 

TABLE 1. PCR primers and expected products 

Product size 
Targeta Oligonucleotideb (nt)c 

Genomic cDNA 

Cel9A 636 479 
Upstream ATGATACCTCTCCGCTCTGC 
Downstream CAGCGTGTTTGGGTCAGGATG 

Cbg1 483 263 
Upstream CCACCCGAACGTCACCGCTATT 
Downstream AGGCCGAACCCGAACTC 

Cel7D 796 742 
Upstream AAGGTCGTCCTCGACTCGAA 
Downstream CGACGGTGAAGGGCTTGGAG 

Cel61A 464 311 
Upstream GCCAGGCCAATATCTACTTCGTCA 
Downstream AGGGGCGCTGCTACTTACACTGC 

EG44 
Upstream TGGGGHCARTGYGGHGGHAT 
Downstream ARTCVAGRTAYTGXXXCAT 

a Targets are specific genes for RT-cPCR or the gene encoding the endoglu
canase designated EG44 (34). 

b PCR primers are presented 5´ to 3´. Base assignments for degenerate primers 
are as follows: H. A/C/T; R, A/G; Y, C/T, V, A/C/G; X, A/C/G/T. 

c Product lengths of competitive template (genomic) and cDNA targets. 

Cloning and characterization of cel9A. Cloning of cel9A was 
serendipitous in that the degenerate primers (Table 1) were 
originally designed to PCR amplify a conventional endoglu
canase, EG43 (34). Among several fragments that were iso
lated and sequenced, one showed significant similarity to the 
Thermobifida fusca E4 gene. Several rounds of genome walking 
and RT-PCR yielded genomic and cDNA clones, respectively. 
BLAST analysis of the Joint Genome Institute’s White Rot 
database revealed a single genomic copy of cel9A. A compar
ison of full-length cDNA and genomic sequences identified 
seven introns. 

Sequence analysis of the P. chrysosporium cel9A cDNA pre
dicts a putative family 9 glycosyl hydrolase catalytic module of 
590 amino acids. The Cel9A sequence has no obvious carbo
hydrate binding module, but, surprisingly, it contains a C-
terminal trans-membrane region from amino acids 559 to 581 
amino acids (Fig. 1) as predicted by the TMHMM version 2.0 
server (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (21). 

The predicted family 9 catalytic module was most similar to 
that of T. fusca E4 (37% similarity) and clearly related to those 
of other members of family 9, which are derived from bacteria, 
insects, higher plants, or most recently, as a cellulosome com
ponent from the anaerobic fungus Piromyces (30). A putative 
secretion signal cleavage site was identified between residues 
20 and 21 by using Signal P. 

A multiple-sequence alignment of a selected set of family 9 
glycosyl hydrolase catalytic domains clearly identifies the key 
catalytic residues and several regions of high conservation be-
tween the subclasses of family 9. One element of particular 
interest is the surface loop present at positions 245 to 255 in 
the bacterial family 9 cellulase E4; this loop generates an 
active-site topology, promoting processive action of the en
zyme along a cellulose chain (25). A similar sequence insertion 
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is evident in the Arabidopsis thaliana cell wall-bound family 9 
enzyme, KORRIGAN (23), and in the fungal Cel9A discov
ered in the present study in P. chrysosporium, though it is not 
present in the true endo-acting enzymes in family 9. 

To allow a rough, three-dimensional comparison of the sol
uble bacterial cellulases and the membrane-anchored enzymes, 
a homology model of P. chrysosporium Cel9A was created by 
using the Modeller version 4.0 package (26) and the T. fusca 
Cel9A (E4) structure as a template. As expected, the overall 
folds of the two enzymes were similar, and the residues in
volved in substrate binding in the active-site cleft (T. fuscu 
Cel9A residues Trp128 and Tyr420) were strictly conserved at 
the +1 and +2 subsite positions (data not shown). Also, the 
residues which coordinate a structurally important calcium ion 
in E4 and in CELD from Clostridium thermocellum (25), were 
strictly conserved. However. the key aromatic residues re
quired for substrate binding at the -1 through -4subsites in 
E4 (Trp256, Trp209, and Trp313) were replaced mostly by 
alanines or serines in P. chrysosporium Cel9A. Interestingly. we 
observed a similar lack of conservation of the aromatic resi
dues involved in substrate binding in KORRIGAN, the mem
brane-bound cellulase from A. thaliana (reference 23 and data 
not shown). In the case of the plant enzyme, this observation 
lends support to a recent suggestion that KORRIGAN may 
have a role in removing the sitosterol-b-glucoside precursor 
from the end of a growing glucan chain during cellulose syn
thesis in plants (24). Without further experiments, the speci
ficity of the membrane-bound fungal Cel9A is more difficult to 
predict, but it is obvious that it is not a typical microbial 
cellulase. 

Transcript analysis. RT coupled to cPCR (14), a technique 
well suited to analyzing closely related P. chrysosporium tran
scripts (6, 18, 31, 37), was used to assess transcript levels of 
cel61A, cel9A, and previously characterized genes encoding 
CBH1 (cel7D) and b-glucosidase (cbg1). Dramatic differences 
in transcript levels among the four genes (Fig. 2 and 3) were 
observed. Consistent with previous protein (35) and transcript 
(37, 38) analysis, cel7D transcript levels were relatively low in 
colonized wood (Fig. 3) and relatively high in Avicel-contain
ing media. 

In general, transcript levels of cel9A and cbg1 were 10- to 
100-fold lower than those of cel7D and cel61A when grown in 
defined media (11) containing 0.5% glucose and either 0.4% of 
a wood-derived crystalline cellulose (Avicel) (39) or 0.4% of a 

FIG. 1. Schematic representation of domain structures among se
lected family 9 glycosidases. TfCel9B, T. fusca Cel9B (previously E1): 
TfCel9A, T. fusca Cel9A (previously E4); CtCel9A, C. thermocellum 
Cel9A; KORRIGAN, A. thaliana Cel9; PcCel9A, P. chrysosporium 
Cel9A. Symbols: black arrow, signal peptide; horizontal striped box, 
carbohydrate binding module: vertical striped rounded box, immuno
globulin-like domain: black rounded box, = catalytic domain; stippled 
box, fibronectin; hexagon with diagonal lines, = cytoplasmic tail: gray 
hexagon, transmembrane region. 
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FIG. 2. Relative transcript levels of cellulase genes cel9A and cbgI 
(A) and cel7D and cel61A (B) in defined media containing 0.5% glu
cose and either Avicel or CF1 (see text for details). The ratios of 
adsorption, (O/B)48, an indicator of pore structure and pore size pop
ulation distribution (39), were 4.47 (Avicel) and 1.15 (CF1). [A larger 
(O/B)48 correlates with a larger surface area and greater accessibility, 
while a smaller (O/B)48 correlates with a smaller surface area and 
reduced accessibility (39)]. The cellulose azure test (7) indicated that 
cellulase activity began on day 3 in Avicel and CF1 cultures. 
Poly(A) RNA was isolated, and RT-cPCR was performed with com
petitive template amounts ranging from 10-11 to 10-20 g of plasmid/ 
PCR, as described previously (31). The cDNA levels represent an 
indirect measure of transcripts in samples. For each gene and RNA 
sample combination, three separate cPCR dilution series were per-
formed. Vertical error bars represent 1 standard deviation, and their 
absence indicates negligible variation. 

more highly crystalline cellulose prepared from cotton linters 
(CF1) (Fig. 2 )  (3). Transcript patterns for ce19A, cel7D, and 
cel61A were roughly similar on media supplemented with CF1 
or Avicel at day 3, suggesting that cellulose composition had 
relatively little effect on their regulation. With the exception of 
cel9A transcripts in the day 6 Avicel sample. the genes ap
peared to be induced in cellulose- as opposed to glucose-
supplemented media (Fig. 2 ) .  The decrease in cel9A transcripts 
in the day 6 Avicel sample relative to the day 3 Avicel sample 
was also apparent for cel7D and cel61A, but not for cbg1. As is 
always the case when measuring steady-state levels, it is uncer
tain if the changes in transcript pattern reflect only substrate-
dependent regulation or if  differences in turnover rates play a 
role. 

Transcript patterns on crystalline cellulose models show lit
tle resemblance to those on woody substrates (37), but the 
mechanisms of cellulose degradation and the identity of spe
cific inducers are more readily elucidated in defined media. 

Consistent with an important role in cellulose degradation, 
cel61A transcript levels were relatively high in wood (Fig. 3), as 
well as  in Avicel and CF1. However, in T. reesei, the corre
sponding cel61A gene encodes an enzyme (EGIV) with endo
glucanase activity that is substantially lower than that of Cel7B 
(EGI), and the role of T. reesei Cel61A remains obscure (19). 
Future investigations will shed more light on the specific roles 
of these and possibly other as-yet-undiscovered cellulases in 
Phanerochaete spp. In particular. the recent completion of the 
mapping of the P. chrysosporium genome offers opportunities 
to dissect extracellular enzyme systems, both hydrolytic and 
oxidative, which are coordinately involved in lignocellulose 
degradation. In this connection, simple BLAST analyses of the 
genome reveal structurally related endoglucanase-like se
quences distributed among several glycosyl hydrolase families 
(data not shown). In  contrast. the cel9A sequence is unique. 
The increase in cel9A transcripts o n  cellulose and the similarity 
of its sequence to those of bacterial and insect endoglucanases 
suggest a role in cellulase degradation. However, the peculiar 
substrate binding site and the probable membrane association 
of  cel9A imply that this enzyme has a very specialized role. 

FIG. 3. RT-cPCR quantification of cDNAs from wood chips after 2 
weeks of biopulping. cDNA levels (in grams) are indicated on the hor
izontal axis, and the lane labeled “0” was loaded with a PCR amplifi
cation mixture containing no competitive template. Vertical arrows 
show approximate equivalence points. Thus, cel61A cDNA levels are 
approximately 1,000-fold greater than cel7D cDNA levels. The sizes of 
competitive template and cDNA targets are indicated on the right in 
base pairs. 
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Nucleotide sequence accession numbers. The nucleotide se
quences of P. chrysosporium cel61A and cel9A cDNAs have 
been assigned GenBank accession numbers AY094489 and 
AY094488, respectively. 
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