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Brown rot basidiomycetes have long been thought to lack the processive cellulases that release soluble sugars 
from crystalline cellulose. On the other hand, these fungi remove all of the cellulose, both crystalline and 
amorphous, from wood when they degrade it. To resolve this discrepancy, we grew Gloeophyllum trabeum on 
microcrystalline cellulose (Avicel) and purified the major glycosylhydrolases it produced. The most abundant 
extracellular enzymes in these cultures were a 42-kDa endoglucanase (Cel5A), a 39-kDa xylanase (Xyn10A), 
and a 28-kDa endoglucanase (Cel12A). Cel5A had significant Avicelase activity–4.5 nmol glucose equivalents 
released/min/mg protein. It is a processive endoglucanase, because it hydrolyzed Avicel to cellobiose as the 
major product while introducing only a small proportion of reducing sugars into the remaining, insoluble 
substrate. Therefore, since G. trabeum is already known to produce a ß-glucosidase, it is now clear that this 
brown rot fungus produces enzymes capable of yielding assimilable glucose from crystalline cellulose. 

Brown rot basidiomycetes are the principal recyclers of 
lignocellulose in coniferous forest ecosystems, where they 
make essential contributions to humus formation and soil fer­
tility (10). They also cause extensive and costly decay in 
wooden structures (37). During brown rot, little lignin is re­
moved from the wood, probably because these fungi do not 
secrete the ligninolytic peroxidases or laccases that typify white 
rot fungi. However, brown rot fungi rapidly cleave the cellulose 
in wood and subsequently remove it so completely that exten­
sively brown-rotted wood consists almost entirely of modified 
lignin (6). Since most of the cellulose chains in wood are 
interconnected in a hydrogen-bonded, crystalline form that 
resists hydrolysis (1, 26), it would appear that brown rot fungi 
employ an efficient cellulolytic system. 

The biodegradation of crystalline cellulose generally in­
volves the action of both endo- and exo-acting cellulases. Clas­
sical endoglucanases nick the cellulose internally, thus dis­
rupting its crystallinity and generating new free ends in the 
polymer. Cellobiohydrolases (exoglucanases) act processively 
from these free ends, remaining attached to the cellulose and 
releasing soluble cellobiose molecules, which are subsequently 
hydrolyzed to assimilable glucose by ß-glucosidases (2). In 
addition, some organisms produce processive endoglucanases, 
which cleave cellulose internally but also release soluble oligo­
saccharides before detaching from the polysaccharide (9, 
34). 

In this connection, it is puzzling that brown rot basidiomy­
cetes are generally thought to lack processive cellulases (6). 
They are known to produce extracellular reactive oxygen spe­
cies (ROS) (4) and classical endoglucanases (6), which doubt-
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less can disrupt crystalline cellulose extensively when they act 
together (29). However, neither of these biodegradative agents 
can release soluble sugars processively from cellulose, because 
they both attack the polymer via random. single scissions. It is 
difficult to see how so inefficient a system could account for the 
characteristically thorough degradation of wood cellulose by 
brown rot fungi. 

The likely explanation is that processive cellulases occur in 
brown rot fungi but have been overlooked because they are not 
produced under most laboratory conditions. There is one re­
port of cellobiohydrolase production by Coniophora puteana 
(33), but this atypical fungus produces laccase activity on wood, 
and its decay pattern exhibits features of both brown rot and 
white rot (23). More recent work has shown that crude extracts 
from wood colonized by two other brown rot fungi, Wolfporia 
cocos and Laetiporius sulfureus, were able to release soluble 
reducing sugars from crystalline cellulose (24). However, the 
enzymes responsible for processivity were not characterized. 

Gloeophyllum trabeum causes a typical brown rot and is the 
best-understood fungus in this group. It has been shown to 
produce a hydroquinone-driven system for the production of 
extracellular ROS (20, 27), a ß-glucosidase (14), a xylanase 
(31), and two endoglucanases that were reported not to de­
grade crystalline cellulose (15, 25). If G. trabeum were also to 
produce a processive cellulase, it would have all of the com­
ponents currently thought necessary for wood decay. To inves­
tigate this possibility,we have grown G. trabeum on microcrys­
talline cellulose (Avicel) and characterized the principal 
glycosylhydrolases secreted by the cultures. We report that the 
major extracellular enzyme produced by G. trabeum on this 
substrate is a processive endoglucanase with Avicelase activity. 

MATERIALS AND METHODS 

Reagents. Chemicals were obtained from Sigma-Aldrich/Fluka (St. Louis, 
MO) except for cellotriose (V-Labs, Covington, LA), cellotetraose (Seikagdku, 
Tokyo, Japan), and cellopentaose (Seikagaku). Phosphoric acid swollen cellulose 
(PASC) was prepared from Avicel as described previously (36). 
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Cultures. G. trabeum (ATCC 11539) was maintained on agar plates as de-
scribed previously (17). For each culture, 7.0 g of Avicel was placed in a 250-ml 
Erlenmeyer flask and moistened with 12 ml of distilled, deionized water 
(ddH2O). The flasks were then autoclaved, and 7.5 ml of inoculum was added. To 
prepare the inoculum, G. trabeum was grown for 4 days in 2.8-liter Fernbach 
flasks containing 50 ml liquid medium with glucose as previously described (17). 
Mycelial mats from eight flasks were pooled, washed three times with sterile 
ddH2O, homogenized in a Waring blender, and added to 800 ml of fresh, sterile 
medium without glucose. The cultures were capped with aluminum foil and 
grown statically at 31°C for 10 days. Biomass in the cultures was determined as 
total ergosterol (5). Extracellular ROS production by the cultures was monitored 
by assaying the production of 14CO2 from [14C]polyethylene glycol ([14C]PEG) 
(19).

Extraction of extracellular enzymes. All steps were done at 0 to 4°C. On day 
10, 20 ml of extraction buffer (20 mM sodium acetate and 1.0 mM phenylmeth-
ylsulfonyl fluoride at pH 4.0) was added to each of 100 cultures. The contents of 
all the flasks were pooled and rotary shaken (150 rpm) for 45 min. The slurry was 
then centrifuged (10 min, 23,000 × g). the supernatant was filtered through a 
glass fiber filter, and the resulting filtrate was refiltered through a 0.45-µm nylon 
filter. The pellet was resuspended in fresh extraction buffer and extracted again 
by the same procedure, after which the pooled filtrates (approximately 3 liters) 
were Concentrated to a volume of about 150 ml with a 10-kDa-cutoff polysulfone 
hollow fiber ultrafiltration apparatus (Amersham, Piscataway, NJ) that had been 
washed beforehand for 45 min at ambient temperature with 0.5% (wt/vol) PEG 
(18.5 kDa) to reduce nonspecific protein binding. The concentrated sample was 
transferred to an ultrafiltration cell (Millipore, Billerica, MA) fitted with a 
PEG-washed 10-kDa-cutoff polyethersulfone membrane, dialyzed by repeated 
buffer exchanges against 20 mM sodium acetate (pH 4.0), and concentrated to a 
final volume of 15 ml. A protease inhibitor cocktail (Roche, Indianapolis, IN) 
was added according to the manufacturer's instructions, and the sample was 
stored for 1 to 3 days at 4°C. 

Enzyme purification. The crude extract was concentrated and dialyzed against 
20 mM methylpiperazine buffer (pH 4.7) by repeated centrifugation through a 
5-kDa-cutoff polyethersulfone membrane (Centricon Plus-20; Millipore). The 
membrane was rinsed beforehand with ddH2O according to the manufacturer's 
instructions and then incubated with PEG solution as described above. The PEG 
solution was poured off, the crude extract was added, and the Centricon tubes 
were centrifuged at 4,000 × g and 4°C with three buffer exchanges, followed by 
concentration to a volume less than 5 ml. All dialysis and sample concentration 
steps described below were also done by this procedure. 

The retentate was loaded onto an ice-jacketed, 5-ml HiTrapQ anion-exchange 
column (Amersham) that had been equilibrated beforehand with 20 mM meth-
ylpiperazine buffer (pH 4.7). The column, which was connected to a fast protein 
liquid chromatography (FPLC) system (Amersham), was operated at 3 ml/min. 
Proteins were eluted first with a 60-ml wash of 20 mM methylpiperazine (pH 4.7) 
and then with a 120-ml linear gradient of NaCl (0 to 0.25 M) in the same buffer. 
Fractions (3.0 ml) were collected, immediately put on ice, and assayed for activity 
as described below. Xyn10A was eluted in the wash, whereas Cel5A, Cel12A, and 
the β−glucosidase activity were eluted together at an NaCl concentration of about 
0.15 M. 

The pooled ion-exchange fractions containing either (i) Xyn10A or (ii) Cel5A 
plus Cel12A were concentrated to volumes of 0.5 ml and subjected to gel 
filtration FPLC on a Superdex 200 column and a Superdex 75 column (each 30 
cm in length by 1 cm in diameter: Amersham) that were connected in series and 
packed in ice. The columns were eluted at 0.3 ml/min with 10 mM sodium acetate 
buffer (pH 5.0; hereafter called buffer) that contained 0.15 M NaCl. Fractions 
(0.5 ml) were taken, put on ice, and assayed as described below. Xyn10 was 
resolved from several unidentified proteins during this step. Cel5A and Cel12A 
were resolved from the much larger β-glucosidase and some other proteins by 
gel filtration, but the two cellulases were eluted together in a broad peak fol-
lowed by a shoulder. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) of individual fractions showed that the early-eluting side of the 
peak consisted mostly of Cel5A, whereas the shoulder consisted mostly of 
Cel12A. 

Gel filtration fractions highly enriched in Cel5A or Xyn10A were pooled, 
concentrated to volumes of 2.5 ml, made 1.0 M in (NH4)2SO4, and subjected to 
hydrophobic-interaction FPLC on a 1.0-ml Phenyl Superose column (Amer-
sham). The column, equilibrated beforehand with buffer containing 1.0 M 
(NH4)2SO4, was operated at 0.5 ml/min and ambient temperature. Proteins were 
eluted first with a 15-ml wash of buffer plus 1.0 M (NH4)2SO4 followed by a 20-ml 
decreasing linear gradient of (NH4)2SO4 (1.0 to 0 M) in buffer. Fractions (1.0 ml) 
were collected, put on ice, and assayed for activity Xyn10A was eluted at an 

(NH4)2SO4 concentration of about 0.35 M, whereas Cel5A was eluted at a 
concentration of about 0.5 M. 

Gel filtration fractions enriched in Cel12A were also pooled and subjected to 
hydrophobic-interaction FPLC, but in this case the sample and column were 
equilibrated and run in buffer containing 0.75 M (NH4)2SO4. Cel12A was eluted 
in the wash with several minor contaminants and was immediately dialyzed 
against buffer to remove the (NH4)2SO4. To resolve Cel12A from the remaining 
contaminants, an additional gel filtration step was performed in buffer as de-
scribed above. 

All of the purified glycosylhydrolases were concentrated and dialyzed against 
buffer. They were stored for up to a week at 4°C. Freezing resulted in significant 
losses of activity. 

Assays. Carboxymethyl cellulase (CMCase) activity was assayed with 250-µl 
mixtures in 10- to 30-min reactions, using a 1% (wt/vol) solution of carboxy-
methyl cellulose (CMC) in 50 mM sodium citrate buffer (pH 4.8) at 50°C. 
Xylanase was assayed likewise with 1% (wt/vol) birch xylan as the substrate. 
Reducing sugars were determined as glucose equivalents by the dinitrosalicylic 
acid method (8). 

Hydrolytic activity against 4-nitrophenylcellobioside (4NPC) was determined 
with 50-µl mixtures that contained 50 mM sodium acetate (pH 5.5) in 20- to 
30-min reactions at 50°C. Activity against 4-nitrophenylglucoside ( b-glucosidase 
activity) was determined likewise in 50 mM potassium phosphate (pH 6.5). The 
release of 4-nitrophenol from these substrates was determined by the increase in 
absorbance at 400 nm ( ε = 18.3 mM–1 m–1) after addition of Na2CO3 to the 
reaction mixtures (32). 

Cellulase activity against Avicel was determined in 100-µl reactions that con-
tained 10 to 20 µg Cel5A or Xyn10A, 1% (wt/vol) substrate, 100 mM sodium 
citrate (pH 4.8), 1 mM CaCl2, 0.02% (wt/vol) serum albumin, and 0.02% (wt/vol) 
NaN3. The capped mixtures were rotary shaken (200 rpm) at 37°C for 18 h. 
Reactions with PASC as the substrate were conducted likewise, except that the 
experiment was also done with Cel12A and the reaction time was 2 h. Soluble 
reducing sugars were determined as glucose equivalents by the 4-hydroxybenzoic 
acid hydrazide method (28). 

For all glycosylhydrolase assays, 1 U of activity was defined as the amount of 
enzyme that converts 1 nmol of substrate per min. Protein concentrations were 
determined by the method of Bradford with serum albumin as the standard (3). 

Oligoglucoside analysis. Thin-layer chromatography of the oligoglucosides 
released from Avicel was done on silica gel (LK5D 150A plates; Whatman, 
Clifton, NJ). Samples from Avicelase assays or G. trabeum cultures were con-
centrated under a vacuum, and aliquots containing 5 µg total sugars were ap-
plied. The plate was developed with ethyl acetate/water/methanol (40:15:20 vol/ 
vol), and the spots were visualized with anisaldehyde reagent as described 
previously (18). 

Electrophoresis. SDS-PAGE of crude and purified glycosylhydrolases was 
done on 4 to 15% gradient gels (Ready Gel precast gels: Bio-Rad). The gels were 
calibrated with the following molecular mass standards: phosphorylase b (97 
kDa), serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 
kDa), trypsin inhibitor (20 kDa), and α-lactalbumin (14 kDa). The gels were 
stained with Coomassie blue R-250. 

Two-dimensional isoelectric focusing (IEF)/SDS-PAGE was performed by 
Kendrick Laboratories (Madison, WI). Sample preparation and electrophoresis 
were done as outlined on the Kendrick website (http://www.kendricklabs.com). 
One µg of an internal standard, tropomyosin, was added to each sample. After 
the first dimension was run, the pH gradient in the gel was recorded with a 
surface electrode. The following molecular mass standards were run down one 
side of the gel in the second dimension: myosin (220 kDa), phosphorylase a (94 
kDa), catalase (60 kDa), actin (43 kDa), carbonic anhydrase (29 kDa), and 
lysozyme (14 kDa). The gels were stained with Coomassie blue R-250. 

Protein sequencing. Purified proteins were subjected to SDS-PAGE, stained 
with Coomassie blue, and cut from the gel. The bands were submitted for tryptic 
digestion and internal Edman sequencing of selected peptides at the University 
of Texas Protein Chemistry Laboratory (Galveston, TX) as outlined on their 
website (http://www2.utmb.edu/proch/Default.htm). For N-terminal sequencing 
at the same facility, the protein on the gel was transferred electrophoretically to 
a polyvinylidene difluoride membrane (Bio-Rad) at 100 V for 1 h with 25 mM 
Tris buffer (pH 8.3) that contained 192 mM glycine. The protein was then stained 
with Coomassie blue, excised, and submitted. 

Protein sequence accession numbers. The partial amino acid sequences of the 
G. trabeum glycosylhydrolases Cel5A, Xyn10A, and Cel12A have been deposited 
in the Swiss-Prot database and assigned the accession numbers P84194, P84195, 
and P84196, respectively. 
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FIG. 1. SDS-PAGE analysis of extracellular proteins in the G. tra­
beum crude extract (4 µg) and of the purified Cel5A, Xyn10A, and 
Cel12A samples (0.5 µg each) that were submitted for partial amino 
acid sequencing. Lane M contained molecular mass standards. 

RESULTS 

Fungal growth and production of extracellular proteins. G. 
trabeum grew rapidly on Avicel, producing a thick mycelial mat 
on the surface of the substrate after days. The biomass 
increased 23-fold during this time, as shown by the difference 
in ergosterol content between the inoculum (4.3 ± 2.4 µg 
culture; n = 5) and day 10 cultures (98.2 ± 14.4 µg/culture; n = 
7). The cultures also produced extracellular ROS, as shown by 
their ability to mineralize [14C]PEG (4.4 ± 1.5% in 9 days, 6.2 
± in days; n = 6). 

SDS-PAGE analyses of crude extracellular extracts from 
10-day cultures showed the presence of about a dozen protein 
bands. The three most prominent of these proteins had appar­
ent molecular masses of kDa, kDa, and kDa (Fig. 1). 
Densitometric analyses of the gels indicated that the 42-kDa 
band accounted for about 20% of the total protein, the 39-kDa 
band accounted for about and the 28-kDa band ac­
counted for about 15%. To investigate the possibility that our 
extraction procedure failed to release some proteins efficiently, 
we added ethylene glycol (75%, vol/vol) to some of the extrac­
tions to disrupt the binding of glycosylhydrolase cellulose-bind­
ing modules to the Avicel. However, SDS-PAGE of these 
extracts showed no significant change in the relative intensities 
of the protein bands (data not shown). 

Purification of the major glycosylhydrolases. The crude 
tracellular extracts contained hydrolase activity towards Avicel 
as well as high activities towards a variety of standard glyco­
sylhydrolase substrates: CMC, 4NPC, xylan, and PASC (Table 
1). We fractionated the extract proteins by ion-exchange, gel-
filtration, and hydrophobic-interaction chromatography. To 

track the purification of potentially interesting cellulases, we 
assayed the column fractions for CMCase and 4-nitrophe­
nylcellobiosidase (4NPCase) activity and analyzed fractions 
from each protein peak by SDS-PAGE. Almost all of the 
CMCase activity was contained in the 42-kDa and 28-kDa 
proteins. By contrast, almost all of the 4NPCase activity was 
contained in the 39-kDa protein and in a ß-glucosidase 
(data not shown). The ß-glucosidase activity did not survive 
attempts to purify it, but the purified 42-kDa CMCase, 39­
kDa 4NPCase, and 28-kDa CMCase were stable for at least 
a week at 4°C. 

A variable mixture of minor proteins, some having low levels 
of CMCase or 4NPCase activity, was present in all of the crude 
extracts. We surmise that some of these were not native G. 
trabeum proteins but rather products of random ROS attack on 
the major extracellular enzymes. It would be surprising if such 
modifications did not occur, because G. trabeum produces high 
levels of ROS on cellulose (4), and oxidative damage to pro­
teins by ROS is a well-known phenomenon (12). The presence 
of so many minor proteins complicated the purification proto­
cols, and to obtain purified glycosylhydrolases we had to 
pool the chromatographic fractions very selectively, with the 
result that final yields of the 42-kDa and 39-kDa enzymes were 
only several percent of the activities present in the crude ex­
tract (Table 1). Yields of the 28-kDa enzyme were even lower, 
because it was unstable in the concentrated (NH4)2SO4 needed 
to make proteins adsorb to the hydrophobic-interaction col­
umn. 

Identification of the glycosylhydrolases. The resulting prep­
arations of the three enzymes were apparently homogeneous 
by SDS-PAGE (Fig. 1). Assays for glycosylhydrolase activity 
showed that the 42-kDa and 28-kDa enzymes exhibited rela­
tively high specific activities on CMC and PASC (noncrystal­
line cellulose), and therefore can be classified as endoglu­
canases (Table 1). The 39-kDa enzyme exhibited a relatively 
high specific activity on 4NPC while lacking activity on 4-ni­
trophenylglucoside and therefore appeared at first to be a 
cellobiohydrolase. However, its higher activity on xylan showed 
that it is better classified as a xylanase. 

To check these assignments, we submitted SDS-PAGE 
bands of the three proteins for tryptic digestion and partial 
amino acid sequencing (Fig. 2). The results, when aligned with 
known glycosylhydrolase sequences available through the 
CAZY website (http://afmb.cnrs-mrs.fr/CAZY) (13), showed 
that the 42-kDa enzyme is a family endoglucanase (Cel5A), 

TABLE   1 Purification and substrate specificities of G. trabeum glycosylhydrolases 

Enzyme Amt of protein Yield of activity Sp act (U/mg) on substrate: 
(mass in kDa) (µg)  in extract (%) CMC 4NPC Xylan PASC Avicel 

Extract                                  11,600                              100                              27,000                  4,900                   26,000                 670                     7.3 c  

Cel5A (42)                                  82                                  3.1a                        120,000                       65                        770                   54                     4.5 d 

Xyn10A (39)                             123                                 2.6b                               950                 12,000                 390,000                     9.2                  1.8  

Cel12A (28)                                  4                                  0.1a                          42,000                       69                        880                   49                       – e 

a Percent of CMCase activity in the crude extract. 
b Percent of 4NPCase activity in the crude extract. 
c Mean specific activity of five separate preparations (Standard deviation =  0.8 U/mg). 

d Mean specific activity of three separate preparations (standard deviation =  0.4 U/mg). 
e –, not determined. 
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FIG.   2.  Peptide sequence comparisons between glycosylhydrolases 
of G. trabeum and other organisms. A.   G. trabeum Cel5A (GtCel5A) 
compared with Hypocrea jecorina Cel5A (HjCel5A, National Center 
for Biotechnology Information [http://ncbi.nlm.nih.gov/entrez/query 
.fcgi?] accession no. P07982) and Macrophomina phaseolina Cel5 
(MpCel5, accession no. 1085763). B. G. trabeum Xyn10A (GtXyn10A) 
compared with Agaricus bisporus Xyn10 (AbXyn10, accession no. 
CAB05886) and C. fimi Xyn10A (CfXyn10A, accession no. P07986). C.
G.  trabeum Cel12A (GtCel12A) compared with Aspergillus aculeatus
F-50 Cel12 (AaCel12, accession no. P22669) and A. aculeatus KSM 510
Cel12 (AaCel12´, accession no. AAD02275). All sequences are inter­
nal except the first Cel5A sequence of G. trabeum, which is N-terminal. 

the 39-kDa enzyme is a family 10 xylanase (Xyn10A), and the 
28-kDa enzyme is a family  12 endoglucanase (Cel12A). 

Activity of the enzymes on crystalline cellulose. Purified 
Cel5A and Xyn10A from G. trabeum released soluble reducing 
sugars from Avicel (Table 1). This result prompted us to re­
check the purity of the enzymes, because the processivity of a 
cellulase might be increased if another cellulase is present as a 
contaminant and the two enzymes act synergistically. Two-
dimensional IEF/SDS-PAGE showed that Cel5A was appar­
ently pure and that it had a pI of 4.9 (Fig. 3). Our Xyn10A 
preparation was about  95%  pure by two-dimensional IEF/ 
SDS-PAGE and had a pI of 4.8  (data not shown). To look for 
possible synergism between Cel5A and Xyn10A, we assayed 
Avicel hydrolysis by a combination (1:1, wt/wt) of the enzymes. 
The results showed that Cel5A and Xyn10A acted additively 
(data not shown). We did not obtain enough Cel12A to assay 
it for Avicelase activity or recheck its purity, but in any case it 

FIG.  3.  Two-dimensional IEF/SDS-PAGE of purified  G.  trabeum 
Cel5A. The locations of Cel5A and the tropomyosin internal standard 
(tr) are indicated. 

is unlikely to hydrolyze crystalline cellulose because the family 
12 endoglucanases of fungi lack cellulose-binding modules 
(11).

Mode of Avicel hydrolysis by Cel5A. We selected Cel5A for 
further investigation because it was the major extracellular 
enzyme in Avicel-grown G. trabeum cultures and because it 
had the highest activity on crystalline cellulose among the 
enzymes we could identify. The specific rate at which Cel5A 
introduced insoluble reducing sugars into Avicel was about 0.4 
U/mg protein, less than  10% of the specific rate at which it 
generated soluble reducing sugars from this substrate (Table 
1). This low ratio of insoluble to soluble hydrolysis products 
indicates that G. trabeum Cel5A is a processive endoglucanase 
(9, 30). Nonprocessive endoglucanases yield a higher propor­
tion of insoluble reducing sugars when they cleave cellulose– 
typically 30 to 50% (16). 

Cellobiose was the only major reducing sugar released from 
Avicel by Cel5A, although a trace of glucose was apparent 
(Fig. 4). When recalibrated against a cellobiose standard curve, 
the average specific Avicelase activity of Cel5A was 4.1 U/mg, 
slightly lower than the value obtained with a glucose standard 
curve (Table 1). Cel5A did not cleave cellobiose, but it cleaved 
larger oligomers quantitatively to a mixture of cellobiose and 
glucose. Intact  G. trabeum cultures and crude protein extracts 
contained a complete cellulase system, giving glucose as the 
sole soluble product from Avicel (Fig. 4). 

DISCUSSION 

A rough estimate of the Cel5A contribution to crystalline 
cellulose hydrolysis by  G. trabeum extracts can be obtained 
from its mean specific activity on Avicel (4.1 U cellobiose per 
mg) and abundance relative to all extracellular proteins in the 
crude extracellular extract (about 20%). This calculation yields 
a Cel5A contribution of 0.8 U cellobiose released per mg crude 
protein. Since the crude extract also contained ß-glucosidase, 
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FIG. 4. Thin layer chromatography showing products released 
from Avicel or from oligoglucosides. The leftmost lane shows stan-
dards of glucose (G1), cellobiose (G2), cellotriose (G3), cellotetraose 
(G4), and cellopentaose (G5). The other lanes show, from left to right, 
products released by G. trabeum cultures from Avicel, products re-
leased by the crude extracellular extract from Avicel, products released 
by purified Cel5A from Avicel, and products released by purified 
Cel5A from the oligoglucosides G2 through G5. 

the total Cel5A contribution under these conditions was rough-
ly 1.6 U glucose released per mg crude protein. The crude pro-
tein fraction had a mean Avicelase specific activity of 7.3 U 
glucose per mg (Table 1), and therefore Cel5A by itself can 
account for about a fifth of the total Avicelase activity we 
found in G. trabeum extracts. This calculation suggests that 
Cel5A had a significant role in enabling the fungus to grow on 
Avicel. 

The missing activity is presumably attributable to enzymes 
that did not survive purification or to synergism between en-
zymes in the crude extract. It seems likely that synergism be-
tween some of the G. trabeum glycosylhydrolases does occur, 
because the crude extract exhibited a much higher specific 
activity on PASC than did the purified enzymes (Table 1). 
Since we found no evidence for synergism between Cel5A and 
Xyn10A, we suspect that interactions involving Cel12A or 
other enzymes in the extract were responsible. So far, we have 
not obtained enough of these enzymes to pinpoint the source 
of synergism. 

A protein with the same N-terminal sequence as that of 
Cel5A was recently detected in wood colonized by G. trabeum 
(35), but its identity remains uncertain, because another G. 
trabeum endoglucanase with the same N-terminal sequence 
has also been reported (25). This 40.5-kDa endoglucanase is 
significantly different from Cel5A in three respects: (i) it hy-
drolyzes amorphous cellulose but not crystalline cellulose; (ii) 
it does not hydrolyze cellotriose, one of the products it yields 
from amorphous cellulose; and (iii) it has a much lower pI of 
3.1. Further work is needed to determine the relationship be-
tween Cel5A and this other G. trabeum endoglucanase. 

Our data indicate that the contribution Xyn10A made to 
crystalline cellulose hydrolysis was relatively small, because its 
specific activity on Avicel and relative abundance in cultures 
were considerably lower than what we found for Cel5A. The 
presence of minor impurities in the Xyn10A preparation also 
leaves open the possibility that some of its Avicelase activity 
was attributable to another enzyme. Nevertheless, it appears 
likely that G. trabeum Xyn10A can cleave crystalline cellulose, 
because it resembles Xyn10A (Cex) from Cellulomonas fimi 
(Fig. 2), which has already been shown to hydrolyze Avicel 
slowly (34). 

Cel12A, which may be the same as a G. trabeum endoglu-
canase already reported (15), probably participates in the deg-
radation of noncrystalline cellulose. It has long been known 
that brown rot fungi degrade the amorphous regions of wood 
cellulose rapidly, leaving behind crystalline cellulose that is 
degraded slowly (6, 21). ROS are probably responsible for the 
initial attack on these amorphous regions, because the porosity 
of wood is too low during early brown rot to admit enzymes (7). 
However, the relatively small size of Cel12A and some other 
brown rot endoglucanases (22) may allow them to penetrate 
and contribute to cellulose depolymerization before decay is 
extensive. 

Larger processive cellulases, such as Cel5A, probably act 
later on the more recalcitrant crystalline cellulose, after the 
pore size of the wood has increased. It is likely that they act in 
concert with ROS, since these nonspecific oxidants are ex-
pected to reduce the crystallinity of the remaining cellulose 
(29). Synergism with ROS or other cellulases would be bene-
ficial, because G. trabeum Cel5A is not particularly efficient at 
degrading crystalline cellulose by itself-its   specific activity on 
Avicel is 20% of the activity reported for the processive endo-
glucanase CenC of C. fimi (34). Nevertheless, Cel5A is a com-
plete cellulase, capable of degrading crystalline cellulose to 
glucose when β-glucosidase is also present. The old view that 
brown rot fungi lack cellulases with activity on crystalline cel-
lulose must now be considered incorrect. 
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