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Evidence has previously suggested that cellobiose:qumone oxtdoreductase (CBQ) in cellulolytic cultures of Phanerochaete chrysosporium might be 

produced from cellobiose oxrdase (CBO) by proteolytic cleavage. This study demonstrates that the ratio of CBO activity to (CBO + CBQ) activity 
declines wtth decreasing culture pH, while protease activity Increases. Furthermore, we demonstrate that endogenous P chrysosporrum proteases 
can only cleave CBO when the enzyme IS bound to cellulose. This is the first demonstration that the proteases produced in cellulolytic cultures 

of p chr~sospur~um can release the FAD domain from CBO. 
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1. INTRODUCTION 

Phanerochaete chrysosporium is a white rot fungus 
whose enzyme system for the degradation of lignocellu- 
lose has been investigated intensively. This fungus when 
grown on cellulose as a carbon source produces two 
extracellular enzymes which, in the presence of a suita- 
ble electron acceptor, oxidize the reducing ends of cello- 
biose, cellodextrins, and cellulose [1,2,3,4,5]. One en- 
zyme is named cellobiose oxidase (CBO) and the other 
is cellobiose:quinone oxidoreductase (CBQ). Both en- 
zymes carry FAD as a prosthetic group which is respon- 
sible for oxidizing the sugar at the reducing end of the 
substrate. In addition to FAD, CBO harbors a heme 
prosthetic group. Differences in the catalytic properties 
of CBO and CBQ have been discussed in detail in a 
previous report [6]. Both enzymes can utilize dichloro- 
phenol-indophenol (DCPIP) as an electron acceptor; 
however, only CBO can reduce cytochrome c. This dif- 
ference in cytochrome c reducing ability is useful for 
assessing CBO activity in enzyme mixtures containing 
both CBO and CBQ. 

Henriksson et al. [7] demonstrated that the proteoly- 
sis of CBO by papain yielded two major protein frag- 
ments, a 35 kDa fragment carrying the heme group and 
a 55 kDa fragment containing FAD. The 55 kDa frag- 
ment harboring FAD retained the ability to reduce 3,5- 
di-t-butyl-0-benzoquinone in the presence of cellobiose. 
This observation suggested a similarity between CBQ 
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and the FAD-containing domain of CBO. Wood and 
Wood [S] reported that the partial digestion of CBO and 
CBQ with staphylococcal V8 protease or cyanogen bro- 
mide yielded numerous bands having identical mobili- 
ties on SDS-polyacrylamide gels. These researchers also 
showed that polyclonal antibodies to either purified 
protein cross-reacted with both enzymes. thus indicat- 
ing a high degree of homology between CBO and CBQ. 
Furthermore, a heme-containing fragment obtained 
from culture supernatants cross-reacted with anti-CBO 
antibodies, but not with anti-CBQ antibodies. Based on 
these observations, CBQ was proposed to be formed 
from CBO by proteolytic cleavage. 

However, no cleavage of CBO has yet been demon- 
strated using endogenous proteases produced by Phan- 
erochaete chrysosporium. In this paper, we demonstrate 
release of the FAD domain from CBO using a protease 
recovered in supernatants from cellulolytic cultures of 
F? chrysosporium. Evidence is presented to show that 
proteolytic cleavage of CBO is pH dependent and oc- 
curs most readily when the enzyme is bound to cellulose. 

2. MATERIALS AND METHODS 

2.1. Cultivation 
Phanerochaete chrysosporwn. strain K-3, was grown in 1 liter flasks 

on a medrum described by Wood and Wood [8]. contaming 2% cellu- 
lose (Whatman CF-11) as a carbon source. The inoculated flasks were 
kept at 37°C and shaken at 150 rpm. In experiments to examine the 
effect of culture pH on CBOlCBQ production, the pH of the culture 
solution was adjusted to 3.8,4.3 or 4.8 after three days of cultivation. 

2.2 Preparation of envmes 
CBO was purified as described in our previous paper [9], with the 

exception that a final anion exchange chromatography step (Mono-Q 
FPLC, Pharmacia) was Included. CBO was eluted from this column 
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using a linear gradlent of 20- 1000 mM sodium acetate, pH 6.0. in a 
total volume of 150 ml. 

CBQ was purified to homogeneity as described previously [lo]. 
Protease was eluted from the DEAE-Toyopearl 650M (Tosoh Co., 

Tokyo, Japan) column used for CBO purification after the elution of 
CBO. The partially purified protease so obtained was confirmed to be 
free from CBO and CBQ activities, and was subsequently used for the 
proteolysls of CBO. 

DCPIP-reducmg activity of CBO and CBQ was assayed at 24°C in 

100 mM sodium acetate. pH 4.2. Activity was measured as the de- 
crease m absorbance at 600 nm in a solution of 500pM cellobiose and 
200 PM DCPIP. The DCPIP absorption coefficient (eeoll) used for 
calculating enzyme activity was 2.7 mM-‘cm-’ One unit of DCPIP- 
reducing activity was defined as the amount of enzyme necessary to 
reduce 1 prnol of substrate per min. 

Cytochrome c-reducing activity of CBO was assayed at 24°C m 100 
mM sodium acetate, pH 4.2, as previously described [6]. One unit of 
cytochrome c-reducmg activity was defined as the amount of enzyme 
necessary to reduce 1 pmol of substrate per min 

Azocoll hydrolysis was used to measure protease activity. Azocoll 
(IO mg) was incubated with 1 ml of enzyme solution at 30°C with 
shaking every 15 min. After 1 h of incubation, 700 ~1 of the colored 
supernatant was removed and the pH was adJusted to 5.0 by addition 
of 300~1 of 500 mM sodium acetate buffer, pH 5.0. The final absorb- 
ance of the solution was measured at 550 nm. 

2.4. Proteolysis of CBO 

Partially purified protease were incubated for 36 h at 24°C with 
450 mU of pure CBO in 100 mM sodium acetate buffer, pH 4.2. in 
either the presence or absence of cellulose. Cellulose (Whatman CF- 
11) was added to a final concentration of 3% (w/v) m the appropriate 
reaction mixtures. 

2.5. Production of antr-CBO pol~clonul mtrhodres 

Balb/c mice were Injected with purified CBO (0 5 mg/mouse) m 
Freund’s complete adJuvant and boosted six weeks later with CBO 
(0.1 mg/mouse) in Freund’s incomplete adjuvant. Polyclonal antibod- 
ies were recovered and partially purified from mouse serum by three 
sequential precipitation/resuspension cycles with ammonmm sulfate 
to 50% saturation. 

2.6. SDS-PAGE and Western hlottmg 

SDS-PAGE was performed in 10% (T) gels usmg the Tris-tricme 
buffer system of Schagger and von Jagow [l 11. Resolved proteins were 
subsequently transferred to polyvinyhdene difluoride (PVDF. Immo- 
bilon-P. Millipore Corp.) membranes using a semi-dry electroblotter. 
Blots were developed with antKB0 polyclonal antibody and alkaline 

phosphatase-conjugated goat anti-mouse IgG antibodies as previously 
described [12]. 

3. RESULTS 

3.1. DCPIP reducing activity of CBO and CBQ 
A time course for the production of CBO and CBQ, 

as determined by DCPIP-reducing activity, in cultures 
of E! chrysosporium cultivated on cellulose is shown in 
Fig. 1. DCPIP-reducing activity (CBO + CBQ) was first 
detected on day 3. At that time, culture pH was adjusted 
manually to 3.8. 4.3 and 4.8. DCPIP-reducing activity 
continued to increase through day 7 in the culture at pH 
3.8, but it leveled off in the culture at pH 4.8 after day 
5. No significant differences in DCPIP-reducing activity 
were observed among the three pH values before day 5. 
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Fig. 1. Effect of culture pH on the time course for production of 
DCPIP-reducing activity (CBO+CBQ) m cellulolytic cultures of 

P chry~osporlum. 

3.2. C)?ochrorne c-reducing activity, of CBO 
In contrast to DCPIP reducing activity (CBO + 

CBQ). significant differences in cytochrome c-reducing 
activity (CBO) were found in the pH-adjusted culture 
solutions. As can be seen in Fig. 2, the increase in cyto- 
chrome c activity levels halted immediately after the pH 
was adjusted to 3.8 on day 3. In cultures which had been 
adjusted to pH 4.8, cytochrome c-reducing activity con- 
tinued to increase for another one or two days. As both 
CBO and CBQ can utilize DCPIP as an electron accep- 
tor, while only CBO can effectively reduce cytochrome 
c, the lower cytochrome c-reducing activity at lower 
pHs indicates a higher content of CBQ in acidified cul- 
ture medium. 

3.3. Protease activity 
A time course for the production of protease activity, 

as determined using azocoll as substrate, is shown in 
Fig. 3. As was the case for CBO and CBQ, protease 
activity levels were found to be dependent upon the pH 

Table I 

Changes in the DCPIP- and cytochrome c-reducing activities of CBO 
caused by proteolysis in the presence and absence of cellulose 

Incubation time % Relative reducing activity 

(h) 
- Cellulose + Cellulose 

DCPIP Cyt-c DCPIP Cyt-c 

0 100 100 100 100 
12 ND ND 95 59 
36 94 93 90 14 

ND = not determined. 
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Fig. 2. Effect of culture pH on the time course for production of 
cytochrome c-reducing activity (CBO) in cellulolytlc cultures of I? 

chrysosporrum. 

of the culture solution. Protease activity in cultures at 
pH 3.8 was found to be more than double the activity 
in cultures at pH 4.8. The correlation of higher CBQ 
content with elevated protease activity suggested that 
the protease activity detected with the azocoll assay 
might be responsible for the proteolytic conversion of 
CBO into CBQ. 

3.4. Proteolysis of CBO 
Purified CBO was incubated with the partially puri- 

fied II chrysosporium protease in either the presence or 
absence of cellulose. DCPIP and cytochrome c-reducing 
activities, measured before and after 36 h of proteolysis, 
are shown in Table I. Activities are expressed relative 
to the initial activity prior to proteolysis. Protease treat- 
ment of CBO in the absence of cellulose resulted in no 
significant decrease in either DCPIP or cytochrome c- 
reducing activities. However, protease treatment in the 
presence of cellulose led to a marked decrease in cyto- 
chrome c-reducing activity, while DCPIP-reducing ac- 
tivity remained nearly constant. 

Proteins from the protease-treated samples were re- 
solved by SDS-PAGE and transferred to PVDF mem- 
branes. For samples containing cellulose, proteins were 
recovered from the cellulose pellet by extraction directly 
into SDS-PAGE sample buffer, as little or no DCPIP- 
or cytochrome c-reducing activity could be detected in 
the supernatants. The blotted proteins were probed with 
murine polyclonal antibodies raised against CBO, and 
protein bands which bound antibody were detected 
using an alkaline phosphatase-conjugated secondary 
antibody as shown in Fig. 4. The antibodies labeled 
both purified CBQ and CBO (lanes 1 and 2, respec- 
tively). Protease treatment of CBO in the absence of 
cellulose resulted in a very faint band which had the 

same mobility as CBQ (lane 3). On the other hand, 
protease treatment of CBO in the presence of cellulose 
produced substantially more of the immunodetectable 
band with mobility equivalent to CBQ (lane 4). Incuba- 
tion of CBO with cellulose in the absence of protease 
yielded no bands with mobilities corresponding to CBQ 
(data not shown). 

4. DISCUSSION 

Two acidic proteases isolated from cellulolytic cul- 
tures of I? chrysosporium (Sporotrichum pulverulentum) 
were previously demonstrated to regulate the activity of 
endo- 1,4-p-glucanases in these cultures [ 131. Similarly, 
p chrysosporium grown under lignolytic conditions has 
been shown to secrete at least two proteases, and in- 
creases in the proteolytic activity of these cultures ap- 
peared to correlate with a decline in lignin peroxidase 
activity [14]. Work from other laboratories [7,8] has 
suggested that CBQ might be formed in cellulolytic cul- 
tures of p chrysosporium by the proteolytic cleavage of 
CBO. However, no proteases produced by p chrysospo- 
rium has previously been shown to cleave CBO. 

We found that acidification of cellulolytic cultures of 
I? chrysosporium led to an increased ratio of DCPIP- 
to cytochrome c-reducing activity, suggesting that more 
CBQ was formed under these conditions (Figs. 1, 2). 
Protease activity, as assessed by azocoll hydrolysis, was 
also found to increase in response to decreased culture 
pH (Fig. 3). These observations suggested that the pro- 
tease activity detected in culture supernatants should 
catalyze the cleavage of CBO to form CBQ, if this were 
indeed the mechanism for CBQ formation. However, 
direct incubation of CBO with the 1? chrysosporium 
protease preparation did not lead to a reduction in cyto- 
chrome c-reducing activity (Table I), nor did it result in 

0.20 pG5-7 
s 0.16 

c 
> 

= 

a U -, 0.12 

% 
L 
ii! - 0.08 
s 
h 

0.04 

t 
0.00 1 I I I I I ! I 

0 1 2 3 4 5 6 7 

Days in Culture 

Fig. 3. Effect of culture pH on the time course for production of 
protease activity in cellulolytic cultures of P chrysosporium. 
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Fig. 4. Immunoblot of purified CBO treated with P chrJ~sosporrum 
proteases in the absence or presence of cellulose (Gel). Purified CBO 

and CBQ are shown for comparison. 

any changes to the CBO polypeptide detected in im- 
munoblots (Fig. 4). On the other hand, when CBO was 
incubated with the same protease preparation in the 
presence of cellulose, not only did the ratio of cyto- 
chrome c-reducing activity to DCPIP-reducing activity 
decline, but a strongly cross-reactive polypeptide with 
a mobility comparable to that of CBQ was detected on 
the immunoblot. 

CBO has been reported to bind to cellulose [7.15]. In 
our experiments, little or no DCPIP-reducing activity 
was detectable in supernatants from samples containing 
cellulose. As the addition of cellulose did not appear to 
enhance proteolysis of azocoll by the P clq~sosporiunz 
protease preparation, our observations indicate that 
CBO is cleaved only when the enzyme is bound to cellu- 
lose. This suggests that the conformation of CBO 
changes upon binding to cellulose, which in turn facili- 
tates access of the endogenous proteases to the hinge 

region connecting the FAD- and heme-containing do- 
mains of the enzyme. The physiological significance of 
the proteolytic conversion of CBO to CBQ, as well as 
the fate of the released heme domain. is as yet unknown. 
However. the fact that CBO is most easily cleaved when 
bound to an insoluble substrate suggests that there may 
be a need to reexamine the effects of endogenous pro- 
teases on cellulases and lignin peroxidase from ? 
chr~~sosporiunz as these enzymes also interact with sim- 
ilar insoluble substrates. 
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