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When glucose is the carbon source, the white rot fungus Pycnoporus cinnabarinus produces a characteristic
red pigment, cinnabarinic acid, which is formed by laccase-catalyzed oxidation of the precursor 3-hydroxyan-
thranilic acid. When P. cinnabarinus was grown on media containing cellobiose or cellulose as the carbon
source, the amount of cinnabarinic acid that accumulated was reduced or, in the case of cellulose, no cinna-
barinic acid accumulated. Cellobiose-dependent quinone reducing enzymes, the cellobiose dehydrogenases
(CDHs), inhibited the redox interaction between laccase and 3-hydroxyanthranilic acid. Two distinct proteins
were purified from cellulose-grown cultures of P. cinnabarinus; these proteins were designated CDH I and CDH
I1. CDH I and CDH II were both monomeric proteins and had apparent molecular weights of about 81,000 and
101,000, respectively, as determined by both gel filtration and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The pI values were approximately 5.9 for CDH I and 3.8 for CDH II. Both CDHs used several
known CDH substrates as electron acceptors and specifically adsorbed to cellulose. Only CDH II could reduce
cytochrome c. The optimum pH values for CDH I and CDH II were 5.5 and 4.5, respectively. In in vitro ex-
periments, both enzymes inhibited laccase-mediated formation of cinnabarinic acid. Oxidation intermediates
of 3-hydroxyanthranilic acid served as endogenous electron acceptors for the two CDHs from P. cinnabarinus.
These results demonstrated that in the presence of a suitable cellulose-derived electron donor, CDHs can re-
generate fungal metabolites oxidized by laccase, and they also supported the hypothesis that CDHs act as links

between cellulolytic and ligninolytic pathways.

The cellobiose dehydrogenases (CDHs) are a group of oxi-
dative enzymes that are widespread in fungi that can utilize
cellulose (1, 2, 20). Even though a number of fungi belonging
to different ecological groups have been shown to produce
CDHe-like activity, only a few of the corresponding enzymes
have been characterized biochemically. CDHs have been pu-
rified from the white rot fungi Phanerochaete chrysosporium
(Sporotrichum pulverulentum) (6, 47), Heterobasidion annosum
(27), Schizophyllum commune (22), and Trametes versicolor
(38), the nonligninolytic fungi Myceliophthora thermophila (9),
Neurospora sitophila (12), and Chaetomium cellulolyticum (21),
the brown rot fungus Coniophora puteana (28, 41), and, re-
cently, the thermophilic soft rot fungus Humicola insolens (42).

All of the CDHs that have been characterized are extracel-
lular proteins that consist of two prosthetic groups, a heme
group and a flavin adenine dinucleotide (FAD) moiety. They
preferentially oxidize cellobiose and use a variety of substrates
as electron acceptors; the substrates used as electron acceptors
include quinones, phenoxy radicals (reviewed in references 1
and 20), triiodide (5), Fe (24, 29), and Mn (6, 39). Each CDH
may be split into a heme domain and an FAD domain by
proteolytic cleavage (15, 23, 25). The FAD moiety provides
most of the catalytic activity of the CDH (48) and has long
been regarded as a separate cellobiose-oxidizing enzyme, which
is also known as cellobiose:quinone oxidoreductase (46). CDH
activity has been detected only in the presence of cellulose or
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cellodextrins (45). The recent cloning and sequencing of two
CDH genes from the white rot fungus P. chrysosporium (32, 33,
36), as well as one CDH gene from T. versicolor (13), allowed
molecular analyses of the genes to be performed and should
provide better tools for studying the regulation of CDHs.

The catalytic features of CDH suggest that it functions in both
lignin degradation and cellulose degradation, two processes
which are usually studied as if they took place independently.
Consequently, synergistic effects between the two pathways are
poorly understood. The functions of CDH may include gener-
ating the active hydroxyl radicals which initiate Fenton’s reac-
tions to degrade wood components (30, 49) and preventing the
repolymerization of radicals generated during the oxidation of
lignin by phenol oxidases (1, 20). There is increasing evidence
that CDH plays an important role in lignocellulose degrada-
tion (3, 4, 11, 24, 34, 44). However, the exact function(s) of the
enzyme remains to be identified.

Our studies have focused on the white rot fungus Pycnoporus
cinnabarinus, which has an unusual set of ligninolytic phenol oxi-
dases (16, 19). P. cinnabarinus degrades lignin very efficiently
with laccase as the only phenol oxidase. Laccase also mediates
the formation of a pigment, cinnabarinic acid (CA), which im-
parts a characteristic orange-red color to the fruiting bodies of
the fungus and serves as an antimicrobial agent (14, 18). The
precursor of CA, 3-hydroxyanthranilic acid (3-HAA), could aid
laccase during oxidation of recalcitrant lignin structures (17).
In this study our objectives were (i) to determine if CA levels
are dependent on CDH activities, (ii) to identify, purify, and
characterize CDHs from P. cinnabarinus, and (iii) to determine
whether CDHs prevent laccase-catalyzed oxidation of 3-HAA
to CA.
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MATERIALS AND METHODS

Biological material and reagents. P. cinnabarinus ATCC 200478, which was
isolated from decaying wood in New South Wales, Australia, was maintained as
previously described (19). P. cinnabarinus laccase was purified as described
previously (19). All chemicals were obtained from either Sigma (Deisenhofen,
Germany) or Aldrich (Steinheim, Germany) and were at least analytical grade.
Cytochrome ¢ (catalog no. C-2037; Sigma) was obtained from bovine heart
material. Bacterial cellulose purified from Acetobacter xylinum cultures was pro-
vided by L. Einfeldt (Institute of Macromolecular Chemistry, Friedrich Schiller
University Jena, Jena, Germany).

Culture conditions. P. cinnabarinus conidial spore suspensions were prepared
from rice-grown cultures as described previously (19). The concentrations of the
spore suspensions were adjusted to about 1.5 X 10® spores/ml. Portions (2.5 ml)
of spore suspensions were used to inoculate 400 ml of culture medium in
1,000-ml Erlenmeyer flasks containing modified Dodson medium (19) supple-
mented with 2,2-dimethylsuccinic acid (pH 5.0). The carbon source used was
either glucose (5 g/liter), cellobiose (5 g/liter), or cellulose (Avicel; Sigma) (5
g/liter). All incubations were done at 24°C on a rotary shaker (125 rpm). For the
time course study of production of CA, fungal cultures were grown in triplicate.

Quantification of CA and cellobiose. Production of the phenoxazinone deriv-
ative CA was monitored spectrophotometrically by determining the increase in
absorbance at 450 nm (18). Cellobiose concentrations were quantified by an
isocratic high-performance liquid chromatography analysis performed with an
ion-exchange column (Aminex ion-exclusion HPX-87P; 300 by 7.8 mm; Bio-Rad,
Richmond, Calif.) maintained at 80°C (31). A model 2700 solvent delivery system
(Bio-Rad) was equipped with a model 1755 refractive index detector (Bio-Rad).
Centrifuged culture samples were separated by using water as the eluant at a flow
rate of 0.5 ml/min, and cellobiose concentrations were quantified by comparison
with an external cellobiose standard.

Purification of P. cinnabarinus CDHs. For CDH production, P. cinnabarinus
was cultivated in modified Dodson medium containing Avicel cellulose (5 g/li-
ter). When maximum CDH activity was observed (usually after 10 days), the
mycelia and cellulose fibers were separated from 8 liters of culture broth by
filtration through glass fiber filters (Whatman, Wiesloch, Germany) and 0.45-
pm-pore-size nylon membrane filters (Millipore, Eschborn, Germany). The cul-
ture filtrate was concentrated by ultrafiltration with a 10-kDa membrane filter
(type PM10; Amicon, Witten, Germany) and was excessively rebuffered with 50
mM sodium acetate (pH 5.0) by using the same ultrafiltration system. After
concentration to a volume of approximately 10 ml, the crude protein was loaded
onto a DEAE-M column (15 by 250 mm; Toyopearl, Tokyo, Japan). The column
was washed with 1 volume of 50 mM sodium acetate buffer (pH 5.0), and the
proteins were eluted with a linear 0 to 500 mM NaCl gradient in 50 mM sodium
acetate buffer (pH 5.0) at a flow rate of 1 ml/min; the total volume used was 1,200
ml. A Bio-Rad Econo system was used to control the chromatographic steps.
CDH-containing fractions were pooled, concentrated by ultrafiltration, and sep-
arated on a gel filtration column (Bio-Gel P 100; 10 by 1,200 mm; Bio-Rad) by
using 50 mM sodium acetate (pH 5.0) at a flow rate of 0.2 ml/min. The final
purification step involved high-performance liquid chromatography performed
with the model 2700 solvent delivery system equipped with a Bio-Dimension
UV-visible monitor (Bio-Rad) and a UNO anion-exchange column (volume, 1
ml; Bio-Rad). The CDH was eluted with a linear 0 to 500 mM NaCl gradient in
50 mM sodium acetate buffer (pH 5.0) at a flow rate of 1 ml/min; the total volume
used was 35 ml.

Gel electrophoresis and staining. The isoelectric points of CDH I and CDH IT
in crude (cell-free) culture filtrates and pure enzyme preparations were deter-
mined with isoelectric focusing-polyacrylamide gel electrophoresis (PAGE) gels
pH 3 to 10 gradients (125 by 65 mm; thickness, 0.4 mm; Bio-Lyte; Bio-Rad).
After PAGE, duplicate lanes were stained for protein with Serva Blue W (Serva)
or for CDH activity with 2 mM 2,6-dichlorophenolindophenol (DCPIP) in 50
mM sodium tartrate buffer (pH 4.0) containing 2 mM cellobiose. The isoelectric
points of the two proteins were determined by comparison with a protein stan-
dard mixture (Sigma) containing amyloglycosidase (pI 3.6), trypsin inhibitor (pI
4.6), B-lactoglobulin A (pI 5.1), carbonic anhydrase II (pI 5.9), carbonic anhy-
drase I (pI 6.6), myoglobin (pI 6.8 and 7.2), lectin (pI 8.2 to 8.8), and trypsinogen
(pI 9.3). Sodium dodecyl sulfate (SDS)-PAGE was performed to determine the
purity and the molecular weights of the CDHs with a Mini-Protean system
(Bio-Rad). Protein bands were visualized by silver staining and were compared
to the bands produced by molecular weight markers (broad range; Bio-Rad). For
activity staining of CDHs, proteins were isolated by nondenaturing PAGE with-
out prior boiling of the samples, and the gels were stained with DCPIP as
described above. To monitor the time course of CDH activity in P. cinnabarinus
cultures, 1-ml samples were removed at the times indicated below and concen-
trated 10-fold by ultrafiltration with a 10-kDa membrane filter (Nanospin; Mil-
lipore). Twenty-microliter aliquots of the concentrated samples were separated
by nondenaturing PAGE and subsequently stained to determine DCPIP-reduc-
ing activity. The molecular weights of purified CDH I and CDH II were deter-
mined with a calibrated (molecular weight markers; broad range, Sigma) gel
filtration column (Bio-Gel P 100; 10 by 1,200 mm; Bio-Rad) by using 50 mM
sodium acetate (pH 5.0) as the eluant. Protein concentrations were determined
by using the Bradford reagent (Bio-Rad) and bovine serum albumin as the
standard.
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Enzyme assays. Laccase activity was determined spectrophotometrically by
monitoring the oxidation of 500 wM 2,2'-azino-bis-(3-ethylthiazoline-6-sulfo-
nate) (ABTS) in 50 mM sodium tartrate buffer (pH 4.0) at 420 nm (molar
extinction coefficient, 3.6 X 10* M~' cm™!). CDH activity was routinely assayed
by monitoring the DCPIP-reducing activity in 50 mM sodium acetate buffer (pH
4.5) containing 2 mM cellobiose at 600 nm (molar extinction coefficient, 2.7 M ™!
cm ™). One unit of activity was defined as the amount of enzyme that reduced 1
pmol of substrate/min + ml.

Kinetic measurements. The rates of reduction of test substrates by CDH I and
CDH II were determined spectrophotometrically at 25°C in 50 mM sodium
acetate buffer (pH 4.5) containing 2 mM cellobiose at the wavelength at which
the absorbance for each compound was maximal. With the exception of 3,5-di-
tert-butylbenzoquinone (TBBQ), substrates were added from 10-fold-concen-
trated stock solutions to a final concentration of 500 wM in a total reaction
volume of 1,000 pl. TBBQ (1.2 mM) was dissolved in 96% ethanol and added to
the enzyme assay reaction mixture to a final concentration of 300 WM. Mn(III)
malonate was prepared and quantified as described by Roy et al. (39). The pH
optima of P. cinnabarinus CDH 1 activity and CDH II activity were determined
with 500 uM TBBQ and 2 mM cellobiose by using 50 mM sodium citrate (pH 2.5
to 3.25), 50 mM sodium acetate (pH 4.0 to 5.0), 50 mM sodium succinate (pH
5.5), and 50 mM sodium phosphate (pH 6.0 to 7.0).

Effect of P. cinnabarinus CDHs on oxidation of 3-HAA by laccase. To study the
interaction of laccase and CDH during oxidation of 3-HAA by laccase, reactions
were started in 1,000-pl (total volume) reaction mixtures containing 50 mM
sodium tartrate buffer (pH 4.5), 500 uM 3-HAA, 0.15 U of laccase, and 0.12 U
of CDH II, and changes in absorbance at 450 nm were monitored spectropho-
tometrically. After 2 and 133 min, 10 pl of cellobiose (final concentration, 500
M) was added to each reaction mixture. Control experiments were performed
under the same conditions without cellobiose. In a second set of experiments, the
increase in absorbance at 450 nm was monitored in the presence of different
concentrations of purified CDH II (0.015 to 0.3 U). The reaction conditions were
as follows: 500 uM 3-HAA, 2 mM cellobiose, and 0.15 U of P. cinnabarinus
laccase in 1,000 pl (total volume) of 50 mM sodium tartrate buffer (pH 4.5).

Cellulose binding of CDH I and CDH II. To study the ability of CDH I and
CDH II to bind to cellulose, each protein (0.5 U/ml) was incubated with 1 mg of
Avicel cellulose, 1 mg of Whatman CF 11 cellulose, 1 mg of bacterial cellulose,
1 mg of birch wood xylan, 1 mg of starch, or 1 mg of chitin, in 1,000 wl of 50 mM
sodium acetate (pH 4.5). The reaction mixtures were incubated for 1 h at room
temperature with constant agitation on a rocking table. Then samples were
centrifuged, the supernatants were collected, and the activities were measured by
using the standard DCPIP assay. The remaining activities were compared to the
activities of control reaction mixtures without polysaccharide. All values reported
below are means based on duplicate values from three independent experiments;
the maximal sample mean deviation was +5%.

Spectroscopy. Enzyme kinetics, as well as protein spectra, were recorded with
a Shimadzu model UV-1601PC spectrophotometer equipped with the Hyper UV
software package (Shimadzu, Duisburg, Germany). Spectra of purified CDH II
were recorded in 25 mM sodium acetate buffer (pH 5.0). To reduce the enzyme,
cellobiose was added to a final concentration of 5 mM.

RESULTS

Influence of carbon source on CA accumulation and CDH
production. P. cinnabarinus was cultivated in defined liquid
medium containing glucose, cellobiose, or cellulose as the car-
bon source. In the presence of glucose, accumulation of a
characteristic red pigment, identified previously as CA (18),
was observed after 48 h (Fig. 1). CA formation is catalyzed by
laccase-mediated oxidation of the tryptophan metabolite
3-HAA (18). The maximal levels of CA were reached within 5
to 6 days. However, when P. cinnabarinus was grown on cello-
biose as the carbon source, the accumulation of CA was con-
siderably delayed and proceeded at a much slower rate than it
did in glucose-containing cultures, even though the specific
laccase activities were similar under both conditions. CA began
to accumulate when cellobiose levels were low (approximately
<0.8 g/liter). The final CA levels, which were reached after 10
days of cultivation, were as high as the levels reached in glu-
cose-grown cultures (Fig. 1). When cellulose was the carbon
source, no CA was formed during 10 days of cultivation.

Detection of CDH activity in the P. cinnabarinus culture
filtrate was masked by high levels of laccase, which interfered
with all common CDH substrates (e.g., DCPIP and cyto-
chrome c). To circumvent this problem, CDH activities were
monitored by separating laccase from CDH-like proteins by
nondenaturing PAGE and subsequent activity staining of the
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FIG. 1. Time course of CA accumulation in P. cinnabarinus cultures grown
on basal media supplemented with glucose (#), cellobiose (@), and cellulose (V).
Depletion of the carbon source was monitored in the cellobiose-grown cultures

(©).

gels with DCPIP. No CDH activity was found in glucose-grown
cultures, but CDH activity was detected after 4 days in cellu-
lose-grown cultures and this activity peaked between days 7
and 9 (Fig. 2). A similar time course of CDH activity was ob-
served when P. cinnabarinus was grown on cellobiose as the
carbon source.

Purification of CDH from P. cinnabarinus. For partial char-
acterization and in vitro studies, the CDHs of P. cinnabarinus
were purified. Even though cellobiose is a potent inducer of
P. cinnabarinus CDHs, purification of the enzymes from cello-
biose-grown cultures was hampered by the accumulation of
high concentrations of extracellular glucan. Therefore, cellu-
lose (Avicel) was the carbon source used for P. cinnabarinus
CDH production. Ten-day-old cultures grown on cellulose
were harvested and used for enzyme isolation and purification.
The time of harvest was less critical than that previously re-
ported for T. versicolor CDHs (38). In P. cinnabarinus, CDH
activity remained constant for at least 2 days. The two CDHs
secreted by P. cinnabarinus CDH I and CDH II, were purified

1 2 3 45 67

FIG. 2. CDH activity in filtrates of P. cinnabarinus cultures grown on cellu-
lose. Twenty-microliter aliquots of 10-fold-concentrated culture samples ob-
tained from days 1 to 7 were separated by native PAGE (lanes 1 to 7, respec-
tively). After electrophoresis, the gel was stained for CDH activity by using 2 mM
DCPIP in 50 mM sodium tartrate (pH 4.0) and containing 2 mM cellobiose.
Bands corresponding to CDH activity appear as clearing zones. The gel was
scanned (Power Lock II; UMAX) and was labeled in Photoshop (Adobe) by
using an Apple Power PC 9500 computer.
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FIG. 3. Separation of concentrated culture filtrate from cellulose-grown cul-
tures of P. cinnabarinus by DEAE-M ion-exchange chromatography. Proteins
were eluted with a linear 0 to 500 mM NaCl gradient in 25 mM sodium acetate
(pH5.0) (-+++- ). The protein (——) and CDH activity (- —— -) in the eluate were
monitored.

from 8 liters of culture fluid in two and three chromatographic
steps, respectively. After the culture filtrate was concentrated
by ultrafiltration, the initial separation was carried out by using
a DEAE column, and this resulted in two major CDH activity
peaks (Fig. 3). Fractions containing the first CDH activity
peak, which was found in the flowthrough of the column and
was designated CDH I, were pooled and partially purified by
subsequent gel filtration chromatography. CDH I was unstable
during purification, and, therefore, only partial purification
was attempted. CDH I is a monomeric protein with a molec-
ular mass of approximately 81 kDa, as determined by gel fil-
tration and SDS-PAGE (data not shown), and an isoelectric
point of about 5.9 (Fig. 4A).
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FIG. 4. (A) Isoelectric focusing (pH 3 to 10; Bio-Rad) electrophoresis of
CDH I and CDH 1I after the final chromatographic step. (Only part of the gel
is shown.) The gel was stained with 2 mM DCPIP in 50 mM sodium tartrate
buffer (pH 4.0) containing 2 mM cellobiose. Bands corresponding to CDHs were
detected by clearing zones, which developed only in the presence of cellobiose.
The positions of standard proteins with known pI values are indicated. The
protein standard was electrophoresed on a portion of the same gel which was
stained for protein. The gel was scanned (Power Lock II; UMAX) and was
labeled in Photoshop (Adobe) by using an Apple Power PC 9500 computer. (B)
SDS-PAGE (total acrylamide concentration, 10%; bisacrylamide cross-linker
concentration, 3%; 0.1% SDS) of P. cinnabarinus CDH II after different purifi-
cation steps. Protein was visualized by silver staining. Lane 1, DEAE-M column
eluate (3.5 g of protein); lane 2, protein marker; lane 3, anion-exchange (UNO)
column eluate (0.3 g of protein). Each lane contained approximately 0.05 CDH
activity unit.
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FIG. 5. pH activity profiles of CDH I and CDH II determined with 500 uM
TBBQ as the electron acceptor in the presence of 2 mM cellobiose in 50 mM
sodium citrate (pH 2.5 to 3.25), 50 mM sodium acetate (pH 4.0 to 5.0), 50 mM
sodium succinate (pH 5.5), and 50 mM sodium phosphate (pH 6.0 to 7.0). The
values are means based on triplicate measurements; the maximal sample mean
deviation from the values shown was *£6%. red., reducing.

The second CDH activity peak, referred to as CDH II,
consisted of a minor portion and a major portion and contrib-
uted approximately 75% of the total CDH activity in the P. cin-
nabarinus culture filtrate. CDH II-containing fractions were
pooled and subjected to further purification procedures. Gel
filtration of CDH II followed by a final anion-exchange step
yielded a red-brown protein that corresponded to a single band
on SDS-PAGE gels (Fig. 4B). The molecular mass of CDH 11,
as determined by gel filtration and SDS-PAGE, was approxi-
mately 101 kDa. The pI of CDH II was approximately 3.9, as
determined by isoelectric focusing (Fig. 4A).

The specific activity of apparently homogeneous CDH II was
58 pmol/min - mg of protein when TBBQ in 50 mM sodium
acetate (pH 4.5) was the substrate. In addition to the differ-
ences in size and isoelectric point, CDH I and CDH II also
differed with respect to their pH optima. When TBBQ was the
reducing substrate, CDH I exhibited maximal activity at pH 5.5
and CDH II exhibited maximal activity at pH 4.5 (Fig. 5).

Several CDH substrates were reduced by both enzymes (Ta-
ble 1), and both CDHs catalyzed reduction of the ABTS cation
radical. In general, the substrate specificities were similar for

TABLE 1. Reductive activities of P. cinnabarinus
CDH I and CDH 11

Apparent K,,,
Wavelength €n (LM)*
Substrate (nm) (mM~Tem1)
CDH 1 CDH II
TBBQ 420 1.4° 94 45
DCPIP 600 2.7° 160 23
Cytochrome ¢ 550 237 ND* 31
Fe(CN)g*~ 420 1.0/ 680 210
Mn(III) malonate 270 9.0 360 280

“ Each reaction mixture (total volume, 1,000 pl) contained 50 mM sodium
acetate (pH 4.5) and 2 mM cellobiose and was incubated at 25°C.

’ Data from reference 38.

¢ Data from reference 24.

4 Data from reference 40.

¢ ND, no reaction detected during the 60-min period studied.

/Data from reference 48.
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TABLE 2. Oxidative activities of P. cinnabarinus
CDH I and CDH II*

Sp act (U/mg)

Substrate
CDH I CDH I1
Cellobiose 4.1+0.5 15+04
Lactose 1.2 0.2 13 +0.3
Mannitol 0.3 +0.01 0.1 =0.02
Sorbose 0.3 £0.01 0.1 =0.01

“ Each reaction mixture (total volume, 1,000 wl) contained 50 mM sodium
acetate (pH 4.5), 500 puM DCPIP, a water-soluble sugar substrate at a concen-
tration of 2 mM, and 50 mg of a cellulose preparation. The assay mixtures were
incubated at 25°C for 15 min. The results are means * standard deviations based
on triplicate measurements. No activity (DCPIP reduction after 12 h of incuba-
tion) was detected when any of the following compounds was the putative
electron-donating substrate: bacterial cellulose, Whatman CF 11 cellulose, Avi-
cel cellulose, p-glucose, p-xylose, and p-mannose.

the two enzymes, but CDH I had a higher K,,, value for all of
the substrates tested, and this difference was particularly pro-
nounced in the case of ferricyanide ions. Cytochrome c is a
suitable substrate for distinguishing between intact CDH and
its FAD fragment (40). CDH II could reduce cytochrome c at
significant rates, but CDH I could not, suggesting that P. cin-
nabarinus CDH 1I resembles the intact CDH protein, whereas
CDH I corresponds to the FAD fragment.

When DCPIP was the electron acceptor, both CDHs exhib-
ited the greatest affinity for cellobiose as the reductive partner
(Table 2). Besides cellobiose, only lactose and mannitol could
serve as electron donors for CDH I and CDH II even though
the DCPIP reduction rates were lower than for cellobiose. No
reduction of DCPIP was detected with the monomeric sugars
D-glucose, D-xylose, and p-mannose. Furthermore, none of the
cellulose preparations tested was a suitable substrate for the
oxidative half-reactions of both CDHs.

Both P. cinnabarinus CDHs selectively bound to cellulose
(Table 3). The binding of CDH II was more efficient than the
binding of CDH I, but the affinities for the cellulose prepara-
tions tested were similar for the two enzymes. Both enzymes
adsorbed best to Avicel cellulose, followed by bacterial cellu-
lose and Whatman CF 11 cellulose.

Spectrophotometric analysis of CDH II reduction. P. cinna-
barinus CDH 1II had absorbance peaks at 420 nm (which indi-
cated that heme was present) and at 520 and 553 nm (Fig. 6).

TABLE 3. Adsorption of P. cinnabarinus CDH I and
CDH 1I to polysaccharides

Remaining activity in the
supernatant (%)“

Polysaccharide
CDH I CDH II
Avicel cellulose 66 41
Bacterial cellulose 61 37
Whatman CF 11 cellulose 81 90
Xylan 102 96
Starch 103 99
Chitin 100 98
Control 100 100

“CDH (0.5 U/ml) or CDH II (0.5 U/ml) sodium was incubated with 1 mg of
a polysaccharide in 50 mM sodium acetate (pH 4.5) in a 1,000-pl (total volume)
reaction mixture at 25°C. After 1 h of incubation with constant agitation, the
polysaccharides were removed by centrifugation, and the CDH activities in the
supernatant were determined by using the standard DCPIP assay. Control reac-
tion mixtures contained no polysaccharide. The values are the means based on
duplicate values from three independent experiments; the maximum sample
mean deviation from the values shown was 5%.
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FIG. 6. Visible spectrum of purified CDH II in its oxidized (——) and re-
duced (-+-- ) forms. The spectrum was recorded in 25 mM sodium acetate buffer
(pH 5.0), and the enzyme was reduced by adding cellobiose (final concentration,
5 mM).

When the enzyme was reduced to its ferrous form by adding
cellobiose, the absorbance peaks at 530 and 562 nm increased
and there was a concurrent decrease in absorbance at wave-
lengths between 440 and 500 nm. The absorbance at 420 nm/
absorbance at 280 nm ratio of highly purified, oxidized CDH II
was about 0.60 (£0.05).

In vitro experiments performed with laccase and CDH.
Christen et al. (10) and Toussaint and Lerch (43) proposed
that 3-HAA is converted to CA via a six-electron oxidation
reaction (Fig. 7B). Oxidation of 3-HAA (500 uM) by laccase
(0.15 U) in a reaction mixture containing CDH II (0.12 U) was
inhibited when cellobiose (final concentration, 500 wM) was
added (Fig. 7A). In the presence of cellobiose, reduction of
reaction intermediates by CDH 1II resulted in a decrease in
absorbance until a basal level was reached, and this basal level
remained constant for approximately 45 min. After 45 min,
3-HAA oxidation was again detected, but this reaction pro-
ceeded at a much lower rate than it did in the control to which
no cellobiose was added. When fresh cellobiose (final concen-
tration, 500 pM) was added, CDH II-catalyzed reduction of
3-HAA oxidation products began again. Increasing the con-
centration of CDH II resulted in a significant decrease in the
rate of 3-HAA oxidation (Fig. 7). Inhibition of laccase-cata-
lyzed CA formation was also observed when CDH I was added
to the reaction mixture. Thus, both CDHs are able to reduce
reaction intermediates produced during oxidative dimerization
of 3-HAA. CA itself was not a substrate for either of the
P. cinnabarinus CDHs, suggesting that the final step in the
dimerization of 3-HAA is irreversible. These results indicate
that in P. cinnabarinus cultures, CA accumulation depends on
the interaction of laccase and CDHs.

DISCUSSION

We purified CDHs from P. cinnabarinus and used them for
in vitro studies performed with 3-HAA and laccase in order to
show that CDHs were responsible for the repression of lac-
case-catalyzed CA formation in P. cinnabarinus cultures grown
on cellobiose or cellulose. Two proteins, designated CDH 1
and CDH II, used several known CDH substrates as electron
acceptors; these substrates included quinones, the ABTS cat-
ion, and metal ions. Cellobiose was the most efficient electron
donor for both proteins. Moreover, like other CDHs, both
proteins specifically bound to cellulose. Biochemical data, as
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well as DNA sequence data, suggest that CDHs harbor a
unique cellulose binding domain that is different from the
cellulose binding domains of hydrolytic cellulases (26).

The molecular mass of P. cinnabarinus CDH II (approxi-
mately 101 kDa) is very similar to the molecular masses of
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FIG. 7. Inhibition of laccase-catalyzed 3-HAA oxidation in the presence of
purified P. cinnabarinus CDH II and cellobiose. (A) 3-HAA oxidation by laccase
in a reaction mixture containing 500 uM 3-HAA, 0.15 U of laccase, and 0.12 U
of CDH II in 1,000 ul of 50 mM sodium tartrate (pH 4.5) was monitored by
determining changes in absorbance at 450 nm (——). The times at which 10 .l
of cellobiose (final concentration, 500 uM) was added to the reaction mixture are
indicated by arrows. Control experiments were performed without cellobiose
(- —--). (B) Hypothetical reaction mechanism for laccase-mediated oxidation of
3-HAA to CA (adapted from references 10 and 43 with permission from the
publisher). (C) Effects of different concentrations of CDH II on the oxidation of
3-HAA (500 wM) by laccase (0.15 U) in 50 mM sodium tartrate (pH 4.5)
containing 2 mM cellobiose. The control contained no CDH II and the amounts
of CDH II that were added to the reaction mixtures were 0.015, 0.03, 0.06, 0.12,
0.18, 0.25, and 0.3 U.
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FIG. 8. Model of the in vivo interaction of CDHs and laccase during CA
formation in P. cinnabarinus. Reaction intermediates of the laccase-catalyzed
oxidation of 3-HAA have not been identified yet.

CDH 4.2 purified from T. versicolor (97 kDa) (38), the CDH of
S. commune (102 kDa) (22), and the CDH of P. chrysosporium
(90 kDa) (5, 45). The UV-visible spectra of the oxidized and
reduced states of CDH II indicate that heme and flavin cofac-
tors are present. The spectrophotometric characteristics are
very similar to those reported for CDH 4.2 of T. versicolor (38)
and the heme-containing CDH of P. chrysosporium (35). In
P. chrysosporium, the decrease in absorbance at wavelengths
between 460 and 500 nm after reduction of the CDH has been
associated with reduction of the flavin cofactor (4), and a sim-
ilar response was observed for CDH 4.2 of T. versicolor (38).
Based on its size, its isoelectric properties and its inability to
reduce cytochrome ¢, CDH I resembles CDH 6.4 of T. versicolor
and the FAD-containing CDH (cellobiose:quinone oxidore-
ductase) of P. chrysosporium. CDH I was less active on all of
the substrates tested and was not able to reduce cytochrome c.

In P. chrysosporium, the smaller, FAD-containing CDH, also
known as cellobiose:quinone oxidoreductase, is a proteolytic
cleavage product of the FAD- and heme-containing CDH (23,
25). We can only speculate that this is also the case for CDH
I of P. cinnabarinus and cannot exclude the possibility that
CDH I is encoded by a separate gene.

Archibald et al. (4) reported that oxidation of guaiacol by
laccase in the presence of T. versicolor CDH prevented the
accumulation of stable end products and resulted in indefinite
consumption of oxygen. Our results suggest that CDH plays a
similar role in vivo. Laccase oxidation products of the trypto-
phan metabolite 3-HAA were identified as in vivo electron
acceptors for both P. cinnabarinus CDHs. 3-HAA is the pre-
cursor of the laccase-mediated formation of CA, the charac-
teristic phenoxazinone pigment in P. cinnabarinus (18). We
hypothesize that laccase and CDH interact during pigment
synthesis in P. cinnabarinus (Fig. 8). In the absence of cellu-
lose, laccase oxidizes 3-HAA to CA. In the presence of cellu-
lose or cellodextrins, CDH is produced, which catalyzes the
reduction of 3-HAA oxidation intermediates. As long as a
suitable electron donor, preferably cellobiose, is available for
the oxidative half-reaction, this cycle is maintained indefinitely,
which prevents accumulation of CA. This model is consistent
with the observation that wood colonized by P. cinnabarinus
has the typical white rot appearance. CA and other related phe-
noxazinones do not accumulate until fruiting bodies are formed.

In recent years, the substrate range of laccases has been
expanded to include nonphenolic lignin structures, which are
not oxidized by laccase alone. These nonphenolic substrates
can be oxidized by laccases in the presence of certain cooxi-
dants, which are often referred to as mediators (7, 8). Previ-
ously, we identified 3-HAA as a possible endogenously pro-
duced cooxidant that could aid laccase in oxidizing lignin (17).
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If such compounds were used only in catalytic amounts in a
natural system, (re)cycling of cooxidants would be a prerequi-
site. In addition to its importance in vivo, (re)cycling of cooxi-
dants has great significance for biotechnical applications of
laccase-cooxidant systems.

P. cinnabarinus has proven to be an interesting model or-
ganism for studying new mechanisms of lignocellulose degra-
dation by white rot fungi. The novel interaction between CDH
and laccase described in this paper is evidence that CDHs have
a physiological function, which supports the hypothesis that
CDHs are involved not only in cellulose degradation but also
in lignin degradation.
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