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The binding isotherm to cellulose of cellobiose dehydrogenase

(CDH) from Phanerochaete chrysosporium has been compared

with that of cellobiohydrolase 1 (CBH 1) from Trichoderma

reesei. CDH binds more strongly but more sparsely to cellulose

than does CBH 1. In a classical Scatchard analysis, a better fit to

a one-site binding model was obtained for CDH than for CBH

1. The binding of both enzymes decreased in the presence of

INTRODUCTION

Specific binding to cellulose has been reported for several

cellulases, hemicellulases and cellulosome-forming proteins [1–6]

as well as for one β-glycosidase [7]. Many bacterial and fungal

cellulases have a characteristic molecular organization, with a

catalytic domain and a separate non-catalytic cellulose-binding

domain (CBD) interconnected via a linker peptide [2,6]. This

two-domain structure provides an elegant solution to the

problems associated with catalytic action on a surface rather

than in solution [3]. A similar organization has been reported for

glucoamylases from Aspergillus niger [8] and might also be valid

for chitinases [9]. Instead of having an independently folded

binding domain, cellulases from anaerobic fungi such as

Neocallimastix and Piromyes and the bacterium Clostridium

thermocellum form aggregates in which cellulose binding is often

mediated by separate proteins [10–13].

Fungal CDBs all belong to the same family (type 2 in the

classification of Be! guin and Aubert [6], group B in the classi-

fication of Gilkes et al. [2], and family I in that of Coutinho

et al. [14]). They are approx. 35 residues long and are located

either at the N-terminus or at the C-terminus of the mature

proteins [6]. The three-dimensional solution structure of a

synthetic CBD, corresponding to residues 462–497 of the fungal

cellulase cellobiohydrolase 1 (CBH 1) from Trichoderma reesei,

has been determined by means of homonuclear two-dimensional

NMR spectroscopy [15]. From the structure and studies of

synthetic CBD mutants [16] it was concluded that tyrosine

residues are likely to be important for binding to the cellulose

surface. Two conserved disulphide bridges are also characteristic

but these are probably needed for structural integrity of the

domains. Bacterial CBDs can be classified into at least four

different families [2,6,14]. They are generally larger than the

fungal CBDs, varying in length from 63 to 240 residues, and are

located either at one of the termini or internally [6]. A disruptive
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oxidoreductases, glucose–methanol-choline oxidoreductases; GOX, glucose oxidase.
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ethylene glycol, increased in the presence of ammonium sulphate

and was unaffected by sodium chloride. Attempts to localize the

cellulose-binding site on CDH have also been made by exposing

enzymically digested CDH to cellulose and isolating the cellulose-

bound peptides. The results suggest that the cellulose-binding

site is located internally in the amino acid sequence of CDH.

effect on cellulose fibres has been observed for the CBD of

endoglucanase A from Cellulomonas fimi [17], and in this type of

CBD (type 1 [6] or group A [2]), tryptophan residues are

important for binding [18].

In some cases it has been possible to study isolated CBDs

obtained by proteolysis [17,19], by genetic construction [1,18] or

by synthesis [20]. The binding of T. reesei CBH 1 to cellulose is

probably the most extensively studied [3,16,21,22]. Removal of

the CBD from CBH 1 greatly diminishes both the cellulose

binding and the cellulolytic activity of the enzyme [3,23]. Results

of binding experiments with the complete enzyme and its isolated

catalytic domain and CBD all fit better to a multiple-binding-site

model [24] than to a one-site model in a classical Scatchard

analysis. This does not necessarily indicate that the cellulose

molecules have different classes of binding site for the enzyme,

because overlapping binding sites might be an explanation for

this phenomenon [24]. In the intact enzyme, however, the two-

domain structure of CBH 1 might explain the results [22]. The

three-dimensional structure determination of T. reesei CBH 1

[25] has revealed that the catalytic domain contains a cellu-

lose-binding tunnel 50 AI (5 nm) long designed to bind cellulose

chains of up to 10 glucose units in length (C. Divne, unpublished

work). Furthermore the choice of cellulose is important because

the degree of crystallinity varies. In this study we have used

cellulose from Acetobacter xylinum, a cellulose considered to be

relatively homogeneous.

Cellulose binding has also been reported for the non-hydrolytic

haemoflavoenzyme cellobiose dehydrogenase (CDH), formerly

called cellobiose oxidase, from the white-rot fungus

Phanerochaete chrysosporium [26,27]. CDH is an extracellular

enzyme (molecular mass approx. 89 kDa [28], 754 amino acid

residues [29,30]) that is produced under cellulolytic conditions by

a number of wood-degrading fungi [31–33]. It carries one FAD

cofactor and one cytochrome b-type haem as prosthetic groups

[34], each in a separate domain. The two domains can be
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separated by proteolytic cleavage; the individual domains have

been shown to retain their respective activities [26]. CDH

oxidizes cellobiose, cellodextrins and other soluble saccharides

to their corresponding lactones [26,35,36], and possible electron

acceptors for the enzyme include quinones [26,35,36], O
#

[35],

aromatic cation radicals [37], I
$

− [38] and ferricyanide [39]. The

FAD-containing domain of CDH has been shown to contain the

active site and the cellulose-binding site [26]. The fact that the

sites do not coincide [26] has led to the suggestion that binding

of cellulose by CDH might be due to a CBD.

The biological function of CDH is not clear. However,

synergy

with cellulases in the breakdown of cellulose has been

demonstrated [40], and it has recently been shown that, in the

presence of hydrogen peroxide and FeIII, CDH can degrade

carboxymethylcellulose, xylan and lignin [41]. Co-operation with

the lignolytic enzyme manganese peroxidase has also been

suggested ([42] ; reviewed in [32,33]). Moreover, CDH has

been reported to bind to the fungal cell wall [43] and thus it has

been proposed that the cellulose binding is unintended rather

than a natural function.

In this work we have compared the cellulose binding of CDH

with that of T. reesei CBH 1, performed a screening of binding

to a number of insoluble polysaccharides, and investigated the

physical nature of cellulose binding by adding salts and ethylene

glycol to the solvents. We have also made attempts to identify the

cellulose-binding site.

MATERIALS AND METHODS

Materials

CDH was purified as described previously [26,44], and CBH 1 as

described by Bhikhabhai et al. [45]. Birchwood xylan, crab-shell

chitin and potato starch were purchased from Sigma (St. Louis

MO, U.S.A.). Cellodextrin mixture II was obtained from Merck

(Darmstadt, Germany) and reduced to alditols (the aldehyde

group reduced to a primary alcohol) as described in [46]. A.

xylinum cellulose was prepared as described previously [47,48].

Insoluble mannan (ivory nut) was from Megazyme (Sidney,

Australia). Ether-extracted birchwood powder was a gift from

Bert Pettersson (STFI, Stockholm, Sweden). Endoglycosidase H

was from New England Biolabs (Beverly, MA, U.S.A.). Other

chemicals were of analytical grade. The computer program

Ultrafit was from Biosoft (Cambridge, U.K.). An extracellular

protease from a strain of Arthrobacter species was prepared as

described by Hofsten et al. [49].

Deglycosylation

CDH is probably mainly N-glycosylated [29]. CDH (0.4 mg) was

mixed with 5 units of endoglycosidase H in 50 mM sodium

citrate, pH 5.5, and incubated at 37 °C for 36 h. Deglycosylated

CDH was purified by ion-exchange chromatography with a

MonoQ column (Pharmacia, Uppsala, Sweden) and eluted with

a sodium acetate (pH 4.0) gradient (0.040–1 M). Compared with

non-deglycosylated CDH, enzyme treated with endoglycosidase

H had a smaller apparent molecular mass [29] and formed a

sharper band on a native PAGE gel, indicating the greater

homogeneity of the material.

Binding studies

Binding experiments were performed at room temperature in

50 mM ammonium acetate, pH 5.0, under constant agitation

with a magnetic stirrer for 1 h (with the exception of the kinetic

experiment) for CDH, and for 30 min for CBH 1. The poly-

saccharide concentration was 1.2 mg}ml (1 mg}ml for the kinetic

experiment). The samples were centrifuged and the supernatants

collected. Concentrations of CBH 1 were determined spectro-

photometrically at 280 nm. Except for the kinetic experiment,

where the absorbance was measured at 420 nm, concentrations

of CDH were determined with the standard activity assay [26,50].

The program Ultrafit was used for non-linear regression calcula-

tions.

Preparation of cellulose-binding peptides of CDH

CDH (2.5 mg) was transferred to 25 mM sodium phosphate,

pH 7 with a PD-10 disposable column (Pharmacia, Sweden). A

protease from Arthrobacter [49] was added to CDH in pro-

portions of 1:30 by mass and the mixture was incubated for

15 min at room temperature, after which the pH was adjusted to

4 with acetic acid to terminate the proteolysis. Cellulose

(2.1 mg}ml suspended in water) was added and the mixture was

incubated under constant agitation for 15 min. The sample was

centrifuged and the pellet was washed twice with 10 mM am-

monium acetate, pH 4. Cellulose-bound material was eluted

with 80% (v}v) formic acid, freeze-dried and separated by

SDS}PAGE [51]. Bands visible after staining with Coomassie

Blue were cut out, subjected to trypsin and sequenced in an

Applied Biosystems 470A gas–liquid phase sequencer equipped

with an Applied Biosystems 120A phenylthiohydantoin analyser

[52].

RESULTS

In Figure 1 the binding isotherm for cellulose of CDH is

compared with that of CBH 1. When fitted to the one-binding-

site model with the program Ultrafit, the relative mismatch of the

CDH data was considerably lower than that of the CBH 1 data.

The data for CDH followed a straight line in a Scatchard plot,

whereas those for CBH 1 did not (Figure 2). Both the dissociation

constant and the capacity were lower for CDH than for CBH 1

(K
d

0.64 mM, capacity 2.1 mmol}g for CDH; K
d

3.6 mM,

capacity 5.1 mmol}g for CBH 1). The addition of ethylene glycol

decreased the binding, whereas (NH
%
)
#
SO

%
increased the binding

for both CDH and CBH 1. NaCl at concentrations up to 1 M did

not influence the cellulose binding of either enzyme (Figure 3).

None of the above substances influenced the CDH activity [26]

to any measurable extent. The hydrolysis of p-nitrophenyl

lactoside [53] by CBH 1 was not influenced by NaCl or

(NH
%
)
#
SO

%
. Preincubation in 80% (v}v) ethylene glycol

decreased the activity of CBH 1 only slightly. Equilibrium in

Figure 1 Cellulose-binding isotherm of CBH 1 (D) and CDH (+)
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Figure 2 Scatchard plots of cellulose-binding isotherm for CBH 1 (a) and
CDH (b)

binding was obtained within 10 min (Figure 4). The cellulose

binding of CDH was slightly inhibited in the presence of reduced

cellodextrins (Figure 5). CDH did not bind to starch, chitin,

xylan, mannan or wood powder. Furthermore deglycosylated

and non-deglycosylated CDH were bound to cellulose to the

same extent and displayed the same activity as that determined

by the standard assay [26,50].

Peptides of CDH that had been obtained by proteolytic

digestion of CDH and exposed to cellulose were separated by

means of SDS}PAGE. The lengths of the peptides ranged from

approx. 100 amino acid residues up to the intact enzyme, i.e. 750

residues (the sizes were estimated by comparison with markers of

known molecular masses). The Coomassie-stained bands were

cut out, subjected to trypsin digestion and sequenced. Two

sequences were obtained from a cellulose-binding peptide 350

residues long: VFR (corresponding to residues 118–120) and

TGGTYVAPWATS (corresponding to residues 254–265).

DISCUSSION

The binding of CDH to cellulose is clearly different from that of

CBH 1 (Figures 1 and 2). First, the capacity of the cellulose to

bind CDH is lower than for CBH 1, as expressed both in amount

and in mass of bound protein. Secondly, the binding of CDH is

stronger, as reflected in a lower K
d
. The K

d
of CDH is in the same

range as that of the CBD of C. fimi endoglucanase A [54], which,

to our knowledge, has the strongest affinity for cellulose reported

for a single domain. Therefore it is highly unlikely that the

Figure 3 Influence of NaCl (a), (NH4)2SO4 (b) and ethylene glycol (c) on the
binding of CBH 1 (D) and CDH (*) to cellulose

Figure 4 Kinetics of the binding of CDH

cellulose-binding function in CDH is dependent on a fungal

cellulase CBD of type 2. Furthermore no such CBD is present in

the amino acid sequence of CDH [29,30].
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Figure 5 Influence of reduced cellodextrins on the binding of CDH to
cellulose

The fit to the one-binding-site model in the classical Scatchard

analysis is much better for CDH than for CBH 1. This is

surprising because it is expected that the binding sites overlap on

cellulose [24]. One explanation might be that CDH binds more

sparsely to cellulose than CBH 1, resulting in less overlap. The

cellulose microfibril has a heterogeneous surface and it might be

that CDH and CBH 1 bind to different sides of the microfibril,

or that they bind to regions of cellulose with different degrees of

crystallinity. The fact that CBH 1 contains two domains, both of

which bind to cellulose, might account for the poor fit to the one-

class binding-site model.

The observation that the binding of both proteins is decreased

by ethylene glycol and increased by (NH
%
)
#
SO

%
suggests that

hydrophobic interaction}charge transfer is involved in the bind-

ing of both enzymes. Purely electrostatic forces probably play a

minor role because the binding was not affected by sodium

chloride (Figure 3). In this context it should be noted that

aromatic residues are conserved in both the bacterial type 1 [18]

and the fungal type 2 CBDs [16], and that earlier studies have

shown that NaCl does not significantly influence the binding of

the T. reesei cellulases to cellulose [55]. The activity of CBH 1

decreased by approx. 15% after preincubation in 60% ethylene

glycol. The possibility cannot be excluded that the decrease in

binding is at least partly due to denaturation of the protein. In

CDH the cellulose binding was partly inhibited by reduced

cellodextrins (Figure 5). Although the inhibition is relatively

weak, this suggests that the cellulose-binding site of this enzyme

is able to recognize a single cellulose chain. In line with this,

Samejima and Eriksson have suggested that CDH binds mainly

to amorphous cellulose.

Because CDH did not bind to any of the other polysaccharides

tested, the enzyme seems to have a distinct and specific affinity

for cellulose rather than a general non-specific affinity for

carbohydrates. Furthermore the binding phenomenon is in-

dependent of the glycosylation state of the protein because

removal of surface-attached carbohydrates did not affect the

binding properties of CDH. This supports the hypothesis that, in

nature, the activity of CDH is limited to exposed regions of

naked cellulose [41,56], and makes it less likely that CDH is cell

wall-bound in �i�o.

We have previously suggested that the binding of CDH to

cellulose has an immobilizing function [26]. The combination of

low K
d

values and relatively low capacity supports this hy-

pothesis. Absorption to the cellulose surface is likely to be a

prerequisite for two of the suggested functions for CDH: the

chemical reduction of aromatic cation radicals produced by

lignin and manganese peroxidases to prevent polymerization by

radicals [37], and the generation of hydroxyl radicals, which can

attack cellulose, by a Fenton reaction [39,41]. To exert these

functions CDH would be expected to act preferentially on naked

cellulose regions. For the latter function this would be required

in order to enable direct cellulose degradation and to expand the

naked regions continuously by the elimination of lignin and

hemicellulose.

It has been shown that the cellulose-binding function of CDH

is contained within the FAD domain (residues 216–754) [27] and

that it does not coincide with the active site [26]. The first

sequence (starting at residue 118) obtained from the 350-residue

cellulose-binding peptide is located in the haem domain [29,30],

whereas the second (starting at residue 256) is located close to the

beginning of the FAD-binding domain. This suggests that the

cellulose-binding site of CDH is located between residues 118

and 470; however, because the haem domain lacks specific

affinity for cellulose and because the FAD domain starts at

residue 216, the cellulose binding is likely to be located within

residues 216–470. By comparing the amino acid sequence of

CDH with those of other proteins, a relationship between the

FAD domain of CDH and the glucose–methanol–choline (GMC)

oxidoreductase family [57] of flavoproteins has been established

[29]. The three-dimensional structures for two members of this

family have been determined, namely that of glucose oxidase

(GOX) from Aspergillus niger [58] and that of cholesterol

oxidase (COX) from Bre�ibacterium sterolicum [59,60]. In con-

trast with CDH, the GMC oxidoreductases do not require haem

for their function and consequently do not possess a haem-

binding domain.

The structures of GOX and COX consist of two domains: a

highly conserved FAD-binding domain and a substrate-binding

domain with little or no sequence conservation within the family.

The FAD-binding domain includes the canonical βαβ

mononucleotide-binding motif [61,62], which corresponds to

residues 216–250 in the CDH sequence [29]. From the alignment

of the available amino acid sequences of GMC oxidoreductases

[57] with that of CDH [29], it was evident that regions that

constitute the FAD-binding domain are highly conserved and

that they are interspersed with regions that belong to the less

well-conserved substrate-binding domain. Superposition of the

structures of GOX and COX (Protein Data Bank [63] accession

codes 1GAL and 3COX) showed that the FAD-binding domain

is also conserved structurally, whereas the substrate-binding

domains, although topologically similar [58,60], are more diverse.

Mapping of the amino acid sequence of CDH to the aligned

structures of GOX and COX suggests that the residues in CDH

that are likely to form the conserved FAD-binding domain are:

216–250, 300–341, 399–484, 502–515, 613–620 and 686–754

(Figure 6). Because of the high conservation of the sequence and

structure of the FAD-binding domain, segments that map to this

domain are not expected to account for the cellulose-binding

properties of CDH. Therefore, on the assumption that the

cellulose-binding function of CDH is contained somewhere

between residues 216 and 470 in the sequence, only two segments

remain that might be involved in cellulose binding: 251–299

(segments LOOP and LID in Figure 6) and 342–398 (segment

SUB in Figure 6).

Of the two regions, region 251–299 is particularly interesting.

From the alignment in Figure 6 we find that this segment is not

conserved throughout the family, and that it seems to be a

natural hotspot for deletions and insertions. In GOX and COX,

the corresponding regions form a long loop (residues 56–76 in

COX; 47–95 in GOX) that protrudes somewhat from the surface

of the molecule and then folds back to form a lid (residues 77–97

in COX; 96–109 in GOX) over the entrances to the active site



837Cellulose binding by cellobiose dehydrogenase

Figure 6 Alignment of a subset of sequences for members of the GMC
oxidoreductase family

The sequences shown are : GOX (Aspergillus niger), COX (Brevibacterium sterolicum), CDH

(Phanerochaete chrysosporium), CHD (choline dehydrogenase ; Escherichia coli), GDH (glucose

dehydrogenase ; Drosophila melanogaster) and ADH (alcohol dehydrogenase ; Pseudomonas
oleovorans). Only the first 269 residues (216–484) of the 539 residues belonging to the FAD

domain (216–754) in CDH have been aligned. An initial structural alignment was made by

superimposing the Cα carbon atoms of GOX and COX (Protein Data Bank entries 1GAL [58]

and 3COX [59]) with the program O [65], after which the other sequences were added manually

to the alignment. Elements of secondary structure, α helix (aaa) and β strand (bbb), in the

known three-dimensional structures of GOX and COX were assigned by using the YASSPA

command in O [66]. Sequence regions that belong to the FAD-binding domain and the

substrate-binding domain are denoted FAD and SUB respectively. The first FAD segment

contains the canonical ADP-binding βαβ motif [61,62]. The segment containing the loop-and-

lid structure in GOX and COX is referred to as LOOP and LID. Gaps in the sequences of GOX

and COX correspond to deletions and insertions, typically in loops and reverse turns. The total

length of the sequences is given at the end in parentheses. Accession codes for the sequences

are : GOX, Swiss-Prot P13006 ; CDH, GenBank X88897 ; CHD, Swiss-Prot P17444 ; GDH, Swiss-

Prot P18173 ; ADH, Swiss-Prot Q00593 ; COX, Protein Data Bank 3COX.

and the FAD-binding cavity [58,60]. In CDH these two regions

together span 45 residues, which would be sufficient to form an

additional domain or an (at least partly) independently folded

structural module. Nine aromatic residues, of which three are

tryptophan residues, are present in this region and might, by

analogy with the CBD of C. fimi endoglucanase A, be involved

in cellulose binding [18]. Furthermore there are two cysteine

residues at the end of the segment (Cys-290 and Cys-299) that

have been predicted to form a disulphide bridge [29]. There are

no disulphide bridges in this region in either GOX or COX,

which suggests that this segment does indeed have a completely

different structure in CDH and that the disulphide bond might

serve to stabilize that structure. The second segment in the

sequence, residues 342–398, is part of the substrate-binding

domain (segment SUB in Figure 6). Although the sequence

identity between CDH and the other enzymes is low in this

region, there are weak similarities in parts defined as α helix or

β sheet, which decreases the probability of finding a unique

sequence in this region that might account for cellulose binding.

Because the segment 251–299 displays a natural variability in

sequence and length, and because it might be predicted to reside

in close proximity to both the active site and the FAD-binding

cavity [58–60], this region is the most likely candidate for the role

of CBD. CDH is a relatively large protein with overall dimensions

of 180 AI ¬50 AI ¬40 AI (18 nm¬5 nm¬4 nm), as estimated from

low-angle X-ray scattering [64]. Assuming that CDH actively

takes part in cellulose and}or lignin degradation, the enzyme

needs to bind to the surface in a way that facilitates the uptake

of substrate into the active site without hampering the catalytic

activity. Thus, with no structural data available for CDH and

only limited similarity with other enzymes, our best guess is that

the cellulose-binding functionality of CDH is due to the peptide

251–299 and, if this is true, that this segment is structurally

unique compared with known bacterial and fungal CBDs.

Whether this sequence might fold into a distinct domain is

uncertain. However, because some small peptides (of approx.

100 residues) were bound to the cellulose, we cannot rule out the

possibility of a CBD-like structure in CDH. Because both termini

are part of the FAD-binding domain, a putative CBD has to be

located internally in the sequence.
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