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4 Fungal enzymes for lignocellulose degradation

D. CULLEN and P. KERSTEN

4.1 Introduction

Microbial degradation of lignocellulose has been intensively studied for
decades. Interest in lignocellulose as a renewable resource prompted these
investigations, although in recent years fungal enzymes have attracted much
attention in pulp and paper manufacturing. Irrespective of considerable
research effort, fundamental questions remain with regard to mechanisms of
lignocellulose degradation. Progress has been hampered by numerous factors
including substrate complexity and the multiplicity of enzymes.

Not surprisingly, this intense interest has resulted in voluminous literature.
In this chapter literature relevant to lignocellulose degradation by filamentous
fungi is outlined. The format of the text is organized around substrates of
increasing complexity (cellulose, hemicellulose, and lignin) and recent de-
velopments are highlighted. Areas where knowledge is sketchy are identified.
Except as points of reference, prokaryotic systems are not discussed, and the
reader is referred to numerous review articles for additional information.

4.2 Cellulose degradation

Cellulose is the most abundant renewable organic resource. It comprises
approximately 45% of dry wood weight.  Crystalline cellulose is composed of
long ß-1,4-glucan  chains (c. 40) that are hydrogen bonded into water-insoluble
microfibrils. The crystalline cellulose coexists with less ordered amorphous
regions. The fibers are embedded in a matrix of hemicellulose and lignin, but
the precise organization is poorly understood [1]. Cellulose is often character-
ized by the degree of polymerization (D P), which is the average number of
glucan residues per molecule. The average DP of native cellulose is 3500 [2].

Bacterial and fungal degradation of cellulose has been extensively studied
and reviewed [3– 10]. The soft-rot fungi, Trichoderma viride and Trichoderma
reesei are, by far, the most extensively studied. During the past few years, these
investigations have made significant progress toward elucidating the enzym-
ology of cellulose degradation. Among prokaryotes, the Corynebacterium
Cellulomonas fimi and the anaerobe Clostridium thermocellum are the best
known examples.
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All cellulase systems share common features. However, the mechanism of
fungal brown-rot decay is clearly different from other systems, and the
multicomponent enzyme complexes of some bacteria such as C. thermocellum
are also distinct. Oxidative enzymes of fungi may also participate in cellulose
degradation. This chapter focuses on recent advances in the enzymology of
hydrolytic cellulases of fungal origin. in the molecular genetics of these fungi,
and in the potential biotechnological applications.

4.2.1 Cellulase biochemistry

In submerged culture, most cellulolytic fungi secrete a complex array of
degradative enzymes. Three classes of hydrolytic cellulases are recognized on
the

(i)

(ii)

(iii)

basis of substrate specificity:

Endo- 1,4-ß-glucanases  (EG) cleave randomly at 1,4-/3-linkages within
the cellulose chain. The endoglucanases are commonly assayed by
viscosity reductions in carboxymethyl cellulose (CMC) solutions.
Crystalline cellulose is not degraded by endoglucanases. Multiple chro-
matographically distinct endoglucanases have been identified in culture
filtrates of T. reesei [8] and Phanerochaete chrysosporium [11].
Exo-1,4-/?-giucanase  (exo- 1,4-/?-D-ghCNI cellobiohydrolases, CBH) of
P. chrysosporium, releases both glucose and cellobiose from the non-
reducing ends of cellulose chains [12]. In contrast, the two cello bio-
hydrolases of T. reesei split off cellobiose only. Cellobiohydrolases have
virtually no activity on CMC and slowly degrade crystalline cellulose.
Both endoglucanases and cellobiohydrolases are active on amorphous
(non-crystalline) cellulose.
1,4-/l-glucosidases  hydrolyse cellobiose to glucose, and cellobionic acid
to glucose and gluco-nolactone. Two P. chrysosporium enzymes, one cell-
bound and one extracellular, have been identified [13]. Relative to endo-
glucanases and cellobiohydrolases, low levels of the T. reesei ~-glucosidase
are secreted in submerged culture. For certain applications, supple-
menting T. reesei cellulase preparations with additional /?-glucosidase
has proved beneficial [14, 15].

Fungal cellulases have frequently been reported to act synergistically in the
degradation of crystalline cellulose. A commonly held model for the synergism
between endoglucanases and cellobiohydrolases suggests that hydrolysis is
initiated by endoglucanases that cleave random fl- 1,4-linkages within the
cellulose chain. This activity is followed by celiobiohydrolase action that
releases cellobiose from the non-reducing ends of the cellulose chain (reviewed
in [3, 16]). Studies with T. reesei suggest a more complicated interaction [17]
in that the extent of synergism may be related to the substrate used and the
ratio of cellobiohydrolase to endoglucanase.

The discovery of synergism between two immunologically distinct
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cellobiohydrolases [CBHI and CBHII) from both T. reesei [18] and Penicillium
pinophilum [19] indicates that the ‘endo-exo’ model is incomplete. A model for
‘exo–exo’ synergism, which is based upon substrate stereospecificity, has been
advanced by Wood and McCrae [19]. Recent evidence demonstrates different
stereochemical mechanisms for T. reesei CBHI and CBHII [20, 21].

Attempts to formulate a model of cellulose degradation have been stymied
by uncertainties concerning the exact roles and specificities of P. chryso-
sporium and T. reesei cellulases (reviewed in [4]). For example, highly
purified T. reesei endoglucanase has been reported to be active only on soluble
& 1,4-glycans [22]. In addition, studies of purified T. reesei CBHI have
demonstrated that the enzyme has endoglucanase-like properties including
the ability to digest barley /l-glucan  [17] and to bind along the length of
cellulose microlibrils [23]. To further complicate the issue, T. reesei cellobio-
hydrolase has been reported to be capable of degrading crystalline cellulose
extensively, without assistance from any endoglucanase activity [24].

The wealth of conflicting results in the field of cellulose degradation [4]
clearly calls into question the purity of many enzyme preparations that have
been studied. Wood and co-workers [25] have demonstrated endoglu-
canase/cellobiohydrolase complexes that were resolved only after affinity
chromatography [26]. When these highly purified enzymes were used to
degrade microcrystalline cellulose in the form of cotton fiber, three enzymes
(CBHI. CBHII, and trace endoglucanase) were necessary for rapid hydrolysis.
Clearly, enzyme purity must be carefully established for studies of enzyme
synergism.

Recombinant enzymes produced in heterologous hosts provide a powerful
tool for resolving the uncertainties of cellulase substrate specificity. The
finding that recombinant T. reesei CBHI lacked any /~-glucanase  activity [27]
demonstrates the important role cellulase expression systems can play in
answering such questions.

The mechanism of cellulose degradation by brown-rot fungi is poorly
understood, but some progress has been made in recent years. Wood decay by
brown-rot fungi such as Poria placenta is characterized by very rapid
depolymerization of cellulose (reviewed in [3]). A large molecular weight
multifunctional endoglucanase has been identified in culture filtrates but no
exoglucanase has been found [28]. Formation of the enzyme is not repressed
by glucose [29]. Perhaps the most striking feature of the brown-rot systems is
that cellulose depolymerization appears to involve a non-enzymatic, diffusible
agent. An oxidative mechanism is suspected although the exact agent is
unknown [30].

4.2.2 Molecular genetics and structure of fungal cellulases

The molecular genetics of cellulolytic fungi, especially T. reesei, has advanced
considerably over the past five years. Research has revealed extremely
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interesting structural features of the cellulase gene family that have important
implications with regard to their mechanism(s) of action and evolution. From
T. reesei, sequences have been reported for both genomic and cDNA clones
encoding cbh1 [31, 32], cbh2 [33, 34], egl [35], eg3 [36] and fl-gh,tcosidase  [37].
Other sequenced fungal clones include P. chrysosporium chb1 [38]
and Humicola grisea var. thermodea cbh1 [39]. An Aspergillus niger gene
encoding /3-glucosidase  has been cloned [40].

Several lines of evidence indicate that cellulases are made of three structural
regions: the catalytic ‘core’ which hydrolyses /?- 1,4-glycosidic linkages, the
extended ‘hinge’ which is glycosylated, and the cellulose-binding ‘tail’ which
has also been hypothesized to help solubilize the cellulose chain prior to
hydrolysis (reviewed in [8,41]). Comparisons of amino acid sequences of T.
reesei cbh1, cbh2. eg1, and eg2 have shown the presence of two short
consecutive blocks that are conserved in all four genes (Figure 4.1 ). Block A is
approximately 30 amino acids long and is stabilized by 2 or 3 disulfide
bridges. Sequence conservation is high within block A (c. 70% identical).
Block B is approximately 40 amino acids long and is heavily glycosylated
with > 40% serine, threonine. or proline. Two copies of block B are present
in cbh2.

Another line of evidence for functional domains is through extensive
analyses of core and terminal domains prepared by limited proteolysis with
papain [42]. The catalytic activity [43, 44], crystalline cellulose-binding
capacity [42, 44, 45], and structure [46–48] of these cleavage products support
the general model. T. reesei EGIII also requires the conserved blocks for efficient
binding and hydrolysis of crystalline cellulose [49]. The functional domains
can also be separated by native proteases in cellulolytic bacteria [50] and fungi
[49,51].

Based upon small angle X-ray scattering analysis [47. 48] and NMR
spectroscopy [46], a ‘tadpole-like’ tertiary structure has been proposed for
CBHI and CBHII (Figure 4.2).

A two-functional domain is a common design of fungal and bacterial
cellulases. For example. Gilkes and co-workers [50] have separated and

Figure 4.1 Representation of T. reesei cellulases. Microcrystalline binding regions and glycosy-
lated hinge shown as blocks A and B, respectively. (Adapted from Knowles and colleagues [27].)
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Figure 4.2 Model tertiary structure of T. reesei cellobiohydrolase. As in Figure 4.1. the binding
domains and hinge region are designated A and B. respectively. (Adapted from Abuja and

colleagues [47].)

characterized the catalytic and binding domains of C.fimi endoglucanase and
exoglucanase. The domain structure has also been experimentally demon-
strated in other bacteria including C. thermocellum, Thermononospora fusca
and Bacteroides succinogens (reviewed in [4. 5]) as well as the fungi P.
chrysosporium [52] and P. pinophilum [41].

Stahlberg and co-workers [49] have studied the kinetics of adsorption to
crystalline cellulose by the isolated domains and by intact CBHI [43]. They
propose a model in which the enzyme binds at two points (core and binding
domains) and laterally diffuses on the crystalline surface.

Recent information has been gained concerning the active sites of cellulases.
X-ray crystallography of the CBHII catalytic core suggests a tunnel-shaped
active site [53, 54]. Consistent with studies of cellobiohydrolase degradation
of cello-oligosaccharides [41, 55], four glucosyl binding sites have been
identified within the tunnel. Cleavage of the cellulose chain is likely to occur
within the tunnel between aspartic acid residues 175 and 221. Comparisons of
amino acid sequenccs of CBHII and endoglucanases show deletions in the
endoglucanases that would result in a more open active site or ‘groove’.
Rouvinen and co-workers [54] propose that these structural features may
account for substrate specificities. The exoglucanases hydrolyse the ends of
chains threaded within the tunnel, whereas the open grooves of endoglu-
canases can hydrolyse internal glycosidic bonds [54].

Hydrophobic cluster analysis has been used to classify 21 /Lglucanases  and
to identify potential catalytic residues [56]. The six fungal cellulases included
in the analysis were categorized into three of the six families. Only family A
contained sufficient numbers of sequences to allow tentative identification of
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catalytic residues. These correspond to His-174 and GIu-218 of mature T.
reesei EGIII.

Catalytic sites have also been tentatively identified by chemical modifi-
cations of cellulase. Tomme and Claeyssens [57] have implicated a Glu- 126
in CBHI catalysis. Lending support to this is hydrophobic cluster analysis
of EGI and CBHI, which shows considerable sequence conservation in the
Glu- 126 region [56]. Chemical modifications of Schizophyllum commune EGI
have shown the importance of carboxyl groups in catalysis [58]. This, plus
some weak sequence homology between T4 bacteriophage lysozyme and
certain fungal cellulases, have suggested similar catalytic mechanisms [51. 59].
However, the putative catalytic S. commune EGI residues, Glu-33 and Asp-50.
are not conserved in the T. reesei EGIII [36]. The tertiary structure of CBHII
is also inconsistent with the lysozyme model [54].

In contrast to studies of cellulase structure and mechanisms, relatively little
work has been done with regard to their regulation. The cellulases of T. reesei
and P. chrysosporium are coordinately induced in media containing cellulose
or derivatives (e.g.. sophorose. cellobiose) as carbon source. The effectiveness
of the inducers varies substantially with the particular disaccharide and the
species. Thus, sophorose is a relatively poor inducer in P. chrysosporium [60],
but very efficient in T. reesei. Enzyme synthesis is end-product inhibited by
glucose. although low levels of T. reesei CBHII have been detected in glucose
medium [61]. In the case of T. reesei and P. chrysosporium, induction has been
shown to occur at the transcriptional level [34. 38].

The precise mechanism(s) of cellulase induction is unknown. It has been
suggested [62] that low level. constitutive expression of cellulases might
mediate the induction by producing low molecular weight, soluble com-
pounds that could enter the cell and cause induction. Direct experimental
evidence for this mechanism in T. reesei has been demonstrated by using
cellulase-specific antibodies to block CBHI induction by cellulose [63]. The
repression by antibodies could be overcome by sophorose induction [63]. The
identity of the ‘natural’ inducer is still uncertain. although /?-linked  disac-
charides are likely. Frischer and co-workers [64] emphasize the importance of
/Lglucosidase  in the induction process.

In addition to the hydrolytic enzymes described thus far, several oxidative
enzymes have been implicated in cellulose degradation by P. chrysosporium.
These include cellobiose oxidase [65] and cellobiose: quinone oxidoreductase
(CBQase) [66]. Cellobiose oxidase may stimulate cellulolytic activity by
reducing cellobiose concentration. which appears to be a competitive inhibitor
of cellulases, and by oxidizing reducing ends formed by endoglucanases thus
preventing reformation of /i- 1.4-glycosidic bonds [65]. CBQase may be an
important link to lignin degradation by reducing quinones while oxidizing
cellobiose. However, recent work has shown that CBQase does not affect
phenoxy radicals produced by lignin peroxidase or phenol polymerization
catalysed by lignin peroxidases in vitro [67]. Lactonases may be important in
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cleaving the saccharide-lactone products of CBQase [68]. Both enzymes have
been shown to bind microcrystalline cellulose while retaining enzymatic
activity [69]. Recently, Henriksson and co-workers [70] have demonstrated
papain cleavage of cellobiose oxidase into two domains: one containing flavin
and the other containing a heme group. The flavin-containing domain binds
crystalline cellulose and is functionally similar to CBQase leading Henriksson
and co-workers to suggest that CBQase forms may be derived from cellobiose
oxidase through proteolysis. Two acidic proteases have been identified in P.
chrysosporium culture filtrates [71], although their specificities are unknown.

Relative to well-defined genetic systems, such as Saccharomyces cerevisiae,
Neurospora crassa, and Aspergillus nidulans, genetic analysis of cellulolytic
fungi has been extremely limited. Trichoderma, Penicillium, and Humicola
species lack any meiotic or mitotic (parasexual) recombination system.
Methods of genetic analysis are well established for S. commune, but the
cellulases have not been studied. The mating behaviour of P. chrysosporium is
somewhat controversial [72, 73], although it is clear that sexual crosses and
meiotic recombination are possible [73, 74]. Importantly, there appears to be
general agreement that the basidiospores of P. chrysosporium, although
binucleate, are homokaryotic. Analyses of single basidiospore cultures have
been used to determine allelic relationships [75, 76] and to generate a genetic
map using restriction fragment length polymorphisms (RFLP) [77]. Linkage
between a cbhl gene [38] and a lignin peroxidase gene has been established
using the RFLP map [77, 78]. Recently developed transformation systems for
T. reesei [79], P. chrysosporium [80,81], and S. commune [82] have opened the
way for more detailed genetic analyses.

4.2.3 Applications

Enzymatic saccharification of lignocellulose and subsequent fermentation to
ethanol have been studied for many years (reviewed in [3]). A major objective
of these studies has been to express the cellulase genes in heterologous systems.
The T. reesei cDNAs encoding CBHI [83], CBHII [84], EGI [83, 85] and EGIII
[27] have been expressed in S. cerevisiae. In each case. highly expressed yeast
promoters were used, and 10– 100 mg of heavily glycosylated product were
obtained per liter of fermentation broth. The approximate native molecular
weight was restored after treatment with glycosidase endo H [85, 86],
indicating that giycosylation was N-linked. In one case, glycosylation
appeared to confer thermostability [85]. Expression of T. reesei eg2 in brewers’
yeasts shows promise for reducing barley $-glucans [86]. Bacterial expression
systems have not proven useful for T. reesei cellulases. Beguin [5] has reviewed
expression of bacterial cellulase genes in heterologous hosts.

Cellulase expression has been altered in T. reesei. Strains lacking CBHI and
others with increased EGII yields have been engineered [87]. Recently, Barnett
and co-workers [37] have improved T. reesei cellulose saccharification rates
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by increasing /?-glucosidase  expression. The ~-glucosidase  gene was cloned,
sequenced, and multiple copies re-introduced to T. reesei. One such
transformant exhibited a five-fold increased rate of cellobiose hydrolysis.

Protein fusions involving cellulase-binding domains may provide an
inexpensive and widely applicable method for immobilizing and purifying
enzymes. In one case, the Agrobacterium gene encoding ~-giucosidase  was
fused in frame to the cellulose-binding domain of an exocellobiohydrolase
from C. fimi. The translational fusion was expressed in E. coli. When
immobilized onto cellulose, 42% of the /3-glucosidase  activity was retained
[88]. The immobilized enzyme is stable for long periods but can be desorbed at
low ionic strengths or at alkaline pH [89]. Similarly, the cellulose-binding
domain of the C. fimi endoglucanase was fused to alkaline phosphatase [90].
Although the approach to date has been limited to bacterial cellulases and E.
coli expression systems, it is clear that the binding domains of fungal cellulases
and fungal expression systems could be similarly exploited. Given the
efficiency of heterologous expression in filamentous fungi such as T. reesei and
Aspergillus spp. (chapters 5 and 6), relatively higher yields of fusion proteins
might be expected.

An important application involving lignocellulolytic fungi is biomechanical
pulping, which is defined as the use of fungi as a pretreatment for wood chips
prior to mechanical pulping. Initial research on biomechanical pulping has
been limited, but studies in several laboratories have shown that the fungal
pretreatment could significantly decrease refining energy and enhance pulp
strength properties [91 –94]. Two studies have examined the effects of fungal
treatment on crude mechanical pulps instead of on wood before pulping
[95, 96]. The process has been refined in more recent studies [97-100].

A fundamental requirement for efficient biopulping performance is the
elimination or reduction of cellulase activity. Towards this goal mutants of P.
chrysosporium exhibiting altered cellulase secretion have been isolated
[101, 102]. An ultraviolet-generated Cel -- mutant, cel 44, has been intensively
studied [103]. Treatment of wood chips with cel 44, prior to refiner pulping,
reduced pulping energy requirements and increased strength properties of the
resultant paper. However, such mutants are genetically undefined and
pleiotropic effects such as lowered phenol oxidase production were noted
[103]. This result is not surprising considering the mutagenesis procedure and
the multiplicity of cellulase genes in P. chrysosporium [104].

In the absence of efficient Cel -- mutants, glucose impregnation of chips
before fungal inoculation has been necessary. The relative importance of
glucose as a repressor of cellulases rather than as a source of easily assimilated
carbon is unknown. However, it is clear that pretreatment with wild-type
strains, in the absence of glucose repression, will lead to excessive cellulose
degradation.

In summary, the
clearly understood.

exact roles and specificities of fungal cellulases
This is particularly true in complex substrates

are not
such as
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wood chips. Further, the relationship between lignin and cellulose degrad-
ation is also poorly understood, although it is generally believed that
cellulolytic and hemi-cellulolytic activity, as opposed to ligninolytic, provides
most of the assimilated carbon for growth. This issue, the role and interactions
of individual cellulases, is of paramount importance not only to understanding
the mechanism of wood degradation but also to the successful development of
processes such as biomechanical pulping.

4.3 Hemicellulose degradation

In contrast to cellulose, which contains only 1,4-/3-glycosidic  linkages,
hemicellulose is structurally more complex. Accordingly, the enzyme systems
giving complete degradation to monomeric sugars are similarly complex.
Relative to cellulases, little is known concerning the molecular genetics of
hemicellulases or their structure/activity relationships. However. research
efforts have intensified in recent years because the hemicellulases have shown
promise in pulp and paper production.

Hemicellulose is second only to cellulose in abundance. with dry wood
concentrations ranging from 20 to 30%. Hemicellulose has three basic
forms: 1.4-/&~-xylans,  1,3- and 1,4-/Lmgaltictuns.  and 1,4-/L~-mannans.  The
relatively short chains (average DP < 200) are frequently branched and the
sugar residues are often acetylated or methylated. The chemistry and structure
of hemicellulose have been reviewed [105–109]. Its biosynthesis is distinct
from cellulases [110].

Hemicellulose is found in both secondary and primary walls and the
composition varies substantially among species. Galactoglucomannans and
arabinoglucuronoxylans are major components of softwoods. Glucurono-
xylans, and to a lesser extent glucomannans. dominate in hardwood
species. The arabinoglucuronoxylans and the glucuronoxylans, collectively
referred to as xylans, represent approximately 7–12% and 15–30% of
softwoods and hardwoods. respectively [2].

An important issue with respect to biotechnical exploitation of hemicellu-
lases is the nature of Iignin-hemicellulose bonds. Ester and ether linkages
occur between hemicellulose sugar hydroxyls and the x-carbonyl of phenyl
propane subunits of lignin (reviewed in [111]). Evidence suggests that
difficulties in lignin removal during pulping processes are due to these bonds
[112].

4.3.1 Enzymes

The complete hydrolysis of hemicellulose into monosaccharides requires the
concerted action of several enzymes. These include @-xylanases,  /l-D-

galactanases, ~-wmannanases,  as well as glycosidases /3-wxylosidase,  x- and
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fl-D-galactosidase,  and fl-wmannosidase.  Esterases also participate by hydro-
lysis of acetylated carbohydrates.

A large number of filamentous fungi, yeasts. and bacteria are reported to
produce 1.4-fl-D-XyiaIMSeS  [3, 113]. These enzymes have been subdivided by
their ability to release L-arabinose from arabinoxylans and from arabinoglu-
curonoxylans [114]. Arabinose-releasing xylanases are ‘de branching’ as
opposed to the more common ‘non-debranching’ enzymes that do not liberate
arabinose from the same substrates. Both types are capable of attacking
unsubstituted 1,4-/LD-xyians  and glucuronoxylans. Debranching and non-
debranching 1,4-@-xylanases  have been identified in cultures of A. niger
[115] and Ceratocystis paradoxa [116, 117]. The xylanases can be further
subdivided by a variety of physical characteristics (molecular weight (MW), pI,
pH optima) which have been tabulated [3, 114].

Regulation of xylanase production has been studied in several fungi,
virtually all of which also produce cellulases. In Trichoderma spp., sophorose
and lactose induce both enzyme systems [118, 119]. However, separate
control of cellulases and xylanases is observed with other substrates such as
xylan and xylobiose. Like the cellulases, glucose repression of xylanase is
common [119, 120].

The multiplicity of xylanases, especially those from Aspergillus niger,
Trichoderma spp., Bacillus spp., and Streptomyces spp., has raised funda-
mental questions concerning their origin and function. Wong and co-workers
[121] note a conserved relationship between molecular weight and pI when
xylanases from the different species are compared. That is, low molecular
weight xylanases tend to be basic whereas high molecular weight is associated’
with more acidic pI. A notable exception to this relationship is the S. commune
xylanase (M W, 22000; pI 4) [122. 123], but the relationship is conserved even
in yeast-like fungi that lack multiple xylanases, e.g., Cryptococcus [124– 126].
Conservation of this relationship and observed differences in the activities of
xylanases suggest distinct functions for the multiple xylanases.

Uncertainties remain concerning the roles and interactions of l,4-/3-D-
xylanases in hemicellulose hydrolysis. Progress has been hampered by the
complexity of natural substrates. the difficulties and expense associated with
synthesis of model oligosaccharides. the problems inherent in preparing highly
purified enzymes, and the lack of standardized assays. These issues have been
reviewed by Erikkson et al. [3] and Wong et al. [121].

Recent progress has been made towards production of recombinant
xylanases. The xylanase gene of Clostridium thermocellum (xynZ) has been
cloned, sequenced, and expressed in E. coli [127, 128]. Interestingly, the 5’,
non-catalytic region of the gene shares significant homology with endoglu-
canases from C. thermocellum, suggesting the possibility of conserved binding
domains. The amino acid sequence within the catalytic region is 43% identical
to the exoglucanase of C. fimi, which is reported to have xylanase activity
[129]. The xylanase gene of Streptomyces lividans has also been cloned [130]
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and several Bacillus xylanase genes have been cloned and expressed
in E. coli [131, 132]. The xylanase clone from Butyrivibrio fibisolvens
[33] shows considerable amino acid identity with another Batiks
xylanase [134].

To our knowledge there have been no reports of xylanase clones from
filamentous fungi. This is somewhat surprising given the variety and quantity
of xylanases produced by filamentous fungi and the apparent conservation of
amino acid sequence [122, 123]. As the following describes, recent interest in
the use of xylanases for pulp and paper processing will inevitably change this
situation. Both cDNA and genomic clones encoding the xylanases of
Collerotrichum albidus, a yeast-like fungus, have been sequenced [135].

The complete breakdown of xylans requires hydrolysis of xylo-oligo-
saccharides to xylose by xylosidases. Most /h-xylosidases  show little or no
activity toward xylans and hydrolysis rates decrease with increasing length
of xylo-oligosaccharides [136–138]. Additional activities such as glyco-
syltransferase have been ascribed to several @-xyiosidases  [138–141]. The
question of xylosidase specificity has been reviewed [3, 142]. Among the many
fungi surveyed [142], xylosidase production was inducible by methyl-/?-D-
xylopyranosidase. The enzymes are primarily intracellular.

Several additional enzymes participate in xylan breakdown by cleaving side
chains. x+-arabinofuranosidases  hydrolyse the x-1,3-linked arabinofuranosyl
side chains of arabinans, arabinoxylans. and arabinogalactans [143–145]. x-
D-glucuronidases cleave the 4-0-methyl  glucuronic substituents from xylan
chains [146]. Biely and co-workers [147, 148] purified and characterized
acetyl xylan esterase from several fungi. Evidence supports synergistic
relationships between these enzymes and the 1.4-/?-D-xylanases  [148, 149]. At
least one fungus, T. reesei, produces all of these enzymes [150].

Enzymatic degradation of mannan components of hemicellulose involves
1,4-/LD-mannanases.  $mannosidases.  /Lglucosidases.  and x-galactosidases.
Dekker [114] and Erikkson and co-workers [3] have reviewed the mannan-
degrading enzymes.

4.3.2 ,Applicalioms

The enzymatic conversion of hemicellulose hydrolysates to monomeric sugars
and subsequent fermentation to ethanol have attracted attention for many
years [151]. Although hexose derivatives are efficiently utilized by S.
cerevisiae, xylose fermentations have been problematic. Several yeast-like
fungi, notably Candida tropicalis, Pachysolens tannophilus and Pichia stipitis.
have been shown to ferment xylose. but considerably more work is needed to
improve the efficiency of the fermentations [152]. S. cerevisiae cells transfor-
med with xylose reductase and xylitol dehydrogenase genes of P. stipitis will
utilize xylose as the sole carbon source [153]. However, these transformants
utilize xylose oxidatively, and ethanol yieids are very low.
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Hemicellulases, particularly, 1.4-@-xylanases,  are becoming increasingly
important in the treatment of pulps. Many studies have focused on reducing or
eliminating the oxidative chlorine extractions that are used to bleach kraft
pulps. The impetus for these efforts has been largely due to environmental
concerns over discharge of chlorinated organic compounds, especially dioxin.
The industry’s scale is worth noting. Approximately 48 x 106 tons of kraft
pulp were produced in the US in 1988. This represents > 75% of total pulp
production of which more than half is bleached [2, 154]. Given the relatively
low value of bleached kraft pulp, commercially viable processes will require
massive quantities of inexpensive enzyme.

Recent trials with a variety of hemicellulases show substantial reductions in
chlorine consumption. and paper properties (e.g. strength, brightness) are
comparable to conventional chlorine bleaching [155–159]. The mechanism(s)
involved is unclear, in part because chemical modifications of lignin and
hemicellulose occurring during alkali cooking are poorly defined. However, it
is clear that kraft pulps, particularly when derived from hardwoods, retain
substantial concentrations of deacetylated xylan components. Further, a
portion of the modified hemicellulose is redeposited onto cellulose fibers
during the process [154]. It has been suggested that the hemicellulases cleave
lignin-carbohydrate bonds or that swelling of the pulps facilitates extraction of
residual lignin.

Future development of enzymatic bleaching processes will be dependent on
availability of large quantities of inexpensive, highly specific enzymes. Even
small amounts of contaminating cellulase activity drastically reduce paper
strength, thus highly purified preparations have been sought [157–160].
Further improvements require consideration of the physical characteristics of
the enzyme and their relationship to current kraft processes. In practical terms,
this means that enzyme treatments will beat a high temperature, alkaline pH,
and last only for a short duration. Pedersen et al. [158] have used alkaline
xylanases for treating softwood kraft pulps. Several commercial enzyme
preparations are currently available [161], and recombinant enzyme sources
are under investigation [128, 131– 133, 162].

Ultimately. increased understanding of the mechanism(s) of enzymatic
bleaching will facilitate process development. Recent studies have examined
accessibility of the substrate to xylanases [163], the adsorption of xylanase to
lignin and cellulose [164], and the presence of inhibitory materials in pulp
[164].

Hemicellulases also show promise for the production of dissolving chemical
pulps [165] and for improving pulp beatability of unbleached pulps
[156, 166]. Complete removal of hemicellulose is sought in dissolving pulps to
allow more efficient synthesis of cellulose derivatives (e.g. rayon) [154]. This is
in distinction to papermaking where exhaustive removal of xylans reduces
strength characteristics.

Recently, a combination of xylanase and peroxidase treatments has been
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shown to be useful [167]. A multi-step process is described in which at least one
xylanase treatment followed by one or more peroxidase treatments effectively
delignifies pulps. Hardwood and softwood kraft pulps and either manganese
peroxidase or lignin peroxidase could be used.

4.4 Lignin degradation

Unlike cellulose and hemicellulose, the lignin polymer is not principally linear
nor does it have a repeating hydrolyzable interunit bond. Instead, lignin is a
complex, three-dimensional, non-stereoregular aromatic polymer composed
of phenylpropanoid units linked through several major types of carbon–
carbon and ether bonds (Figure 4.3). It is synthesized by higher plants,
reaching levels of 20–30% of the dry weight in the tissue of woody plants. The
bulk of the lignin is in the thick secondary cell walls, but the highest
concentrations of lignin are in the middle lamellae (intercellular regions) where
the lignin cements the plant cells together thereby providing rigidity and
strength for the plant.

The highly irregular structure of lignin is the result of free radical
polymerization of the precursors, p-coumaryl, coniferyl, and sinapyl alcohols,
the relative proportions depending on the type of plant and tissue. Plant

Figure 4.3 Structure of lignin and precursors. An example of a @J4 linkage is shown between
residues 1 and 2, and a /)-1 between residues 8 and 9. (From Kirk and Farrell [195].)
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peroxidases catalyse the one-electron oxidation of these precursors to generate
phenoxy radical intermediates that diffuse away from the enzyme and couple
with each other and the growing lignin polymer. This random coupling
generates oligomeric quinone methides susceptible to nucleophilic attack at
the benzyl carbons by water, phenolic hydroxyls of other lignols. and also by
the hydroxyls of hemiceilulose to form lignin-carbohydrate complexes. The
interunit bonds are characterized by the points of attachment. The standard
nomenclature designates positions on the propyl side chains as x, /J’. y, (a being
proximal to the aromatic ring) and positions on the aromatic ring as 1-6
(indicating the point of attachment of the propyl side chain). Thus. the #-O-4
ether bond is quantitatively the most important interunit bond in spruce
lignin. Details of lignin synthesis, structure and chemistry are reviewed
by Adler [168], Harkin [169], Higuchi [170], and Sarkanen and
Ludwig [171].

The white-rot basidiomycetes degrade lignin more extensively and rapidly
than any other known group of organisms. These fungi are also well adapted
for utilizing the other major plant components. Because the complex lignin
polymer encrusts the cellulosic microfibrils of plants and is chemically bonded
to the hemicelluloses, the fungi capable of lignin degradation in fully lignified
tissue play a key role in the recycling of carbon, not only from the lignin
polymer, but also from the plant polysaccharides.

The most extensively characterized white-rot fungus is P. chrysosporium,
previously known as Chrysosporium lignorum and Sporotrichum pulverulentum
[172, 173]. In addition to P. chrysosporium being one of the fastest lignin
degraders so far characterized, it also grows rapidly on defined glucose
media. has a high temperature optimum for growth, conidiates profusely,
and produces basidiospores under established conditions. making it parti-
cularly suited for study in the laboratory.

Important culture parameters required by Phanerochaete for lignin degrad-
ation to carbon dioxide and water have been determined using 14C-1ignin as
the substrate in defined media. Ligninolysis is triggered by nutrient limitation;
cultures starved for carbon, nitrogen. or sulfur are able to oxidize lignin to
carbon dioxide [174–177]. There is also great influence by oxygen partial
pressure [176- 178], agitation [176, 179], metal ion balance [174] and pH
[176]. To induce the ligninolytic system, the fungus is typically grown in
stationary liquid medium at pH 4.5, 39°C, high oxygen partial pressure, with
glucose as the carbon source and ammonium as the limiting nitrogen source.
Although lignin is not required to induce the ligninolytic system. P.
chrysosporium synthesizes veratryl alcohol (3,4-dimethoxybenzyl alcohol),
which has a lignin aromatic substituent pattern [180,181].

A defined medium for lignin degradation has allowed detailed studies of the
metabolism of lignin-model compounds (e.g., /LO-4 and /1-1 lignin substruc-
ture models) without the complications associated with the complex hetero-
geneous lignin polymer. The oxidations of the lignin substructures (e.g. Cx-Cß
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cleavage and Cx oxidation) [ 182– 189] agree well with those deduced from the
studies with lignin polymer [190–192].

The ability of many other organisms to degrade lignin is somewhat
uncertain. This is partially due to the inability of microbes, including the
white-rot basidiomycetes, to use lignin as the sole source of carbon or energy.
Consequently, there is no easy selection for lignin degradation by conven-
tional methods. Also, the characterizations of minor modification and
depletion of lignin in native lignocellulose are often equivocal due to its
intimate association with the other plant constituents. However, other fungi
such as certain ascomycetes and fungi imperfecti typify the soft-rot decay of
wood. This is characterized by softening under high humidity conditions with
extensive polysaccharide and lignin loss, but the rates are not as high as they
typically are for the white-rot fungi. Other basidiomycetes, even closely related
taxonomically to the white-rot fungi, cause brown rot. This is characterized by
extensive decay of the hemicellulose and cellulose of wood, leaving a brown
modified lignin residue [193]. The microbiology of lignin degradation has
been reviewed [3, 194-196].

4.4.1 Enzymology

For the purposes of this chapter, the enzymology of lignin biodegradation will
be limited principally to those enzymes secreted by P. chrysosporium. Growing
evidence indicates that the lignin peroxidase (or ligninase) plays a central role
in the initial degradation of the complex aromatic polymer lignin with this
organism. Lignin peroxidase was first discovered based on the H2O 2-
dependent C x-Cß cleavage of lignin model compounds and subsequently
shown to catalyse the partial depolymerization of methylated lignin in vitro
[197-200]. Since the first reports of lignin peroxidase. isozymic forms have
been detected. The principal methods for distinguishing these have been by
their pI and their order of elution from a Mono Q anion exchange column
[201-203]. Ten peroxidases are separated by Mono Q chromatography and
are designated H1 through to H10. Six of these, H1 (pI 4.7), H2 (pI 4.4), H6
(pI 3.7), H7 (pI 3.6), H8 (pI 3.5), and H10 (pI 3.3), have veratryl alcohol
oxidation activity characteristic of lignin peroxidase [204]. H3, H4, H5, and
H9 are manganese peroxidases (discussed below). Analytical isoelectric
focusing has resolved fifteen proteins with lignin peroxidase activity [202].
The number of isozymes observed depends on the growth conditions (e.g. N
v. C starved), the means of purification and storage. The isozymes are
glycoproteins of molecular weights estimated at 38-46 kDa and also appear to
be structurally related in that polyclonal antibodies raised against H8 cross
react with the various other lignin peroxidases. It is clear from N-terminal and
genetic analyses that some
products and not solely due
Although the various lignin

of these lignin peroxidases are separate gene
to post-translational modifications (see below).
peroxidases have similar substrate specificities
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towards aromatic substrates [204, 205], their kinetic behavior varies more
clearly when tert-butyl hydroperoxide is substituted for hydrogen peroxide
[205]. Crystallization of a lignin peroxidase should allow the determination of
the three-dimensional structure and key structure/function relationships
[206].

Lignin peroxidases are true peroxidases [207-209] and the kinetics of
enzyme intermediates have been studied in detail [210–212]. Lignin per-
oxidase isozymes have absorption spectra characteristic of other heme-
proteins, and pyridine hemochromogen complex formation indicates 1 mol of
protoheme IX per mole of lignin peroxidase. Like other peroxidases, lignin
peroxidase has a ping-pong mechanism, i.e. hydrogen peroxide oxidizes
resting enzyme by two electrons to give Compound I enzyme intermediate.
Compound I oxidizes aromatic substrates by one electron to give Compound
II (a one-electron oxidized enzyme intermediate) that can again oxidize
substrate to return the enzyme to resting state. This is depicted in the
following in which LiP represents the ferric state resting lignin peroxidase and
S represents an aromatic substrate

Lignin peroxidase catalyses a variety of oxidations, all of which are
dependent on H2O2. These include C,-C~  cleavage of the propyl side chains of
lignin and lignin models, hydroxylation of benzylic methylene groups,
oxidation of benzyl alcohols to the corresponding aldehydes or ketones,
phenol oxidation, and even aromatic ring cleavage of non-phenolic lignin
model compounds [200, 203, 213–215]. The underlying principle behind this
array of reactions was initially perplexing but can now be explained. Simply
stated, lignin peroxidase oxidizes the aromatic nuclei of substrates by one
electron (Figure 4.4). The resulting aryl cation radicals degrade spontaneously
via many reactions dependent on the structure of the substrate and on the
presence of reactants (Figure 4.5). Evidence for the involvement of cation
radical intermediates was provided using electron spin resonance [216], using

Figure 4.4 Formation of aryl cation radical intermediate by the oxidation of substrate by one
electron.
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purified lignin peroxidase and methoxybenzenes as substrates. Using more
lignin-related compounds. Hammel et al. [217] further proved the involve-
ment of radical intermediates by identifying radical-dimer products as well as
carbon-centered and peroxyl radical intermediates. Other researchers, using
more indirect methods, also concluded that cation radical intermediates were
involved [218, 219].

Although the reactions subsequent to cation radical formation are complex.
they follow chemical principles that readily explain the predominant products.
Thus, the C,-C,, cleavage (Figure 4.5) that is predominant with model
compounds most closely related to lignin [217, 220] can be understood based
on the degree of substitution of the C,, carbon stabilizing a C-centered radical
in purely chemical systems [221]. The cation radical mechanism also explains
the oxygenase properties of lignin peroxidase; Oz reacts with carbon-centered
radical intermediates that result from C-C bond cleavage of cation radicals
[222, 223]. Lignin peroxidase activity is also expected to break the C, lignin-
carbohydrate bond [220]. Detailed reviews on the radical chemistry of lignin
peroxidase catalysed reactions are provided elsewhere [170, 224].

A distinguishing characteristic of lignin peroxidase is that its oxidized
enzyme intermediates (Compound I and Compound II) must be sufficiently
positive to remove one electron from its non-phenolic substrates. Hammel
et al. [225] demonstrated that lignin peroxidase oxidizes polycyclic aromatics
with ionizing potentials of approximately 7.5 eV or lower, whereas horse-
radish peroxidase will oxidize only those polycyclics with ionization potentials
below 7.35 eV [226]. Similarly, the homologous series of methoxybenzenes
(half-wave potentials range from 0.81 V to 1.76 V v. a saturated calomel
electrode) has been useful in characterizing the relative oxidation potentials of
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oxidative enzymes. in the presence of H ~Oo, lignin peroxidase oxidizes the ten
congeners with the lowest half-wave potentials. whereas horseradish per-
oxidase oxidizes the four lowest and laccase (with Oz as electron acceptor)
oxidizes only the lowest [227]. The higher Em, values of the ferrous–ferric
states with lignin peroxidases. when compared to other peroxidases, also
suggest that the heme active site of lignin peroxidase is more electron deficient,
thereby allowing the oxidized intermediates of the enzyme to oxidize
substrates of high oxidation-reduction potential [228].

Consistent with the characterization of lignin peroxidase as a peroxidase are
the polymerization reactions it catalyses with phenols. This is of special
interest because phenolics are produced by the action of lignin peroxidase on
non-phenolic lignin structures. and therefore explains why the treatment of
lignin with the enzyme can cause not only the depolymerization of lignin [199]
but also the repolymerization of lignin fragments in vitro [67, 229]. Recently,
the partial depolymerization of a synthetic lignin with crude lignin peroxidase
and HZO~ has been demonstrated in vitro [230]. Dilute lignin dispersions and
low steady-state HzOl concentrations are thought to be important in
minimizing the bimolecular coupling of phenoxy radicals that would lead to
polymerization in vitro [230]. It has also been proposed that glycosylation of
lignin breakdown products may be important in favoring the depolymerizing
reactions [231].

The importance of lignin peroxidase in depolymerization of lignin in vivo
was convincingly demonstrated by Leisola et al. [232]. Addition of exogenous
lignin peroxidase to carefully washed mycelial pellets greatly stimulated the
conversion of 14C-lignin to 14CO2. In this case, the presence of mycelia may
play an important role in favoring overall depolymerization by removing
lignin fragments as they are released. Adding veratryl alcohol. in addition to
the lignin peroxidase, to the washed mycelia had a further stimulatory effect.
Conversely, horseradish peroxidase had no effect.

Another heme peroxidase found in the extracellular fluid of ligninolytic
cultures of P. chrysosporium is manganese peroxidase [233, 234]. The principal
function of the enzyme is to oxidize MnJ + to Mn3 + using HZOZ as oxidant.
Activity of the enzyme is stimulated by simple organic acids that stabilize the
Mn3 + and allow it to oxidize organic compounds including phenolic lignin
model compounds [235, 236]. As with lignin peroxidase, the prosthetic group
is iron protoporphyrin IX and several isozymes can be detected [202, 237–
239]. The 46 kDa glycoprotein does not share antigenic determinants with
lignin peroxidase, and peptide patterns are different to those observed with
lignin peroxidase [202].

Manganese peroxidase exhibits enzyme intermediates analagous to other
peroxidases [239, 240]. Compound I is formed by the oxidation of manganese
peroxidase by HZOZ, and this enzyme intermediate can then be reduced by
MnJ + and phenols to generate Compound II. Compound II is then reduced
back to resting state by MnL + but not by phenols [240]. Therefore, Mn2 + is
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necessary to complete the catalytic cycle. The enzyme also shows saturation
kinetics with Mnz +

Typical assays for monitoring manganese peroxidase activity use phenolics
that are easily oxidized by Mn3 + and that give useful color changes for
detection. However, there has been some question as to the role of the enzyme,
in particular in relation to oxidation of lignin and its depolymerization. The
biomimetic oxidation of lignin model compounds by Mn3 + suggests that it
may play a role in oxidizing both phenolic and non-phenolic residues of lignin
[241]. More recently, the in vitro partial depolymerization of synthetic lignin
by manganese peroxidase has been demonstrated [242].

Clearly, an important component of the ligninolytic system of P. chryso-
sporium. in addition to the extracellular peroxidases, is the source of HZOZ
required as oxidant. Several oxidases have been proposed to play a role in this
regard. However, the only one that appears to be secreted in this system under
standard ligninolytic conditions is glyoxal oxidase [195].

The temporal correlation of glyoxal oxidase. peroxidase, and oxidase
substrate appearances in cultures suggests a close physiological connection
between these components [243, 244] The oxidase is a glycoprotein of 68 kDa
with two isozymic forms (pI 4.7 and 4.9). The active site of the enzyme has not
been characterized but CU2 + appears to be important in maintaining activity
of purified enzyme. Glyoxal oxidase is produced in cultures when P.
chrysosporium is grown on glucose or xylose, the major sugar components of
lignocellulosics. However, the physiological substrates for glyoxal oxidase are
not these growth-carbon compounds but apparently intermediary meta-
bolites. Several simple aldehyde. x-hydroxycarbonyl, and u-dicarbonyl com-
pounds are substrates. Interestingly, proposed products of ligninolysis. such as
glycoladehyde [200], are also substrates for glyoxal oxidase. suggesting that
the oxidase-peroxidase coupled system can partially be perpetuated by the
action of lignin peroxidase on lignin itself [244].

Perhaps the property of glyoxal oxidase of most interest and of considerable
physiological significance is that, in the absence of a peroxidase system. the
oxidase is reversibly inactivated [244]. However. the enzyme is reactivated by
reconstituting the complete peroxidase system. including both lignin per-
oxidase and substrate. This suggests that the supply of HIOz by glyoxal
oxidase is responsive to the demand of the peroxidases, thereby providing an
extracellular regulatory mechanism for control of the coupled enzyme
systems. On a protein basis, the amount of glyoxal oxidase appears to be
relatively minor when compared to the extracellular peroxidases. However.
the specific activity of the oxidase appears to be considerably greater than that
of lignin peroxidase. Interestingly, the relative amounts of glyoxal oxidase
appear to be much greater when extracted from wood solid substrate
compared to defined liquid medium [245].

Another oxidase secreted by P. chrysosporium is cellobiose oxidase previ-
ously described. This enzyme is not normally detected in standard ligninolytic
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cultures in the laboratory, perhaps as a result of repression by glucose in
cultures. However, the possibility that it may play a role in supplying HZOZ
during lignin degradation on native lignocellulosic substrates has not been
excluded. Also, an extracellular aryl-alcohol has been reported from the white-
rot fungus Bjerkandera adusta as well as a lignin-peroxidase [246].

Unlike many white-rot fungi, Phanerochaete has no detectable laccase

activity. However, recent evidence suggests that laccase. like lignin peroxidase,
plays a role in lignin degradation by fungi [247-249]. The laccase of Trametes
versicolor is a blue copper oxidase that catalyses the four-electron reduction of
Oz to HIO during its oxidation of phenolics, aromatic amines, ascorbate, and
metal cyanides [250]. The enzyme has four copper atoms with type-1 and
type-3 copper sites of particularly high redox potential in comparison to other
blue copper proteins [251]. As with lignin peroxidase, the substrate radicals
formed subsequent to oxidation undergo further nonenzymatic reactions
[252]. The chemistry of laccase oxidation of lignin-related compounds has
recently been reviewed [253]. Also, the synergism between the laccase and
manganese peroxidase of Rigidoporus lignosus is an example of the possible
complex relationships that may be important in lignocellulose degradation
[254].

4.4.2 Molecular genetics of ligninolytic fungi

Knowledge concerning the molecular genetics of the P. chrysosporium
ligninolytic system has advanced considerably in the past few years. Standard
procedures have been established for auxotroph production [255], recom-
bination analysis [74], and rapid DNA and RNA purification [256, 257].

Several groups have developed transformation systems for P. chryso-
sporium. Randall and co-workers [258] reported transformation to G418
resistance. This system appears to involve extremely low copy numbers of
autonomously replicating plasmid. An adel strain of P. chrysosporium has
been transformed with the corresponding wild-type gene from Schizophyllum
commune [80, 81], and from P. chrysosporium [259]. These transformants
involved stable integration of the complementing vectors into the genome,
although the frequency of integration at the homologous adel locus has not
been determined. Homologous recombination frequencies are high in Usti-
lago maydis [260] and relatively low in Coprinus cinereus [261], the only
basidiomycetes where this has been examined and reported. This issue is
important because it dictates strategies required for gene disruptions/
replacements.

Since Tien and Tu [262] first reported cloning of the cDNA encoding lignin
peroxidase H8, much has been learned concerning the number, structure, and
organization of the peroxidase genes of P. chrysosporium. It is now clear that
lignin peroxidases are encoded by a family of at least six closely related genes
and their allelic variants, and that many of these genes are linked. Regrettably,
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no uniform nomenclature has been adopted for clone/gene designations. Also,
when some sequences were initially published, their allelic relationships had
not been established. A list of BKM- 1767 synonyms follows:

Sequence, intron position, and intron length are highly conserved among
lignin peroxidase genes. Nucleotide and amino acid sequence homology
among clones derived from P. chrysosporium BKM-1767 are shown in
Table 4.1. The lignin peroxidase genes contain eight relatively small introns,
except GLG5 contains nine [76]. Intron position is conserved particularly
around residues Arg-43, His-47, and His-176, which are believed to be
essential for peroxidase activity [262] (Figure 4.6). Also, the last intron of all
clones is adjacent to a short, proline-rich exon, and the first intron splits a
putative signal sequence-propeptide junction in several genes [75].

Figure 4.6 Representation of genomic clone showing alignments of signal sequences (stippled
box). Introns (open box), and coding regions for mature polypeptide (blackened box). The
positions of essential amino acid residues are shown by cDNA coordinates [262]. For cosmid V4,
only sequences surrounding essential amino acid residues were determined. Restriction site

abbreviations: S, SphI; Bs, BssHII; E, EcoRV;  N, NcoI; H, HindIII; X, XhoI; K. KpnI.
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A cDNA encoding manganese peroxidase [268] and its corresponding
genomic clone [269] have been isolated from a derivative of strain ME446. A
manganese peroxidase cDNA sequence derived from BKM - 1767 has also
been reported [270]. Amino sequence homology to lignin peroxidase H8 is
50–60%, and the residues essential for peroxidase activity are conserved.

The lignin peroxidase genes are linked. An RFLP-based genetic map
localized lignin peroxidase genes of M E446 to two linkage groups [77].
Following chromosome separation by clamped homogeneous electrical field
(CHEF) electrophoresis, five lignin peroxidase genes have been assigned to a
single chromosome [76]. In agreement with the RFLP map, another lignin
peroxidase clone (GLG4) has been assigned to the same chromosome as a cbh1
cluster [104]. The number of manganese peroxidase genes and their chromo-
somal organization have not been reported. although preliminary (un-
published) results show that at least one manganese peroxidase gene resides on
the same chromosome as live lignin peroxidase genes.

Both lignin peroxidase-containing chromosomes are dimorphic with
respect to migration on CHEF gels [76]. Homologous chromosomes differing
in electrophoretic mobility have also been observed in Plasmodium falciparurn
[271], S. cerevisiae [272], Candida albicans [273], U. maydis [274], and C.
cinereus (M. Zolan, personal communication). The mechanism(s) giving rise to
these chromosome-length polymorphisms may be related to variations in
lignin peroxidase activity. In P. falicurum, polymorphisms are caused by
homologous recombination in distal regions of chromosomes. and it has been
suggested that recombination in these dynamic regions may be related to
antigenic variation [271]. Extensive mapping of chromosome homologies
will be required to determine if a similar mechanism is operative in P.
chrysosporium.

Studies of the transcriptional regulation of peroxidases have been hampered
by difficulties in distinguishing closely related genes. Although it is clear that
lignin peroxidase genes are transcriptionally regulated [262, 263, 275] and
that expression of manganese peroxidase genes is Mn-dependent [276], the
specificity of the transcripts observed on Northerns is questionable. S1
mapped transcriptional start points are equally tenuous [275, 277].

In addition to confusion concerning transcript specificity, considerable
uncertainty remains concerning the precise translational products of various
clones. Identification by matching deduced amino acid sequence with short
regions of experimentally determined sequence is particularly risky [266].
This is also complicated by the presence of allelic forms that encode slightly
different isozymes [76]. Recently, Glumoff et al. [205] purified five lignin
peroxidase isozymes from carbon-starved cultures and determined their N-
terminal amino acid sequences. On this basis, three isozymes with pIs of 4.65,
3.85, and 3.70 can be tentatively identified as products of CLG4, LiPA/LPOA,
and LiPB/LPOB, respectively.

Large quantities of purified lignin peroxidases are needed for basic
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biochemical investigations and for assessing various commercial applications.
Unfortunately, expression of lignin peroxidase genes in heterologous systems
has proven to be problematic. In E. coli, relatively low levels of aggregated
apoprotein are produced in inclusion bodies. Attempts to recover and
reconstitute the active enzyme have had limited success (reviewed in [278]). S.
cerevisiae systems are also inadequate, yielding little or no intracellular levels
of apoprotein [278]. Even when under the control of the highly expressed and
inducible cbhl promoter, expression of peroxidases in T. reesei is limited to
transcripts only, i.e., no protein is detected [279]. Recently, a baculovirus
expression system has been used to produce active recombinant lignin
peroxidase isozyme H8 [280]. Although not appropriate for large-scale
production, such systems may be useful for experiments requiring limited
quantities of recombinant protein, e.g. site specific mutagenesis.

Little is known concerning the molecular genetics of other lignin degrading
fungi. Saloheimo and co-workers [279] cloned and sequenced a lignin
peroxidase gene from Phlebia radiata. The deduced amino acid sequence of
this clone is 62%, identical to P. chrysosporium isozyme H8 (ML1). On the
basis of Southern blot hybridization to the H8 gene. multiple lignin
peroxidases appear to be present in Bjerkandera adjusta. Coriolus versicolor
and Fomes lignosus [265]. A phenol oxidase gene of Colletotrichurn hirsutus
has been cloned, sequenced and expressed in S. cerevisiae [281].

4.5 Applications

A potential application for the ligninolytic system of white-rot fungi is the
biomechanical pulping process previously described. The mechanism of
biopulping is not well understood but a working hypothesis is that the limited
removal of lignin facilitates the separation of the cellulose microfibrils.
Elucidation of the mechanism has been hampered by the complexity of the
substrates, although lignin peroxidase. manganese peroxidase, and glyoxal
oxidase have been identified in P. chrysosporium cultured on aspen pulp [245].

The non-specific oxidative ligninolytic system of white-rot fungi also has
potential in solving certain environmental problems. The first alkaline
extraction stage of Kraft pulp bleach plants contains oxidized and chlorinated
lignin fragments and a complex mixture of low molecular aromatics that area
major source of water pollution. P. chrysosporium can decolonize the effluent,
degrade the lignin residues, and remove the chloro-aromatics [282-284].

P. chrysosporium also is able to oxidize and. in some cases, mineralize to
COZ and HZO certain xenobiotics that are not lignin derived. Examples are
polychlorinated biphenyls [285], benzo(a)pyrene, DDT, lindane [286], and
other chloro-organics [284]. Recently, Lamar and co-workers have demons-
trated depletion of the wood preservative pentachlorophenol in soils by
Phanerochaete spp. [287]. The metabolism of these compounds appears to
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correlate with the ligninolytic system, and in some cases the direct
involvement of lignin peroxidase in oxidizing these compounds has been
shown [225, 288–291]. Although lignin peroxidase may catalyze the initial
oxidations of such xenobiotics, the subsequent steps are not well understood
and should be an important goal of future research.
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