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Steilingen

1. Sommige gechloreerde arornaten zijn niet zeldzaam in het milieu, en omdat ze
door schimmels produceerd worden, zijn het zeker geen xenobictica. i

Dit proefschrift

2. De door schimmels geproduceerde gechloreerde aromaten zijn potentigle
bouwstenen voor natuurlijke dioxines.

Dit proefschrift j

3. Het definiéren van groei van schimmels op veratryl alcohal enkel en alleen op
grond van de radiale groeisnelheld is twijfelachtig.

Collett O {1992) Material und Crganismen 27:67-77

4. In tegenstelling tot wat Khan en Overend beweren, kunnen laccases ook geel
van kleur zijn. ‘

Khan AW, Overend RP {1990) FEMS Microbiol Lett 66:215-220

Mohoroshi N, Wariishi H, Muraiso C, Nagai T, Haraguchi T (1987) Mokuzai !
Gakkaishi 33:218-225 ) !
Sariaslani FS (1989) Crit Rev Biotechnol 9:171-257

5. De conciusie van Shimada en coilega’s, dat lignine peroxidase een rol speeit
hij de biosynthese van veratryl alcohol, wordt onvoldoende door experimentele
gegevens onderbouwd.

Shimada M, Nakatsubo F, Kirk TK, Higuchi T (1981) Arch Microbiol
120:321-324

Shimada M, Ohta A, Kurosaka H, Hattori T, Higuchi T, Takahashi M (1989) Am
Chemn Soc Symp Ser 399:412-425 |

6. Wanneer maar twee parameters gemeten zijn, moet een tijdschrift nist
accepteren dat deze gegevens in een driedimensionaal staafdiagram
weergegeven worden. -

Roy B, Ackermann H-W, Pandian §, Picard G, Goulet J {(1993) App/ Environ
Microbiof 59:2914-2917
Thomas AD, Booth IR (1992} J Gen Microbiol 138:1829-1835
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Er zit een boel rommel in de Dommel.
Labuitie Industriéle Microbiologie 1989

Bliilkens de verkeerssituatie in Wageningen is het afregelen van stoplichten een
moeilijk vak. '

De huidige inspraakprocedures bij een stadsvernieuwingsproject doen de
kwaliteit van het project in de regel geen goed en frustreren de interesse bij de
rest van de bevolking om in de toskomst mee te denken,
Stadsverniewingsproject Heerenstraat, Wageningen

Promovereén doe je niet vanwege een betere baan en hogere salaridring in de
toekomst, maar vooral omdat het doen van wetenschappelijk onderzoek je
interesseert,

Intermediair 22 oktober 1993

Ondanks de toenemende vergrijzing is volledige werkgelegenheid alleen nog
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CHAPTER 1

GENERAL INTRODUCTION

LIGNIN BIODEGRADATION BY WHITE-ROT FUNGI

The major structural elements of woody tissue are cellulose, hemicellulose and lignin.
Wood and other vascular tissues contain generally 20-30% lignin. Lignin gives the plant
strength, it serves as a barrier against microbial attack and it acts as a water
impermeable seal across cell walls ¢of the xylem tissue. The compaound originates from
a random polymerization reaction of p-coumaryl alcohol radicals and their methoxy
substituted counterparts (Dean and Eriksson 1992). These aspecific reactions create
a high molecular weight, heterogenous, three-dimensional, optical inactive molecule
containing both ether and carbon-carbon linkages. This structure imposes unusual
restrictions on biodegradative systems responsible for the initial attack. The systems
must be extracellular and non-specific. Lignin, the most abundant aromatic polymer
on earth, is not degraded by hydrolytic enzymes in contrast to cellulose and
hemicellulose. The most rapid and extensive degradation of lignin described to date
is caused by the white-rot fungi (Kirk and Farrell 1987, Buswell 1992). Under
ligninalytic conditions these fungi produce several extracellular enzymes (peroxidases
and oxidases) and secondary metabclites. Despite the fact that native lignin is
potentially capable of providing enough energy to sustain fungal growth, white-rot fungi
can not use lignin as sole source of carbon and energy. Thus, an easily metabolizable
cosubstrate such as cellulose or hemicellulose, must be availtable. Most white-rot fungi
degrade lignin in a secondary metabclic (idiophasic) process, which starts only after
nitrogen, carbon or sulphur are limiting. For a few fungi, e.g. Lentinula edodes
(shiitake) and Pleurotus ostreatus {cyster mushroom} , nitrogen limitation is not a
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Chapter 1

prerequisite for lignin degradation. Presently, it is unclear whether such fungi exhibit
a clear separation between primary and secondary metabolism or if lignin
biodegradation is regulated differently in these organisms (Kirk and Farrell 1987). Other
physiological parameters that in general stimulate lignin bicdegradation are a high
oxygen tension, static culture conditions and a pH between 3.5 and 5.5 (Kirk and
Farrell 1987, Buswell 1992). The fact that the initial degradation of lignin, catalyzed by
the extracellular enzymes, is non-specific and results in a potpourri of random
reactions made Kirk and Farrell (1987) describe this process as ‘“enzymatic
combustion®. This unique enzyme system, capable of degrading lignin, gives white-rat
fungi several distinct advantages for biotechnological purposes above other microbes.
Several potential applications have been suggested for white-rot fungi, the most
important ones will be discussed.

POTENTIAL APPLICATIONS OF WHITE-ROT FUNGI

Blopulping of wood. Production of high quality pulps in high yields with a selective
removal of the lignin moisety, and without substantial destruction of the cellulose and
hemicellulose, is a major goal. At present two main processes are used to
manufacture such paper pulps. In the kraft process the wood chips are cooked at high
temperature in an alkaline environment while in the sulfite process the addition of
sodium sulfite is used. Both processes use immense amounts of energy, hugse
quantities of chemicals which are not always regenerable, and c¢reate vast amounts of
toxic effluents. Also in the production of thermomechanical pulps substantial amounts
of energy are required. The use of white-rot fungi or their enzymes offer many potential
advantages in reducing the above menticned drawhacks of the current processes
{Boominathan and Reddy 1992). The main disadvantages of the fungal process are
the facts that the biclogical delignification step is too slow and not selective enough
to compete with conventional pulping methods.

Recently, promising biomechanical pulping results have been obtained with the
white-rot fungus Ceriporiopsis subvermispora. Fungal pretreatment of both soft- and
hardwood chips resulted in energy savings of approximately 40% and in a
considerable increase in both tear-strength and burst index compared to untreated
controls. The fungal treatment causes only slight weight losses (5%) and a limited
decrease of optical properties. The process has been patented and current research
focuses on the physico-chemical basis of this biopulping efficiency, the decrease of
the fungal incubation time and how the process can be scaled up economically
{Blanchette et al. 1992, Aktar et al. 1892, Aktar et al. 1993).
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General introduction

Blobleaching of paper pulp. The kraft pulping process leaves approximatsly 10% of
the lignin in the pulp. Chiorination followed by alkaline extraction is a very efficient way
to degrade the remaining lignin, but an important drawback is the production of a
waste water containing toxic chloroaromatics. Several laboratories have focused on
replacing the chlorination step by biological bleaching with white-rot fungi
{Boomninathan and Reddy 1992, Kantelinen et al. 1993, Onysko 1993). Tramefes
versicolor can biobleach kraft pulp in the absence of physical hyphal-fibre contact and
with no loss of paper strength properties (Kirkpatrick et al. 18980, Archibald 1992). This
indicates that time needed for biobleaching can be substantially reduced by using
‘concentrated’ extracellular fluid instead of the whole fungus (Archibald 1992).
However, this process still awaits commercialization. Rather unexpected was the use
of xylanases to improve the biobleachability of kraft pulps. These enzymes have now
successfully been used both in the laboratory and on an industrial scale (Viikari et al.
1992). Recently, xylanases have been tested that are active at pH 9 at 65 °C for two
hours (Hogman st al. 1992). Future research should be directed to preparations of
cellulase-free xylanases with better specificities that are active in the high alkalinity and
temperature of kraft cooking.

Waste water treatments. The dark coloured waste waters of the pulp and paper
industries contain high molecular weight, modified and often chlorinated lignins.
Conventional aerated waste water treatments reduce the biclogical and chemical
oxygen demands but are not very effective in removing colour and high molecular
weight chlorolignins {Boominathan and Reddy 1992). Both ¢olour and chloroaromatics
concentration are readily remaoved by several white-rot fungi, including Phiebia radiata
(Lankinen et al. 1981), Phanerochaete chrysosporium {Fukui et al. 1992) and Trametes
versicolor {Roy-Arcand and Archibald 1991, Bourbonnais and Paice 1992). The
MYCOPOR (mycelial colour removal) process, using Phanerochaete chrysosporium
and a continuous trickling filter system, eliminates both colour and chlorolignins
efficiently, and is now to run at a pilot plant scale at an Australian pulp mill (Jaklin-
Farcher st al. 1992). Surprisingly, Bergbauer and Eggert (1992) recently reported that
chlorine-free bleaching effluent had a higher toxicity and was more difficuit to degrade
by T. versicolor and P. chrysosporium than two chlorinated effluents. These results
demonstrate that a simple replacement of chlorine bleaching with other methods does
not really solve the problem of the toxic and recalcitrant waste waters of the pulp and
paper industries.
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Chapter 1

Improved digestibility of lignocellulosic materials. Whita-rot fungi can potentially
be used to improve the digestibility of lignocellulosic materials (Hatakka et al. 1989).
Lignification limits the rumen digestibility of polysaccharides and even a partial
delignification can give major increases in animal productivity (Reid 1989). In the rain
forests of southern Chile this process occurs spontaneously resulting in white
decomposed wood. This ecosystem is called “Palo podrido” and it is characterized by
a selective degradation of lignin by fungi, such as Ganoderma and Armillaria spp., and
bacteria. The celiulose is conserved and can be used as feed for cattle (Rios and
Eyzaguirre 1982, Bechtold et al. 1893). Lignoceliulosic materials can also be used to
produce fungal food protein (Leonowicz et al. 1991). The benefits of both processes
can be combined. Several white-rot fungi (e.9. Lentinula edodes, shiitake and
Pleurotus ostreatus, oyster mushroom) produce highly appreciated, edible fruiting
bodies, while in the same time the digestibility of the lignocellulosic growth substrate
is increased (Rajarathnam et al. 1987, Moyson and Verachtert 1991). The feasibility of
the process can be increased by combining the improved digestibility or production
of edible fruiting bodies with the extraction of ligninolytic enzymes {Hatakka et al. 1990,
Mishra et al. 1990). The potentiat uses of white-rot fungi to improve nutritional quality
of crops residues are hampered because the results are both very fungal species- and
crop-specific (ZadraZil 1985, Jung et al. 1992). The major challenge is now to adapt
and design simple, inexpensive equipment for the upgrading of lignoceliulosic materials
and to test the process in actual operation on the farm.

Fungal production of renewable raw materials from lignoceliulose. The uncertain
future petroleum supplies have focused the attention on alternative raw materials as
petroleum substituents, particulary for carbon-based chemicals. Wood is composed
of 70-80% polymeric carbohydrates and 20-30% of lignin. Carbohydrates occur in
close association with lignin in the plant cell walls and are only partly available for
hydrolysis with microbial enzymes. Lignocellulosic materials treated by white-rot fungi
are better substrates for this enzymic saccharification. White-rot fungi can also
potentially be used for the production of menomeric aromatic compounds and for the
solubilization of coal and refated substances to chemicals and fuels (Boominatan and
Reddy 1982). All this research is still in a very preliminary stadium and much needs to
be done before white-rot fungi are employed in biotechnological processes to produce
sugars and chemicals.

Degradation of xenohiotic compounds. The random and non-specific nature of the

lignin-degrading system also attacks other compounds containing an aromatic
structure, such as many xenobictic compounds. It has been shown that the lignin-
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General introduction

degrading system of white-rot fungi is involved in the initial oxidation of a wide range
of pollutants including azo dyes, chlorophenols, polycyclic aromatic hydrocarbons
{PAH) and dioxins (Aust 1990, Field et al. 1993). The fact that the ligninolytic system
is active extracellularly makes white-rot fungi far better candidates for the
bioremediation of soil containing highly apolar pollutants compared with non-ligninolytic
microorganisms. Non-ligninolytic organisms use intracellular processes to degrade the
aromatic pollutants, so the limited biocavailability (dissolution and diffusion) is a key
factor in their slow biodegradation rate (Volkering et al. 1992). Xenobiotics bound to
humic compounds are mineralized by Phanerochaete chrysosporium at about the
same rate as the organic carbon from the humic compounds, again demonstrating the
aselective nature of the ligninolytic system (Haider and Martin 1988). The first
promising results of using white-rot fungi for in situ bioremediation of contaminated
soils and wood have appeared (Lamar and Dietrich 1990, Lamar and Dietrich 1892,
Morgan et al. 1893}

Azo dyes are the largest class of commercially produced dyes and are used for
dyeing and printing of natural and synthstic fibres, leather, furs and paper. The
compounds often have mutagenic, carcinogenic and toxic potential, also to men.
About 10-15% of the dye is lost in the effluent of textile mills and of dye-stuff factories
and the commonly used waste water treatments do not remove these dyes sufficiently.
Phanerochaete chrysosporium was able to oxidize and mineralize many sulfonated and
otherwise substituted azo dyes at a high rate (Pasti-Grigsby et al. 1992, Spadaro et al.
1992, Paszczynski et al. 1992). These results show that in addition to waste waters of
the pulp and paper industry white-rot fungi can also be used for the clean-up of dye
industry effluents.

Biosynthesis of flavours. At the moment a great interest exists in aromas of
biological origin, because consumers prefer such compounds over synthetic aromas.
The production of flavours, e.g. terpenes, lactones and aromatics, is ubiguitous among
micro-organisms, especially fungi {(Janssens et al. 1992). Also several white-rot fungi
produce odorous components (Gallois et al. 1990, Janssens et al. 1992). Especially
the production of aromatic compounds is noteworthy. In chapter 2 the important roles
of the de novo biosynthesized aryl alcohols in the physiology of white-rot fungi will be
discussed. Several fungal strains with a high flavour production have been described.
Bjerkandera adusta biosynthesizes veratryl alcohol, a compound with a milky, vanilla
pungent odour assessment (Berger et al. 1986). Benzyi alcohol is produced by Phiebia
radiata and has initially a roasted but later a harsh smell (Gross et al. 1989). The main
components of the smell of Ischnoderma benzoinum are-henzaldehyde (almond
odour) and anisaldehyde (anise-like odour) (Berger et al. 1987). Veratraldehyde has
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a milkky, chocolate aroma and is produced by Dichomitus squalens (Gallois et al.
1990}. The production of flavours by white-rot fungi has considerable potential (Gallois
et al. 1990). The vields are very much dependent on the growth conditions, and are
likely to be improved in future.

QUTLINE OF THIS THESIS

The lignin biodegradation research at the Wageningen Agricultural University has been
initiated in 1987 at the Division of Forest Techniques and Wood Science, Department
of Forestry ta investigate the possibilities of white-rot fungi and/or their extracellular
ligninalytic enzymes for the biopulping of wood. The research was continued in a joint
program with the ATO, Agrotechnological Research Institute in Wageningen and
financed by the Dutch government to investigate the potential of hemp (Cannabis
sativa) as source for paper pulp production. The fundamental aspects of lignin
biodegradation and the interactions between fungi and aryl alcohols presented in this
thesis have been studied at the Division of Industrial Microbiology in cooperation with
forementioned groups and with others.

Only a few fungal species that cause white-rot have been thoroughly
characterized. Thus it was decided to start the research by isolating and characterizing
new strains having better properties than the then known strains. The isolation and
screening for fungi with a high peroxidative activity is described in chapter 3. One of
the newly isolated and most active strains, Bjerkandera sp. BOS55, isolated by F.P.
de Vries at the ATO, was studied in more detail. In addition to lignin peroxidase and
manganese peroxidase, this organism produced a third extracellular enzyme,
manganese independent peroxidase (chapter 4). The strain also produced a wide
range of secondary metabolites. In addition to veratryl alcohol, {chlcrinated) anisyl
alcohols and their corresponding aldehydes were produced (chapter 5). The
chlorinated anisyl alcohols have an important physiclogical role as substrates for aryl
alcohol oxidase, generating extracellular H,0, for the peroxidases (chapter 6). Chapter
7 describes the production of chlorinated aromatics by Bjerkandera spp. in the natural
environment. Astonishing high concentrations of the chlorinated aromatics were
produced in the environment by many cther common wood and forest-litter degrading
fungi.

The production of physiological important secondary metabaolites by white-rot
fungi and their subsequent metabolization have been dealt with more extensively.
Especially, the important functions of aryl alcohols in the physiology of white-rot fungi
have been addressed (chapter 2). Secondary metabolites are not only produced but
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Ganeral introduction

are also readily metabolized by fungi. Penicilfium simplicissimum, not a white-rot
fungus, was studied since it used veratryl alcohol as sole source of carbon and energy
(chapter 8). This organism also produces a very interesting intracellular vanillyl alcohol
oxidase. This enzyme has characteristics completely different from the extracellular aryl
alcohol oxidases of white-rot fungi, although both enzymes are FAD-dependent
flavoproteins (chapter 9). Finally, in chapter 10 concluding remarks are made on the
ligninolytic system of white-rot fungi, the potential of these fungi for biotechnological
applications and the implications of chlorinated aromatic compounds produced in
natural environments.
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CHAPTER 2

ARYL ALCOHOLS IN THE PHYSIOLOGY
OF LIGNINOLYTIC FUNGI

Ed de Jong, Jim A. Field and Jan A.M. de Bont

SUMMARY

White-rot fungi have a versatile machinery of enzymes which work in harmony with
secondary aryl alcohol metabolites to degrade the racalcitrant, aromatic biopolymer
lignin. This review will focus on the important physiclogical roles of aryl (veratryl, anisyl
and chlorinated anisyl) alcohols in the ligninolytic enzyme system. Their functions
include stabilization of lignin peroxidase, charge-transfer reactions and as substrate for
oxidases generating extracellular H,0,. The aryl alcohol / aldehyde couple is well
protected against degradation by the fungi's extracellular ligninolytic enzymes and their
concentration in the extracellular fluid is highlty regulated by intracellular enzymes.

FEMS Microbiology Reviews (1894) In press
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Aryl alcohols in the physiology of ligninolytic fungi

INTRODUCTION

Lignin, the most abundant aromatic polymer on earth, is found in all higher plants. The
compound gives the plant strength, it serves as a barrier against microbial attack and
it acts as a water impermeable seal across the cell walls in the xylem tissue [1]. The
biosynthesis of lignin arises from a phenol oxidase catalyzed coupling reaction of p-
coumaryl alcoho! and it's methoxy substituted counterparts (Figure 1). The structural
features of this heterogenous polymer impose wunusual restrictions on its
biodegradability. The initiaf attack must be extracellular, nonspecific and nonhydrolytic.
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oH OH [10-C oH

Figure 1. Schematic structura! formula for lignin, adapted from Adler [2]. The three precursor alcohols
of lignin are shown at the lower right. One electron oxidation of the precursors and subsecuent
polymerization reactions produces lignin.

White-rot fungi, belonging to the basidiomycetes, are responsible for the fastest and
most extensive degradation of lignin [3]). The white-rot fungus Phanerochaete
chrysosporium (anamorph: Sporotrichum pulverufentum) has been used extensively
as a model organism to study the physiological requirements and enzymes required
for lignin biodegradation. Lignin cannot be degraded as a sole source of carbon and
energy, consequently lignin degradation only occurs when other readily available
cosubstrates (&.g. hemicellulose, cellulose) are available. Many environmental factors
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are known to influence the degradation rate of lignin by this fungus including oxygen
tension, culture agitation, choice of buffer, mineral concentrations {especially Ca and
Mn). Lignin degradation by P. chrysosporium occurs during secondary (idiophasic)
metabolism, triggered by carbon, nitrogen or sulfur limitation [3-5]. The extracellular
ligninolytic system of P. chirysosporium consists of lignin peroxidase (LiP) [6,7],
manganese peroxidase {MnP) [8], H,O,-producing enzymes including glyoxal oxidase
(GLYOX) [9]) and the secondary metabolite veratryl alcohol synthesized de novo [10]

Figure 2).
(Fig ) o0q

( HO\KQ
o o
gyoxal > GLYOXAL < glyoxic acid
OXIDASE Hz03
MN PERCXDASE

HpOpand Mn 2+ HO\ o
Hz03

Figure 2. The ligninolytic system of the white-rot fungus Phanerochaete chrysosporium. (adapted from
Kersten et al. [11]).

Research on lignin biodegradation has accelerated tremendously during the last 15
years in response to potential applications in several areas. The use of white-rot fungi
for biopulping and bleaching has been investigated [12,13]. Alsa the potential of white-
rot fungi and their enzymes to improve the digestibility of lignocellulosic feed has been
studied [14,15). Lignin degradation functions in a non-specific manner, consequently
other compounds that have an aromatic structure are also highly susceptible for attack
by white-rot fungi and their ligninolytic enzymes. Therefore white-rot fungi can
potentially be applied to clean-up toxic waste sites [16-18].

In recent years several reviews have appeared dealing with lignin
biodegradation in general [3,4,18] and selected aspects, including the mechanism of
lignin model compound degradation [20,21], production of lignin peroxidase [B],
genetic aspects of ligninolytic enzymes [22], ultrastructural localization of lignin
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degradation and enzymes [23,24] and biotechnological applications [25].

An intriguing aspect of the ligninolytic complex of white-rot fungi is the de novo
biosynthesis of aromatic metabailites, including veratryl, anisyl and chlorinated anisyl
alcohols. The mast enigmatic attribute of these secondary metabalites is their purpose.
Fungi frequently expend a considerable amount of their available energy to
biosynthesize these compounds, yet the selective advantage(s) for doing so are not
obvious {28]. Moreover, it seems contradictory for white-rot fungi to biosynthesize
aromatic compounds like veratryl alcohol when simultaneously huge amounts of
analogous aromatic metabolites are formed from lignin bicdegradation [27-29]. The
objectives of this paper are to give an overview of the aryl alcohol metabolite
biosynthesis and their physiclogical functions in the ligninolytic complex of white-rot
fungi. In addition, we will evaluate which enzymes ligninolytic fungi possess to regulate
the amount of monomeric aromatic metabolites in their extracellular environment.

BIOSYNTHETIC ROUTES FOR SUBSTITUTED ARYL ALCOHOLS

Both brown- and white-rot fungi synthesize a wide range of aromatic compounds with
a methoxygroup at the para-position (Table 1). It is anticipated that these kind of
compounds are produced via the shikimate pathway [52]). However, in most cases
neither intermediates nor enzymes have been characterized nor have labelling studies
been performed to confirm that the shikimate pathway is involved. Several white-rot
fungi produce de novo veratryl alcohol (Table 1). P. chrysosporium biosynthesizes this
compound via L-phenylalanine, 3,4-dimethoxycinnamyl alcohol and veratrylglycerol
(Figure 3) [53]. The enzyme phenylalanine ammonia-lyase is common among
basidiomycetous fungi [54,55]. Its action results in the recycling of nitrogen, often the
growth limiting nutrient [3,56]. What enzymes are involved in the hydroxylation
reactions is not known. Also the final steps in the biosynthesis, the oxidaticn of 3,4-
dimethoxycinnamy! alcohol to veratrylglycerol and the subsequent Ca-Cg bond
cleavage yielding veratraldehyde and glycolaldehyde, are not well characterized.
Another white-rot fungus, T. versicolor also metabolized added 3,4-dimethoxycinnamyl
alcohol via veratrylglycerol and veratraldehyde [57]. In vitro these conversions are
catalyzed by lignin peroxidase [56]. However, the addition of catalase to idiophasic
cultures of P. chrysosporium did not halt veratryl alcohol biosynthesis [58], and a lignin
peroxidase negative mutant was still capable of converting exogenous 3,4-
dimethoxycinnamate to veratryl alcohol [56]. This suggests that lignin peroxidase is not
needed in the biosynthesis route.
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Table 1. The production of anyt alcohols/aldehydes by basidiomycetes.

Fungus * Typet VAt AA BA CA DA References
Armillaria ostoyae WR o o.e [30]
Armillaria mellea WR o8 ® ok J [30]
Bjerkandera adusta WR oX 0@ ok (oX O.® [31-33]
Bjerkandera sp. BOSE5 WR oe 00 0.e 0.8 [31,32)
Camarophyilus virgineus ® [34]
Coriolopsis occidentalis WR O [34]
Daedaiea juniperina [ [36]
Dichomitus squalens WR ® ® o [30]
Giosophylium odoratum BR ® {37,38]
(syn. Osmoporus odoratus,

Trametes odorata)

Hypholoma capnoides o.e® (32
Hypholoma fasciculare WR 0.0 [32]
Hypholoma sublateritiurm 0.8 [37]
Ischnoderma benzoinum WR ® Oe ] [39]
Lentinula edodes WR O [29,30}
Lepisia diemii [ ] [40]
Oudemansiella mucida WR oe [32]
Phanerochaete chrysosporium WR 0,8 [10,31,41]
Phlebia radiata WR o o, [41.42,43]
Pholiota squarrosa ® [32]
Pleurotus osireatus WR [ ] [30, this work]
Pycnoporus cinnabarinus WR O [3.44)
Ramaria sp. 158. WR L e [32,45)
Trametes gibbosa WR o.e [46]
Trametes hirsuta WR L4 [46]
Tramaetes suaveolens ® [47]
Trametes versicoior WR [s) ® [32.45,48]

(syn. Corlolus versicolor)
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Fungus * Typet VA% AA BA CA DA References

Trichaptum pergamenum (syn. WR o.e ® [30]
Hirschioporus pergamenus)

* The production of only unsubstituted phenyl alcohols has been reported for
several other basidiomycetes, including Heterobasidion annosum (syn. Fomes
annosus), Lenzitus betulina, Phellinus spp., Polyporus spp., Poria spp.,
Nigroporus durus (syn. Polyporus durus) and Tyromyces sambuceus
[30,33,49,50,51]. The structure of the secondary metabolites is shown in Fig.
7.

t Fungi who give white-rot (WR) or brown-rot (BR) decay of wood.

3 The production of veratryi (VA), anisyl {(AA), benzyl (BA), 3-chloro-anisyl (CA)
and 3,5-dichloro-anisyl alcchol (C) and aldehyde (@) by fungi.

Many white-rot fungi also produce anisyl alcohol and aldehyde as well as their
chlorinated derivatives (Table 1). However, the route by which they are biosynthesized
by basidiomycetes is not known and should be elucidated by further research.

The production of secondary metabcolites is very much dependent on the strain,
the growth substrate and the growth conditions [30]. Consequently, the absence of
a certain secondary metabolite under any given culture condition does not exclude its
production by the fungus under other conditions.

Methylation of phenolic metabolites. Many secondary metabolites contain methoxy
groups {Table 1), indicating the presence of a methylating system in white-rot fungi.
Methylation is also a commaon reaction in the catabolism of aromatic compounds by
white-rot fungi. When grown on lignocellulose as substrate, lignin degradation
metabolites, including vanillate [27,29] and syringate [59], are methylated. Subsequent
reduction of veratrate contributes significantly to the veratryl alcohol titer (Figure 3),
parallel to de novo biosynthesis [29]. It has been suggested that methylation of
phenclic compounds prevents polymerization reactions by phenol oxidases and
detoxifies the culture broth. Recently, a S-adenosyl methionine-dependent O-
methyltransferase was purified from the white-rot fungus P. chrysosporiurn and
characterized. This enzyme catalyzed the para-specific methylation of vanillate and
syringate [60]. The enzyme has no activity with ferulate, isoferulate or caffeate,
suggesting that it is not involved in the proposed biosynthesis route of veratryl alcohol
{Figure 3} [53].

The brown-rot fungi Lentinus lepideus [56,61,62] and Piptoporus betulinus (syn.
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Polyporus betulinus) [30] only produce methylated aromatic acids e.g. methyl anisate.
Methyl p-methoxycinnamate was produced when the brown-rot fungus L. fepideus was
incubated with methyl p-coumarate and ["“CH,]-methionine. The {*CH,]-methionine
lable was found both in the methyl and in the methoxy group [61]. From this organism
two distinct S-adenosyl methionine-dependent O-methyliransferases were parly
purified, one catalyzing the formation of methyl esters from free aromatic acids while
the other catalyzes the para-specific methylation of these methyl esters [63,64].

COOH CHoOH CHRO0H
CHNH o CH CHOH
CHo CH CHOH
© —— — - — - — -
OCHg OCHz
OCHg / OCHq
COOH COOH CHoOH
: OCHg : : OCH3 OCHg
CHg OCHg

Figure 3. The secondary metabolite veratryl alcohol originates from de novo biosynthesis via
phenylalanine, veratrylglycerol and veratraldehyde or from the lignin bicdegradation intermediate
vanillate, via methylation and subsequent reduction, {adapted from [29,53]).

Another methyl donor used by basidiomycetes in the biosynthesis of methoxy groups
and esters is chloromethane (CH,CI) which has a primary role in the methylation of
aromatic compounds, such as acids or phenols [65]. Hymenochastaceae, a widely
distributed family of wood-rotting bracket fungi (including Phellinus spp.) release
significant amounts of chloromethane (CH,CI) in the environment [66,67]. Also several
edible mushrooms from the orders of Boletales and Agaricales (Boletus edulis and
Agaricus bisporus) produce CH,C! [68]. The methyl group of chioromethane is also
derived through a S-adenosyl methionine transferase [69]. At Ieast two distinct
chloromethane-utilizing systems occur in Phellinus pomaceus. One system is involved
in methylating the carboxylic acids and the other system methylates the phenolic
groups [65]. Harper and colleagues [43] showed that CH,CI could serve as a methyl
donor in the biosynthesis of veratryl alcohol. Fungi beloenging to families of Coriclaceae
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and Polyporaceae (P. chrysosporium, T. versicolor and P. radiata) do not emit
detectable amounts of CH,CI, but when they are grown in the presence of CzHSCI high
levels of C2H3 were incorporated both in the 3- and 4-O-methyl groups of veratryl
alcohol. However, the addition of CH,Cl to cultures of P. chrysosporium did not result
in increased levels of veratryl alcohol [70]. In P. chrysosporium two distinct systems
are simultaneously involved in methylating reactions, one using S-adenosyl methionine
as methyl denor and the other using CH,Cl as methyl donor [71]. The results show
that CH,Clis a common intermediate in methylating systems of basidiomycetous fungi,
although it is not always produced in detectable amounts. Future research should
focus on the characterization of this unknown enzyme system responsible for the
methy! transfering reactions from chioromethane to aromatic compounds. Besides
methylation also xylosylation reactions are possible with the hydroxy groups.

Xylosylation of veratryl and vanillyl alcohol. The white-rot fungus T. versicolor
xylosylates both secondary metabolites and lignin biodegradation intermediates. Kondo
et al. [72] showed that veratryl and vanillyl alcohol are glycosylated (Figure 4). The
phenolic hydroxyl group is much more extensively glycosylated than the alcoholic
hydroxyl group. Several roles have been suggested for these glycosylation reactions
in lignin bicdegradation. The prevention of polymerization reactions by phenol
oxidases, the conversion of oligomeric kgnin molecules to more hydrophilic
compounds and the detoxification of phenolic compounds are possible explanations.
A possible example of the latter role is the xylosylation of 2-chlorobenzyl alcchol by T.
versicolor [73], but all possible roles need further confirmation.

CHoGH on OCH»
OH
R oH

OCHg OCH3
QCH3 OCHg
CHoOH OCH2 CH0H

OCH3 i OCH3 : OCHg
OH

OH

CH

Figure 4. Xylosylation reacticn of veratryl and vanillyl alcohol by Trametes versicolor. (adapted from [72]).
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Chlorination of aromatic compounds. The fact that basidiomycetes can produce
chlorinated compounds has been known for some time [74-76)]. It is anticipated that
haloperoxidases are involved in most bichalogenation reactions [75]. From terrestrial
tungi two different classes of extracellular chloroperoxidases have been described.
Caldariomyces fumago produces a heme-containing chlorcperoxidase [77], while a
dematiaceous hyphomycete, Curvularia inaequalis, produces an vanadium-dependent
chloroperoxidase [78]. The sources and properties of both heme- and vanadium-
containing chloroperoxidases have been reviewed recently [77]. The occurrence of
chloroperoxidases in basidiomycetes has not yet been described. Although fignin
peroxidase can brominate veratryl alcohol, it is unreactive with chloride [79].

C|200H
H(I'.:NHE (|3H20H COOH
CH»o CHop CH50H
R cCt R Cl @ ‘q R@
OH OH OCHg OCHz
R=H,Cl R=HCi R=H,C! R=H,CI

Figure 5. Naturally produced chlorinated amino acids derivatives, including chlorinated tyrosines (A),
tyrosols (B), p-hydroxypheylacetate (C) and chlorinated anisyl metabolites (CAM) (D and E}.

Table 1 shows that several basidiomycetes also produce chilorinated anisyl alcohols
and aldehydes. The chlorinated anisyl metabolites (CAM) are produced both under
laboratory conditions [31,40,80] and in the environment [32]. It is anticipated that
phenylalanine or tyrosine is also a precursor in the biosynthesis of CAM compounds.
The production of chlorinated amino acids has been reported for several marine
organisms. 3-Chlorotyrosine has been isclated (Figure 5) from the welk Buccinum
undatam [81] and the cuticle of the horseshoe crab Limulus polyphemus (82], the
latter also produces 3,5-dichlorotyrosine. From cuticular proteins of a terrestrial insect
(locust, Schistocerca gregaria) 3-chlorotyrosine has also been purified [83]. Also inthe
culture fluids of fungi, chlorinated amino acid derivatives have been found.
Caldariomyces fumago produced chlorinated tyrosols (Figure 5) [84]. The chiorination
of tyrosol is catalyzed in vitro by chloroperoxidase. The basidiomycete Marasmius
palmivorus produced 3-chloro-4-hydroxyphenylacetate (Figure S) [52], which is
perhaps derived from 3-chlorotyrosine via deamination and decarboxylation.
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LIGNINOLYTIC ENZYMES OF WHITE-ROT FUNGI

The preceding paragraph has shown that the biosynthesis of secondary metabolites
is common among white-rot fungi, thus it is interesting to know if these metabolites
have a role in the ligninolytic system of those fungi. To answer this question first the
extracellular ligninolytic enzyme system will be explained.

Peroxidases, laccases and H,0,-producing oxidases are important enzymes of
the extracellutar ligninolytic machinery secreted by white-rot fungi. Table 2 summarizes
the extraceliular peroxidases and oxidases described in white-rot fungi. The table
clearly demonstrate that the ligninolytic enzyme complex is not so homogengous
among white-rot fungi as once thought [3]. However, it should be kept in mind that the
detection of ligninolytic enzymes in the culture broth is often difficult because of the
association of the enzymes to the fungal mycelium [85) and/or the occurrence of
inhibitors in the culture broth [86-89].

The reactions catalyzed by phenol oxidizing enzymes (laccases and
peroxidases) are very similar. Laccase and the different peroxidases (including lignin
peroxidase (LiP), manganese peroxidase (MnP) and horseradish peroxidase {HRP))
can oxidize phenolic compounds creating phenoxy radicals [20,21,90], while non-
phenolic compounds are oxidized to the corresponding cation radicals. All phenclic
compounds are oxidized by phenol oxidases, whereas the different enzymes have
complete dissimilar substrate ranges for non-phenolic compounds. Laccase can only
oxidize compounds with a relatively low ionization potential, including 1,2,4,5-
tetramethoxybenzene (E,,, <= 0.81 V versus a saturated calomel electrode), to the
corresponding cation radical [91-83]. Non-phenalic compounds with higher ionization
potentials (E,,, <= 1.06-1.12 V} are still readily oxidized by both LiP, MnP, HRP. LiP
is an extraordinary peroxidase since it can oxidize non-phenclic aromatic compounds
with very high ionization potentials such as 1,2-dimethoxybenzene (E, , = 1.5 V) and
veratryl alcohol [92,94]. The exact oxidizing activity of MnP is at the moment still
unclear [83,95-87].

First it is important to discuss the characteristics of each ligninolytic enzyme.
With this information, it will be possible to explain the physiclogical roles and the
metabolism of the de novo biosynthesized aryl alcohols.
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Table 2. The production of exiracetlular oxidative enzymes by basidiomycetes.

Fungus Type * Ligninolytic enzymes t References

LiP MnP Per Lac Glyox AAD

Agaricus bisporus + [o8)
Armillaria mellea WR - + + [99]
Armillaria ostoyae WR - + + [99]
Bjerkandera adusta WR + + + + + +  [100-103]
Bferkandera sp. BOS55 WR + + + + + + [101,104,105]
Ceriporiopsis subvermispora WR - + + - [1086]
Coprinus cinereus + - [98,107,108]
Coriolopsfs occidentalis WR + + [35]
Daedaleopsis confragosa WHR - + + - - [1o1)
Dichomitus squalens WR - + + + + - [46,109]
Ganoderma australis WA + [t10]
Ganoderma valesiacum - + + [48]
Gleophylium trabeum BR - - + - [111,112]
Inonotus (Pheflinus) weirii WR - - + [113]
Junghuhnia separabilima WR + + + [87]
Lentinula edodes WR /- o+ + [114-116]
Merulius (Phlebia) tremeflosus WR  +/- + + [88,114,117]
Panus tigrinus WHR - + + [118]
Phanerochaete chrysosporium WR + + - - + - [6-9.101]
Phanerochaete flavido alba WH + + [114]
Phanerochaete magnolia WR + + [t14)
Phiebia brevispora WR + + - + + [106,119]
Phiebia ochraceofulva WR + - + [120]
Phiebia radiata WA+ 4 . + [114.121,122]
Phlebia subserialis WR - + [114]
Phellinus igniarius WR - - + [111]
Phellinus pini WR + + [114]
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Fungus Type * Ligninolytic enzymes References

LiP MnP Per Lac Glyox AAO

Piptoporus betulinus ER - + - [111]

Pleurotus ostreatus WR - + + + [100,102,123-125]
Pleurotus_sajor-caju WR - + + + {126,127]
Polyporus ostreiformis BR + {128]
Pycnoporus cinnabarinus WR - - + + [46]

Stereum hirsutum WR - + - + [46]

Trametas gibbosa WR + + - + [46]

Trametes hirsuta WR + + - + {46]

Trametes versicolor WR + + + + +  [101,129,130])
Trametes villosa WR - + + + - [101]

* Fungi which give a white-rot (WR) or brown-rot (BR) type of wood decay.

t Extracellular ligninolytic enzymes detected, including lignin peroxidase (LiP),
manganese peroxidase (MnP), peroxidase (Per), Laccase (Lac), aryl alcohol
oxidase (AAQ) and glyoxal oxidase (GLYOX).

Lignin peroxidase. Lignin peroxidase (LiP, EC 1.11.1.-) is an extracellular lignin
degrading enzyme discovered in ligninolytic cultures of P. chrysosporium [8,7]. The
enzyme is produced by many (Table 2) but not by all white-rot fungi. Together with
other enzymes, LiP is thought to constitute the major component of the lignin
degrading system of P. chrysosporium. However, with in vitro experiments only
polymerization reactions of lignin were noticed [131] leading to doubts about the
essential role of LiP in vivo [132]. Several facts indicate that LiP is important in lignin
and xencbiotic degradation by LiP-producing white-rot fungi. The enzyme can
depolymerize dilute solutions of lignin /n vitro [133], can oxidize and depolymerize a
variety of dimers and oligomers structurally related to lignin in vitro [20,21] and LiP
catalyzes the production of activated oxygen species [134]. Furthermore, the
observation was made that cultures supplemented with LiP, degrade lignin much faster
than reference cultures which received no enzyme [135]. It has also been suggested
that LiP plays a much more important role in the degradation of synthetic '*C-lignin to
CO, than MnP [114,119,136]. The reaction mechanisms of lignin model compound
oxidation have been extensively reviewed [20,21].

33



Chapter 2

The P. chrysosporium enzyme is a monomeric N- and probably O-glycosylated
protein with four disulfide bonds [137,138]. !ts pH-optimum near 3 is unusually low
[139]. LIP contains one iron protoporphyrin IX as prosthetic group and has the same
catalytic cylce as horseradish peroxidase (HRP).

Ferrous Ferric H2%2 H20
LiP = LiP ®/= LiP |
VA.O5 ¥ H,0,
VAId
VA HOo VAY
LiP 1l LiP Il
OH~ H+ H202

Figure 6. Interrelationships between the oxldized intermediates of lignin peroxidase. Catalytic cycle
denated by reactions 1, 2 and 3. VA = veratryl alcohot; VA** = veratryl alcohol cation radical; VA® =
veratryl alcohol radical (adapted from [121,149]).

In Figure 8, the five oxidation states are shown. Reaction 1 of ferric enzyme with H,0,
yields the compound I, ferryl iron (Fe™) porphyrin cation radical intermediate, which is
2 oxidizing equivalents above the resting state. One-electron reduction of compound
| with a reducing substrate (e.g. veratryl alcohol {121,140]) or H,0, yields the iron oxo
intermediate, compound Il (reaction 2). This intermediate still contains ferryl iron {Fe™)
but no longer has the porphyrin cation radical. Finally a single one electron reduction
step returns the enzyme to its native state (reaction 3), completing the catalytic cycle
[141-143]. In the absence of reducing substrate, compound H is further oxidized by
H,0, to compound I, a species with limited catalytic ability [144-147]. Compound HI
is stable, but it is inactivated rapidly in the presence of excess H,0, [148]. Compound
Il can return to the resting ferric state either spontaneously or in the presence of H,0,
.and a reducing substrate like veratryl alcohol [149].

The enzyme is produced as a set of closely related isozymes with molecular
weights ranging from 38 to 43 kilodaltons, and is encoded by different genes in P.
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chrysosporium [139,150], P. radiata [121,151], B. adusta [152] and T. versicolor
[129,153). The expression of LiP genes is regulated by an inverse function of the Mn"
concentration [114,154,155). The Mn" concentration has no influence on the amount
of veratryl alcohol biosynthesized [156]. Intracellularly, the concentrations of cAMP
regulate the LiP gene expression at the level of transcription [157]. The influence of
several cuiture parameters on the production of LiP by P. chrysosporium has been
reviewed [5]. Both the strain and the growth conditions alter the balance and the
nature of the different isozymes [158-160].

Manganese Peroxidase. In addition to LiP, white-rot fungi produce extracellular
manganese peroxidase (MnP, E.C. 1.11.1.-) under ligninolytic conditions (Table 2). The
enzyme was first discovered in the culture fluid of P. chrysosporium [8]. The
MnP/Mn'/malonate system oxidizes several phenolic substrates including lignin and
xenobiotic model compounds [17,161,162}. Furthermore, the Mn"-chelator complex
is a freely diffusible oxidant (mediator), and consequently it can oxidize lignin within the
woody matrix. Purified enzyme can give depolymerization of a synthetic lignin (DHP)
[163], and also degrades high molecular weight chlorolignins [164]. MnP is the
predominant enzyme involved in kraft pulp bleaching [89,165] and the decolorization
of bleach plant seffluents [155].

MnP is a glycoprotein (M, 46000) and contains one iron protoporphyrin IX
prosthetic group [166,167]. The enzyme exists as several closely related isozymes and
are encoded by several different genes in P. chrysosporium [159,168] and T.
versicolor [129,153]. The expression of MnP genes is regulated by a direct function
of the Mn" concentration [109,114,154-156,169]. Intracellularly, the concentrations of
CAMP regulate the MnP gene expression at the level of transcription [157]. Both
spectral characteristics and the catalytic cycle of MnP are very similar to LiP and
horseradish peroxidase (HRP, EC 1.11.1.7) {141,170-173]. However, Mn" is required
for the reduction of compound Il back to the native ferric enzyme in order to complete
the catalytic cycle [170,172].

After oxidation by MnP, Mn" must form a complex with a chelator before it can
oxidize phenolic substrates [173]. Organic acids are good chelators [166,172,174] and
basidiomycetes are producers of oxalic acid [134,173,175-177], malonic acid [173],
pyruvic acid [178] and malic acid [179]. Mn"/oxalate and Mn"/malonate form very
stable complexes, which probably function in vivo. Malonate facilitates Mn'
dissociation from the enzyme and has a relatively low Mn" binding constant [173]. The
Mn"/malate complex is not stable, decomposition by H,0, leads to the formation of
molecular oxygen and Mn" [180].

Other phencl oxidases can behave like MnP under special conditions. LiP is
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