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Chapter 1

1. General Introduction

LIGNIN

Lignin is the second most abundant plant biopolymer after cellulose in the biosphere,
accounting for up to 35 % of the dry weight of woody tissue. Lignin is an aromatic
polymer providing plant cell walls with rigidity, water impermeability and resistance to
microbial attack (43). It is synthesized by the random coupling of three different
phenylpropanoid precursors p-coumaryl, coniferyl, and sinapyl alcohols (Fig. 1A) linked
with irregular bonds (e.g., Cp-O-C4, Cs-C; linkages) resulting in a heterogeneous, three-
dimensional, hydrophobic structure (2, 43) (Fig. 1B). Approximately 80-90 % of the
phenolic hydroxyl groups found in lighin participate in intermolecular linkages which
accounts for the predominantly nonphenolic character of lignin. The complex physical and
chemical characteristics of lignin make this polymer inaccessible for hydrolytic mechanisms
of degradation which are more typical for other biopolymers such as cellulose. Instead, the
microbial attack of lignin proceeds via a nonspecific extracellular, oxidative process (13,
58).

LIGNIN DEGRADATION BY WHITE ROT FUNGI

Many microorganisms have been described which degrade woody materials;
however, only one group of fungi can extensively degrade lignin {13, 58). These lignin
degrading basidiomycetes are denominated as white rot fungi due to the white appearance
of wood after fungal attack. Lignin is not utilized as a sole carbon source by white rot
fungi, although they are able to completely mineralize it to carbon dioxide (58). The real
purpose of ligninolysis is presumably to get better access to the polysaccharides protected
by the lignin. Several hundred white rot species have been identified so far. The lignin
degrading system of one species, Phanerochaete chrysosporium has been studied
extensively (36, 91). Recently, more work has been done on characterizing the ligninolytic
system of other species such as Trametes versicolor, Ceriporiopsis subvermispora,
Pleurotus spp., Phlebia radiata, Bjerkandera adusta (13, 57, 55, 72, 75, 106). All of the
ligninolytic fungal strains studied are characterized by their ability to produce extracellular
oxidative enzymes.

LIGNINOLYTIC SYSTEM OF WHITE ROT FUNGI

Ligninolytic peroxidases. Three main types of extracellular oxidative enzymes;
lignin peroxidase (LiP), manganese dependent peroxidase (MnP), and laccases have been
shown to be produced by white rot fungi which potentially participate in lignin degradation
(13, 58). This chapter will only focus on LiP and MnP since they are the best characterized
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ligninolytic enzymes and both are produced by Bjerkandera sp. strain BOS55, the selected
strain of this PhD study.

The two types of peroxidases were first discovered in P. chrysosporium (35, 67,
99). LiP and MnP are known to be families of isozymes occurring as extracellular
glycosylated proteins (50, 68, 72, 75). The ratio between the isozymes changes with the
culture age and culture conditions (9, 68, 72, 80, 106). They have molecular weights
ranging from 35-47 kD and isoelectric points of 2.8-5.3 in various white rot fungi (26, 48,
68, 72, 75, 85). The absorption spectrum of the native enzyme has a very distinctive
absorbance maximum at 406-409 nm due to the one heme group (protoporphyrin IX} (34,
75, 85, 100).
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Figure 1. Lignin precursors (A) and structural model of lignin (B). Adapted from (2, 13)
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LiP and MnP have a typical catalytic cycle, characteristic of other peroxidases (Fig.
2) (33, 107, 100, 108). One molecule of hydrogen peroxide oxidizes the native (ferric)
enzyme withdrawing two electrons (compound I}. Then compound I is reduced back in
two one electron oxidation steps to the native form via compound II in the presence of
appropriate substrate, Otherwise, compound II further reacts with hydrogen peroxide
leading to an inactive enzyme form (dioxygen complex) compound 1II (14, 107).

Re HO,
Fe*
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RH O O
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Compound Il Compound |

R RH

Figure 2. Catalytic cycle of peroxidascs. Adapted from (5). (RH: reductive substrate; R +; oxidized
substrate by one electron)

There are important differences in the substrate spectrum of LiP and MnP due to
their different binding sites (Table 1). LiP unlike MnP is capable of oxidizing various
nonphenolic substrates with redox potential up to approximately 9 eV. LiP has been
shown to oxidize fully methylated lignin and lignin model compounds, as well as various
polyaromatic hydrocarbons (5, 13, 40). The most typical oxidation reaction of LiP are the
cleavage of C,-C; bond, aryl C, bond, aromatic ring opening, demethylation, phenolic
oxidation (13).

MnP is different from the other peroxidases due to the structure of'its binding site.
Recently, the crystal structure of MnP and site-directed mutants of MnP show a distinct
manganese binding site of the enzyme (96, 97, 112). Therefore the principle function of
MnP is to oxidize Mn(II} to Mn(III) which cannot be replaced by other metals at
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physiological concentrations (33). Mn(IIl) generated by MnP can oxidize phenolic lignin
model compounds and various phenols through phenoxy radical formation (40, 82).

Table 1. Typical examples for the direct substrates of LiP and MnP from P. chrysosporium, (62, 63, 82,
103, 109)

Substrates LiP | MnP
Mn(II) - L
anisyl alcohol 1 -
veratryl alcohol LI -
1,4-dimethoxybenzene | L 11 -

| guaiacol ILII I
syringic acid 11T I

“I and 11 indicate that the compound is substrate for compound I or II of LiP and MnP, respectively

Source of hydrogen peroxide. The required hydrogen peroxide for peroxidase
activity is supplied by other enzymes in white rot fungi. As part of their ligninolytic
system, white rot fungi produce hydrogen peroxide generating oxidases (22, 58). Glucose
oxidases, glyoxal oxidase, aryl alcohol oxidase have all been identified as important
examples of such enzymes utilizing glucose, glyoxal, and various aryl alcohols,
respectively (24, 54, 56, 79). White rot fungi which lack H>O»-generating oxidases rely on
the oxidation of physiological organic acid metabolites such as oxalate and glyoxylate
which results in superoxide anion radicals that dismutate to hydrogen peroxide (104).

The role of low molecular weight cofactors. Various low molecular weight
compounds play vital roles in the ligninolytic system as redox mediators or cofactors of
the peroxidases. The imporiance of cofactors in the oxidation of lignin model compounds
was observed early on during in vitro experiments. LiP and MnP were only able to oxidize
various lignin model compounds and synthetic lignin if an appropriate cofactor was
present (40, 103, 110). The de novo produced secondary metabolite 3,4-dimethoxybenzyl
alcohol (veratryl alcohol) functions as an important cofactor for LiP. Three major roles of
veratryl alcohol have been suggested so far. Veratryl alcohol acts as a cation radical redox
mediator in the oxidation of many substrates having lower redox potential than the veratryl
alcohol cation radical such as phenolic compounds, guaiacol, chlorpromazine and 4-
methoxymandelic acid (37, 63, 101). Secondly, veratryl alcohol is a good substrate for
compound II, therefore veratryl alcohol is essential for completing the catalytic cycle of
LiP during the oxidation of compounds that are substrates of LiP compound I but not LiP
compound II. The most studied example of such a compound is p-methoxybenzyl alcohol
(p-anisyl alcohol) having a higher redox potential than veratryl alcohol itself (62), Thirdly,
veratryl alcohol prevents the hydrogen peroxide inactivation of LiP (15, 102), This role of
veratryl alcohol can partly be explained by the fact that veratryl alcohol is a good substrate
for compound II. In addition, if the inactive LiP, compound III is formed, veratryl alcohol
cation radical is capable of reducing LiP compound III back to its native form (6, 109).
Only a few compound such as 3,4-dimethoxytoluene, 1,4-dimethoxybenzene, 3 4.5-
trimethoxybenzyl alcohol, 2-chloro-1,4-dimethoxybenzene have been found to replace the
function of veratryl alcohol as a cofactor of LiP (51, 62, 98). Since, veratryl alcohol is the
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most frequently occurring secondary metabolite produced by white rot fungi, its
physiological relevance has never been questioned.

Manganese is the essential cofactor of MnP, Mn(IT) is the best reducing substrate for
Compound I and II of all MnP isozymes tested (36, 75, 85, 105). Mn(III) generated by
MnP acts as a mediator in the oxidation of various phenolic compounds (40, 82, 110).
Although compound I can directly oxidize a few phenolic compounds, Mn(Il} is absolutely
roquired to reduce compound II back to the ferric form (107, 108). Thus, Mn(il) is
implicated to play a role as cofactor of MnP in terms of completing the catalytic cycle.
Consequently, Mn(II) is also important for preventing the H,O- inactivation of the
enzyme.

Only a few MnP reported are different from the classic MnP in terms of role of
manganese as mediator and/or cofactor. A few MnP isozymes have been shown to have
manganese independent activities for oxidizing some substrates. Various aromatic amines
were directly oxidized by MnP from C. subvermispora without any manganese (105), In
studies on Pleurotus spp., MnP isozymes were demonstrated to directly oxidize veratryl
alcohol, however the very high K, value makes this reaction unrealistic under
physiological conditions (75, 90).

At the time of the discovery of MnP, the stimulatory effect of certain aliphatic
organic acids such as lactate, oxalate, was demonstrated (33, 34, 65). These organic acids,
e.g. oxalate, and to a lesser extent malonate and glyoxylate were shown to be produced as
de novo metabolites by white rot fungi (23, 93, 104, 111). There are two theories which
explain the stimulatory effect of these organic acids. According to Wariishi et al. (111),
the organic acids accelerate the dissociation of Mn(III) from the Mn(III) - MnP complex
by chelating Mn(III) resulting in an increased turnover of the enzyme. The other
hypothesis described by Kuan ef al. (66) is that Mn(II) can be bound by MnP only in the
chelated form by strong chelators such as oxalate or malonate. Irregardless of which
theory is right, the result of the reaction is the formation of a reactive Mn(III)-organic acid
complex having sufficiently long life span to act as an diffusible mediator. The Mn(III)-
organic acid complex is able to oxidize phenols dyes, polycyclic aromatic hydrocarbons
(PAH), phenolic lignin (29, 34, 39, 40, 103, 110).

Recently several studies proposed that organic acids have additional roles in lignin
degradation beside serving as chelators. The formate anion radical generated in the
reaction of oxalate with Mn(1II} or veratryl alcohol cation radical can react with dioxygen
resulting in active oxygen radical formation such as superoxide (Fig. 3). This active
oxygen species was suggested to participate in the oxidation of lignin, (32, 42, 92).
Moreover, in the reaction of MnP or LiP together with the appropriate cofactors, and
oxalate or glyoxylate, hydrogen peroxide accumulation via superoxide dismutation was
also observed (Fig. 3). This reaction accounted for the catalysis of phenol red and kojic
acid oxidation by MnP in the presence of Mn{II} and oxalate or glyoxylate without any
hydrogen peroxide addition (64, 65, 105).

Evidences are accumulating showing the involvement of reductive processes during
lignin degradation or in the elimination of highly oxidised xenobiotic compounds such as
carbon tetrachloride, trichloroethylene, trichloroethane by ligninolytic peroxidases (5, 60).
Obvious candidate intermediates which can participate in such a reductive degradation are
formate anion radicals or superoxide anion radicals generated by either LiP-veratryl
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alcohol or MnP - Mn(II) system from oxalate (5, 93). In in vitro experiments these system
were demonstrated to reduce Fe(IIT) and cytochrome C (59, 86).

All experimental data indicate that the concentration of oxalate should be very much
regulated during lignin degradation. The addition of oxalate in too high concentration
inhibited the formation of veratraldehyde from veratryl alcohol, and degradation of other
lignin model compounds due to the reduction of cation radicals by oxalate (94). In another
study, the excess oxalate strongly inhibited the lignin decomposition in ligninolytic cultures
of several white rot fungi (93). On the other hand, lignin content remarkably decreased in
the biobleaching cultures of Bjerkandera sp. strain BOS55 under manganese deficiency if
small amounts of oxalate were added (77). Manganese deficiency was shown to be
unfavorable for the fungal oxalate production. The authors suggested that ane of the
reasons why little lignin content decrease occurred without oxalate addition was due to the
low level of superoxide formation.

COOH
Mn(ll) | VA
COOH
MR, H,Q, LP+ H
M) ——— Mn(l)  CO3+CO,  VA' <ttt yp
co,
+ o . 02
2H'+ 0, ©
0, H,0,

Figure 3. The formation of superoxide anion radical and hydrogen peroxide by the ligninolytic
peroxidases of white rot fungi. LiP and MnP in the presence of their cofactors; veratryl afcohol (VA) and
Mn(II}, respectively can oxidize oxalate indirectly. In this reaction formate anion radical is formed. The
formate anion radical undergoes several chemical reactions in the presence of dioxygen forming first
superoxide anion radical. Then two superoxide anion radicals can dismutate resulting in the formation of
hydrogen peroxide and dioxygen.
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MECHANISM COF LIGNIN DEGRADATION

Mediators have been considered essential for the oxidation of lignin by ligninolytic
peroxidases since native lignin in wood is inaccessibie for large enzymes as LiP and MnP
(30, 81). Although veratryl alcohol cation radical can mediate the oxidation of readily
accessible lignin model compounds, the true mechanism of lignin degradation in natural
substrates still remains a mystery, Unbound veratryl alcohol cation radical is too short
lived to act as a diffusible mediator in wood (61). On the other hand, although, Mn(III)
chelated by the naturally occurring organic acids, e.g., oxalate is more stable and can
diffuse into wood cell walls, it is incapable of oxidizing nonphenolic lignin (40). In a few
studies, it was shown that MnP was able to oxidize nonphenolic lignin or lignin model
compounds as well as polyaromatic hydrocarbons with high ionization potential values
such as phenanthrene if cooxidants such as unsaturated fatty acids were present {46, 76).
Lipid peroxidation process are thought to be involved. However, the physiological
relevance of these mechanisms has yet to be proven.

Recently, Abosharkh and Atalla (1) have demonstrated long distance electron
abstraction in lignin suggesting that mediation for ligninolysis is not needed. Therefore,
electrons abstracted by MnP or LiP at the surface of wood cell walls or at the phenolic
moiety can be replaced by other electrons that move through lignin allowing for oxidation
deep inside of the macropolymer.

REGULATION OF PEROXIDASE GENE EXPRESSION

Lignin degradation is a secondary metabolic event. From extensive studies with the
model fungus P. chrysosporium, the expression of ligninolytic system was observed to be
triggered by nutrient nitrogen, carbon, or sulphur depletion (58). After the discovery of
the ligninolytic peroxidases, the isolation of the responsible genes from various white rot
fungi has been attempted (4, 36 49, 57, 73). Various regulatory elements have been
described in the promoter regions of LiP and MnP (Table 2). Promoter regions of lip or
mnp genes studied so far contain cAMP response (CRE) elements as a general signal of
starvation (36, 73). Additionally, there is evidence of differential regulation of certain
isozymes of LiP and/or MnP expressed differently as a response of carbon or nitrogen
limitation (44, 83).

Table 2. Regulatory elements found in the promoier region of lip and mnp genes (36, 73)

Elements of the promoter region LiP isozymes | MnP isozymes
cAMP response elements (CRE) + +
Metal response elements (MRE) - +
Heat shock elements (HSE) - +
Xenobiotic response elements (XRE) +-* -

* XRE was found in some of the tested lip gene promoter

Aside from starvation, the presence of manganese is essential for MnP gene
expression in P. chrysosporium and Dichomitus squalens (11, 84). The observation is in
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agreement with the general finding that elevated manganese levels are beneficial for the
production of MnP in many white rot fungi (10). Putative metal response elements (MRE)
were found in P. chrysosporium which are similar to those a gene encoding mouse
metalloprotein (3, 36). However, the transcription of different MnP isozymes showed
variable dependencies on the presence of manganese nutrition (31). The addition of
manganese highly stimulated the gene expression of two MnP isozymes (mnp! and mnp2)
but to a lesser extent that of the third one (mnp3). Moreover, in some white rot fungi from
the genus Pleurotus, proteins with MnP activity were found in cultures lacking manganese
nutrients and the addition of manganese inhibited the production of such manganese
oxidizing peroxidases (75). These findings indicate that the role of manganese on mmp
gene expression is diverse.

LiP production in various white rot fungi was also affected by manganese. LiP titres
were considerably lowered as a response of manganese nutrient addition compared to
those in manganese deficient conditions (10). However, manganese has no suppressive
effect on LiP gene transcription in P. chrysosporium (70). A possible reason for the
decreased LiP activity at extremely high manganese concentrations is the lowered oxygen
stress due to the scavenging of reduced oxygen radicals by manganese (88). It is well
established that LiP activity is highly stimulated under a pure oxygen atmosphere (25, 88).
Manganese itself can be an oxygen scavenger in high concentrations (16, 17). Additionally
it was shown that manganese induces manganese-superoxide dismutase (Mn-SOD) which
further contributes to minimizing the oxidative stress when cultures contain manganese
{88).

Unlike MnP, the expression of LiP genes is not stimulated by the presence of its
cofactor. Although, the addition of veratryl alcohol is known to stimulate the LiP activities
in the cultures of various white rot fungi (71, 80, 102), slight repression of lip gene
transcription has been detected in P. chrysosporium (15). When veratryl alcohol was
replaced by L-tryptophan in the cultures of 7. versicolor, the same effect was observed
(18). Both veratryl alcohol and L-tryptophan most probably resulted in higher LiP titres by
preventing the inactivation of LiP compensating for the repressive effect on gene
transcription.

Putative xenobiotic response elements and heat shock elements have been found in
the promoter region of lip and mnp genes of various white rot fungi respectively (36, 73).
The xenobiotic response elements are similar to those found in mammals, however, no
xenobiotic chemicals have yet been tested to induce LiP gene expression so far. The
addition of various chemicals such as hydrogen peroxide, ethanol, sodium arsenite, 2,4-
dichlorophenol, as well as heat treatment stimulated the MnP production and mnp gene
expression probably through the heat shock elements (12, 69). However, when manganese
was omitted very little increase in mnp mRNA was detected due to those chemicals and
the heat, and no MnP protein could be found in the culture fluid.

SOURCE AND BIOSYNTHESIS OF LOW MOLECULAR WEIGHT COFACTORS

Manganese and oxalate. Manganese is naturally present in wood. Manganese is the
most abundant metal after Ca, K, Mg (27). The concentration of manganese is relatively
high in wood (approximately 10 to 100 mg kg™ dry wood), indicating that the availability
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of manganese during the initial stages of wood decay is probably not a limiting factor in
lignin degradation. It was observed that during white rot decay of wood the oxidation
state and location of manganese changes resulting in black spots of insoluble MnO,
precipitates in decayed wood (8). During lignin degradation manganese undergoes
continuous changes in the oxidation stage. Mn{IIT} produced by MnP is reduced back to
Mn(II) in the presence of reducing agents (e.g. oxalate, phenolic lignin). When Mn(III)
complexing acids such as oxalate are present only in low concentrations, MnQO formation
can occur via dismutation resulting in the insoluble black precipitates decreasing the
bioavailable pool of manganese. If oxalate or cellobiose:quinone oxidoreductase (CBQase)
is present Mn(1V) could be reduced back to the soluble Mn(IT) making available again for
MnP (89, 93).

White rot fungi produce oxalate, a strong chelator of manganese as a major aliphatic
organic acid metabolite (23, 65, 104, 111). Two types of enzyme have been purified from
basidiomycetes which are responsible for oxalate production using either oxaloacetate or
glyoxylate as biosynthetic precursors that are derived from the tricarboxylic cycle.
Oxaloacetase requires manganese for oxalate formation from oxaloacetate (23). Various
types of glyoxylate oxidase using NAD', NADP" as cofactor and O, were identified which
oxidize glyoxylic acid to oxalate (93).

In spite of oxalate production, oxalate does not accumulate in cultures of white rot
fungi. This is an important distinguishing feature separating white rot fungi from brown rot
fungi which accumulate oxalate in high concentrations. White rot fungi are unique since
they contain several oxalate decomposing enzyme. Intracellular oxalate decarboxylase has
been found in white rot fungi (23, 93). More importantly, extracellular enzymes of the
ligninolytic system such as LiP and MnP can also decompose oxalate in the presence of
veratryl alcohol and manganese, respectively {7, 94). This reaction is the important source
of reduced oxygen radical species such as superoxide radicals with important roles in
lignin degradation as was discussed earlier.

Biosynthesis of veratryl alcohol. Veratryl alcohol was shown to be synthesized de
novo from glucose in many white rot fungi (22, 74). The production of veratryl alcohol
begins during the early phases of secondary metabolism in parallel with the onset of LiP
production. Veratryl alcohol originates from the shikimate pathway from L-phenylalanine
(Fig. 4) (47). L-Phenylalanine is deaminated possibly by phenylalanine ammonia lyase
(PAL} resulting in the production of cinnamate. Then cinnamate undergoes Claisen
cleavage resulting in benzoate and/or benzaldehyde. Benzoate or benzaldehyde is
hydroxylated and methylated forming veratrate which can be reduced back to veratryl
alcohol presumably by intracellular dehydrogenases such as those found in Bjerkandera
and Pleurotus species (21, 37).

The most thoroughly characterized step in the pathway of veratryl alcohol
biosynthesis is the methylation of the OH groups at the meta and para positions. Two
methylation systems have been discovered in P. chrysosporium. One works with
chloromethane and the other uses S-adenosylmethionine (SAM) as methyl donor (19, 41).
Two SAM dependent methyltransferases have already been purified each specific for the
3- or 4-hydroxy group, respectively (20, 45). The chloromethane dependent methylating
system of P. chrysosporium can also methylate both hydroxy groups in meta and para
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position (41). The enzyme(s) responsible for chloromethane dependent methylation have
not yet been found.

Lignin degradation intermediates can be a possible source of veratryl alcohol
precursors. A nonbiosynthetic precursor, 3,4-dimethoxycinnamyl alcohol was converted to
veratryl alcohol by P. chrysosporium and T. versicolor (53, 95). Moreover, the de novo
formation of secondary metabolites from glucose was repressed by vanillate a known
lignin degradation product, addition to cultures of P. radiata (87).

COOH

5658 -6-5-8

phenyi- cinnamic | 1} benzoic  benzaldehyde  veratryl
alanine acid acid alcohol

Figure 4. Biosynthetic pathway of veratryl alcohol biosynthesis in P. chrysosporium. (I angd Il are
hypothetical precursors resulted by Claisen cleavage)

CONCLUSIONS

The investigations on ligninolysis by white rot fungi demonstrate the complexity of
the mechanisms involving peroxidases, oxidases, and low molecular weight cofactors.
After 20 years of extensive study, still no clear understanding of this mechanism has been
achieved. However, it has been learned that the ratio between enzymes and cofactors
should be strictly balanced for successful lignin degradation. Many studies emphasize the
role of low molecular weight cofactors (e.g., Mn(II), veratryl alcohol, oxalate) which have
multiple roles in the catalytic cycle of peroxidases, generation of hydrogen peroxide and
even in the regulation of the gene expression of ligninolytic enzymes. The link between
these low molecular weight cofactors/mediators for catalysis and their role on regulating
the physiology of a white rot fungus Bjerkandera sp. strain BOSSS5 is the topic of this
thesis.

SCOPE OF THE THESIS

For this study, Bjerkandera sp. strain BOS55 was selected which was shown to be
an outstanding white rot fungus in previous studies in terms of production of ligninolytic
peroxidases (52), degradation of polycyclic aromatic hydrocarbons (PAH) (28) and
biobleaching of kraft pulp (78). During these studies, it was found that this fungus differs
in many aspects from the well studied model fungus, P. chrysosporium. The objective of
the PhD study was to gain insights on the physiology of the ligninolytic system of

10
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Bjerkandera sp. strain BOS55. In particular, the roles of manganese and veratryl alcohol
on the physiology of ligninolysis were examined.

In Chapter 2 the inhibitory effect of manganese on veratryl alcahol biosynthesis and
its impact on LiP production were examined. In Chapter 3, the mechanism by which
manganese inhibits veratryi alcohol biosynthesis was elucidated and methods of bypassing
the inhibitory step with lignin degradation products are described. The production of
veratryl alcohol and peroxidases on natural substrates was studied in Chapter 4 and
compared with the bioavailability of manganese. The importance of the lignin degradation
products on veratryl alcohol production is discussed. In Chapter 5, optimal conditions for
MnP production were described. In Chapter 6 the production of a novel organic acid
induced MnP in the complete absence of manganese is described. This novel enzyme
behaves as a hybrid between LiP and MnP since it can oxidize manganese as well as
directly oxidizes veratryl alcohol and other nonphenolic compounds without any
manganese.
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Chapter 2

2. Manganese Regulation of Veratryl Alcohol in White
Rot Fungi and Its Indirect Effect on Lignin Peroxidase

Tiinde Mester, Ed de Jong, and Jim A. Field

SUMMARY

Many white rot fiingi are able to produce de novo veratryl alcohol which is known to be
a cofactor involved in the degradation of lignin, lignin model compounds and xenobiotic
pollutants by lignin peroxidase (LiP). In this study, Mn nutrition was shown to strongly
influence the endogenous veratryl alcohol levels in the culture fluids of N-deregulated and N-
regulated white rot fungi, Bjerkandera sp. strain BOS53 and Phanerochaete chrysosporium
BKM-F-1767, respectively. Endogenous veratryl alcohol levels as high as 0.75 mM in
Bjerkamdera sp. strain BOS55 and 2.5 mM in P, chrysosporium were observed under Mn
deficient conditions. In contrast, veratryl alcohol production was dramatically decreased in
cultures supplemented with 33 or 264 uM Mn. The LiP titres which were highest in Mn
deficient media were shown to parallel the endogenous veratryl alcohol levels, indicating that
these two parameters were related. When exogenous veratryl alcohol was added to Mn
sufficient media, high LiP titres could be obtained. Consequently, we must conclude that Mn
does not regulate LiP expression directly. Instead, LiP titres are enhanced by the increased
production of veratryl alcohol. The well known role of veratryl alcohol in protecting LiP from
imactivation by physiological levels of H,0, is postulated to be the major reason why LiP is
apparently regulated by Mn. Provided that Mn was absent, LiP titres in Bjerkandera sp. strain
BOS55 increased with enhanced fingal growth obtained by increasing the nutrient N
concentration; while veratryl alcohol levels were similar in both N-limited and N-sufficient
conditions.

Applied and Environmental Microbiology (1995) 61:1881-1887.
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Chapter 2

INTRODUCTION

White rot fungi and their ligninolytic enzymes have potential applications in biopulping
and biobleaching (32, 40) as well as in the bioremediation of aromatic pollutants (1, 14). The
extracellular lignin degrading machinery is typically composed of lignin peroxidase (LiP) and
manganese dependent peroxidase (MnP) which function together with H,O,-penerating
oxidases and secondary metabolites (26). Veratryl alcohol is an important secondary metabolite
involved in the ligninolytic system.

Many white rot fungi, especially those which secrete LiP, have been shown to produce
veratryl alcohol de novo (11). This metabolite is formed by white rot fungal cultures where
glucose is the only carbon source (8, 31). Labelled phenylalanine was shown to be the
precursor to veratryl alcohol, indicating that this metabolite is derived from the shikimate
pathway (23).

The occurrence of veratryl alcohol biosynthesis coincides with the physiological events
associated with the appearance of LiP and lignin mineralization (8, 22). Exogenous addition of
veratryl alcohol to white rot fungal cultures has generally been shown to stimulate the
extracellular titres of LiP (12, 30, 34). Veratryl alcohol has been shown to prevent inactivation
of LiP by excess H;0: (7, 43). For many substrates of LiP, such as benzo[a]pyrene (18), azo
dyes (36), Poly R-478 (35), p-anisyl alcohol (44), 4-methoxymandelate (20) and lignin (19},
veratryl alcohol was found behave as a beneficial or essential cosubstrate for in vitro catalyzed
reactions. The role of veratryl alcohol in stabilizing LiP against H;O, inactivation has been
suggested to account for the stimulation (44). More recently it has also been demonstrated that
veratryl alcohol is responsible for the proper turover of the enzyme cycle (e.g. by reducing
compound T} enabling an improved oxidation of nonphenolic substrates (27). Considering that
veratryl alcohol is produced endogenously together with LiP and has demonstrable
physiological roles both in vive and in vitro it therefore must be regarded as a physiological
cofactor of LiP.

The ligninolytic machinery in white rot fungi, is highly regulated by nutrients. In
particular, manganese (Mn} and nitrogen (N) have been shown to have strong regulating
effects (16, 26). There are many literature reports which indicate that Mn has a potent inducing
effect on the expression MnP in many white rot fungi (3, 6, 45). While Mn is an essential
cofactor for the proper functioning of the MnP protein (15), the molecular regulation of MnP
expression is also signaled by Mn (5). Many studies indicate that Mn addition can severely
decrease LiP titres in white rot fungi (3, 37, 38). However, Mn up to 180 uM did not decrease
the transcription /ip mRNA in P. chrysosporium (30), indicating that the negative impact of Mn
on LiP titres is not related to regulation at the molecular level.

N-sufficient conditions repress expression of both LiP and MnP in P. chrysosporium (16,
29). Likewise, the endogenous production of veratryl alcohol was repressed by N-sufficiency
(13). However, it should be noted that strains from the genus Bjerkandera are N-deregulated
as evidenced by the stimulated production of LiP and MnP in N-sufficient compared to N-
limited medium (24, 25). In the case of Bjerkandera sp. strain BOS55, it was demonstrated
that the endogenous production of veratryl alcohol was much higher in N-sufficient glucose-
yeast extract-peptone medium than in N-limited glucose BIII medium (). Since the glucose-
yeast extract-medium does not contain Mn while BIII does, either N or Mn could have been
responsible for the enhanced production of veratryl alcohol.
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Here we report that Mn was responsible for regulating the endogenous production of
veratryl alcohol. This type of regulation was discovered during our research evaluating the
effect of Mn and N nutrients on the peroxidase titres in Bjerkarndera sp. strain BOS55.
Experiments were also carried out to demonstrate that the apparent regulation of LiP by Mn is
an indirect result of the direct effect of this metal ion on veratryl alcohol biosynthesis.

MATERIALS AND METHODS

Microorganisms. Bjerkondera sp. strain BOS55 was isolated and determined as
described before (9). This strain produces LiP, MnP, and manganese independent peroxidase
(MIP) (8, 10). Bjerkandera sp. strain BOSSS and P. chrysosporium BKM-F-1767 (ATTC
24725) were maintained at 4°C on peptone/yeast slants (per liter: 20 g glucose, $ g mycological
peptone, 2 g yeast extract, 1 g KILPOy, 0.5 g MgSO,7H,0, 15 g agar) from which they were
transferred to malt extract plates (per liter; 15.0 g of agar, 3.5 g of malt extract, 5.0 g glucose).
They were incubated at 30°C for 4 to 6 days before use as inoculum in the experiments. The
experiments were inoculated with agar plugs as described before (24).

Media. The standard basal medium used contained 22 mM N in the form of
diammonium tartrate, Mn fiee BII mineral medium modified from that of Tien and Kirk (42),
10 g liter”" glucose, 2 mg liter” thiamine in 20 mM 2,2-dimethylsuccinate (pH 4.5) buffer. The
KH,PO, content of standard basal medium was 40 mM. Different media were prepared
identically with either 33 or 264 UM Mn and with extra N from various sources. The extra N
sources were NH," in the form of diammonium tartrate, peptone and a mixture of 20 L-amino
acids (equal amounts of Ala, Arg, Asn, Asp, Cys, Gly, Glu, Gln, His, Ile, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Trp, Tyr, Val). The concentration of all extra N sources was 19.8 mM N,
providing a total N content of 22 mM. In the experiment where the effect of the Mn and the N
additions (2, 6, 20, 60 mM peptone-N) on peroxidase activity and on veratryl alcohol levels
were studied, the basal medium did not contain diammonium tartrate. The pH of media used in
the experiments with P. chrysosporium was 4.5, and the pH in media used in the experiments
with Bjerkemdera sp. strain BOS55 was adjusted to a value of 6 by NaOH addition.

All media were filter sterilized by Schleicher & Schuell FP 030/3 filters with a pore size
of 0.2 pm (Dassel, Germany).

The background levels of Mn in Mn free basal and peptone media were measured with
an atomic absorption spectrophotometer, Varian SprectrAA 300/400 System (Houten, The
Netherlands). Background levels of 3.2 x 10° mM and 4.3 x 10® mM Mn were detected in
basal mediumn and this medium supplemented with 19.8 mM peptone-N, respectively.

Culture conditions. Aliquots (5 ml) of media were placed in 250-ml serum bottles. Each
bottle was loosely capped for passive aeration. The bottles were incubated statically under an
air atmosphere. The incubation temperature was 30°C in experiments with Bjerkandera sp.
strain BOS535 and 37°C in the case of P. chrysosporium. For measuring the CO; evolution, the
250-ml serum bottles were sealed with gas-impermeable rubber septa. After each sampling, the
headspaces of the cultures were aseptically flushed with air.

Enzyme assays. All enzyme were determined spectrophotometrically (Perkin-Elmer
Lambda 1 UV/VIS) (Norwalk, USA) at 30°C. For enzymatic assays, centrifuged extracellular
fluids were utilized (12,000 g for 10 min), LiP activity was measured by oxidation of veratryl
alcohol {42) with a correction for the background veratryl oxidase activity in the absence of
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H;O; and in the presence of 55 fold diluted catalase of Aspergillus niger (Sigma, St. Louis,
USA). MnP and MIP activities were measured in a combined assay (8). The reaction mixture
contained 50 mM sodium malonate (pH 4.5), 1 mM 2, 6-dimethoxyphenol, 1 mM MnSO,, and
up to 0.6 ml of supernatant in a total volume of 1 ml. The reaction was initiated by adding 0.4
mM H;0, and corrected for laccase activity. MIP activity was measured in the reaction mixture
containing 50 mM sodium malonate (pH 4.5), 1 mM 2,6-dimethoxyphenol, 1 mM EDTA, and
up to 0.55 ml supematant in a total volume of 1 ml. The reaction was initiated by adding 0.4
mM H;O, and corrected for laccase activity. MnP activity is expressed as a combined
MnP/MIP activity minus MIP activity.

Carbon dioxide analysis. Carbon dioxide production was measured in the headspace by
gas chromatography with a model 427 apparatus (Packard, Palo Alto, Calif)) apparatus fitted
with a thermal conductivity detector (140°C). The column (Hayesep Q; Chrompack,
Middelburg, The Netherlands) was maintained at 110°C, and the carrier gas was helium (30 ml
min"). The injection port was maintained at 110°C. The injection volume was 100 pl.

Determination of the dry weight of mycelium. Mycelial mats were separated from the
culture fluids by filtration. Mycelia were rinsed with distilled water and filtered through dried
and tared glass fiber filters (Schleider & Schuell GF 50) (Dassel, Germany). Mycelial dry
weight were determined after drying overnight at 105°C.

Determination of the secondary metabolites. 50 pl of centrifuged supernatant was
analyzed by high pressure liquid chromatography (HPLC). A Pascal series HPL.C ChemStation
(Helwett Packard, Waldbronn, Germany) equipped with an HP1050 pumping station, an
HP1040 M series I diode array detector and an HP9000-300 data processor was used. The
column (200 by 3 mm) was filled with ChromoSpher C18-PAH (5 um particles) (Chrompack,
Middelburg, The Netherlands). Aromatic metabolites were analyzed with the following
gradient (0.4 m! min ', 30°C): 90:10, 0:100, and 0:100 HO:CH:CN at 0, 15 and 20 min,
respectively. Compound identifications were based on matching retention times and UV
spectra with standards of veratryl alcohol and veratraldehyde.

Determination of the extracellular protein profile by fast protein liquid
chromatography (FPLC). Extracellular fluid was centrifuged at 20,000 x g for 10 min at 4°C
to remove the mycelium. A 15 ml volume of supernatant was concentrated three fold by
ultrafiltration through PM-10 membrane {(Amicon, Rotterdam, The Netherlands) with a cutoff
of 10 kDa. The concentrated supernatant was analyzed at 405 nm by anion exchange
chromatography using a FPLC system (MonoQ HR 5/5, Pharmacia, Uppsala, Sweden). The
column was equilibrated with 10 mM KP;, pH 6.0. The enzymes were eluted with linear salt
gradient from 0 to 300 mM KCl in starting buffer at a flow rate of 1 ml min™ and 1 fraction
min” for 40 min.

Chemicals. Mycological peptone was obtained from Oxoid Ltd. (Basingstoke,
Hampshire, England). The L-amino acids were obtained from either Merck (Darmstadt,
Germany) or Janssen Chimica (Geel, Belgium). Veratryl alcohol and veratraldehyde are
purchased from Janssen Chimica (Geel and Beerse, Belgium). All other chemicals were
commercially available and were used without further purification,

Statistical procedures. In all experiments, the measurements were carried out in
triplicate parallel cultures. Values reported are means with standard deviation values,
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RESULTS

Effect of manganese on peroxidase and veratryl alcohol production in Bjerkandera
sp. strain BOS55. Extracellular titres of LiP, MnP, MIP as well as wveratryl alcohol
concentration were measured during 18 days in cultures receiving three levels of Mn (0, 33,
and 264 uM). Figure 1 shows a typical example of the time course of MnP, LiP and veratryl
alcoho! production under Mn deficiency and Mn sufficiency. At a high Mn concentration, low
LiP activity and traces of veratryl alcohol were detected, however MnP was remarkably
stimulated. On the other hand, MnP activity was very low in the absence of Mn; whereas, LiP
and veratryl alcohol production were enhanced.
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Figure 1. The effect of Mn on the time course of peroxidase titres and endogenous verairyl alcohol
comcentrations in the extraceflular fluid of Bjerkandera sp. strain BOSSS, Panels: A, Mn deficient mediumn; B,
Ma sufficient medium (2644 M Mn). Symbols: B, MnP; (A), LiP; and (@), veratryl alcohol.

The Mn regulation of veratryl alcohol and peroxidase production at different nitrogen
levels was also tested. Four levels of peptone-N were studied (2, 6, 20, and 60 mM). Figure 2
presents the peak concentrations of endogenous veratryl alcohol production and the peak titres
of MnP and LiP measured during 18 days of culturing in media with different nitrogen and
manganese levels. Veratryl alcohol production was greatly influenced by manganese at any
level of nitrogen. In the Mn deficient media, imrespective of the peptone-N regimen, veratryl
aleohol concentrations were high (0.40-0.75 mM) while the levels were much lower (< 0.075
mM) in media containing added Mn. An exception to this trend was observed in the 60 mM
peptone-N media, where the negative impact of Mn on veratryl alcohot production was
partially reversed. During the experiment, the concentrations of veratraldehyde were also
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monitored. In Mn-deficient media, the veratraldehyde concentrations were very low (ranging
from 0.007 to 0.044 mM) compared to the veratryl alcohol levels (Fig. 2C). The
veratraldehyde levels were also significantly lowered by Mn supplementation.
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Figure 2. Effect of Mn and peplone-N supplements on the peak peroxidase titres and on the peak concentration
of endogenous veratryl alcohol in Bjerkandera sp. strain BOSS5. Panels: A, MnP; B, LiP, C, veratryl alcohol.
Peptone-N was added at (A) 2; (W) 6; (®) 20; (A) 60 mM.

Parallel to the trends observed for veratryl alcohol production, LiP* titres were highest
under Mn deficient conditions provided the N content was 6 mM or greater. The LiP titres
were remarkably reduced by Mn sufficiency. Again it was observed that the negative effect of
Mn could be diminished by 60 mM peptone N. MnP activity was consistently enhanced by Mn
addition at any level of nitrogen. The highest MnP activities were detected in the 264 pM Mn
media,
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The influence of Mn and nitrogen on the third type of peroxidase in Bjerkandera sp.
strain BOS55, MIP, was also examined. Mn had no effect on MIP production at any level of
nitrogen (result not shown). However, increasing nitrogen comntents in the media gave
increasing MIP titres at all levels of Mn. For example at 33 pM Mn, 2, 6, 20, 60 mM peptone
N gave peak MIP titres of 7.18+1.08, 21.98+12.62, 52.88+11.08, and 198.08+31.18 nmol ml”
min’, respectively.

Other nitrogen sources, NH," and the amino acid mixture at 22 mM N were also studied
to determine if the type of nitrogen source affected the Mn regulation of peroxidase and
veratryl alcohol production. The trends described above for peptone N were the same for the
other nitrogen sources (results not shown). However, the maximum weratryl alcohol
concentrations achieved of 0.1840.02 to 0.24+0.06 mM in Mn-deficient cultures were
somewhat lower than those observed with peptone N. A part of the decrease could be
accounted for by the fact that the veratraldehyde concentrations were higher (0.096 to 0.112
mM) when NH," and amino acids were used as a N-source. In the presence of Mn, both
veratryl alcohol and veratraldehyde were only present at trace levels.

TABLE 1. Effect of manganese on the total CO, production after 18 days

N source {concn [mM]) Mean cumulative CO; Production (mmol) £+ SD at Mn concn of'
ouM 33 uM 264 M
Peptone-N (2) 0.218+0.008 0.204+0.015 0.326+0.019
Ammonium-N (2.2) 0.25840.021 0.348+0.015 0.42940.013
Peptone-N (6) 0.42410.015 0.508+0.018 0.546+0.012
Peptone-N (20) 1.104+0.049 1.10120.014 1.030+0.028
Amino acids-N (22) 1.06530.072 0.911+0.033 0.961+0.015
Peptone-N (60) 1.473£0.011 1.38020.076 1.434+0.078

TABLE 2. Effect of Mn on the yield of mycelium dry weight on day 11

N source (concn [mM]) Mean mycelium dry wt (mg) £ SD at Mn concn of.
0pM 33 uM 264 M
Ammonivm-N (2.2) 10.650+1.501 8.867+0.660 10.525+0.928
Peptone-N (20) 24.07514.412 26.400+4.210 26.667+0.329
Peptone-N (60) 33.90043.259 33.633+1.144 34.100+1.778

 The dry weight of the nycelium for cultures recciving 33 M Mn was determined in a separate experiment
from those using 0 and 264 pM Mn.
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The differences observed in peroxidase and veratryl alcohol production due to Mn
cannot be attributed to the role of manganese on fungal growth. Table 1 and 2 compare data on
the total carbon dioxide production and the mycelial yield as a function of Mn and N nutrition.
No significant differences in either of these parameters could be found when comparing Mn
deficient and sufficient cultures under high N conditions. Likewise under low N conditions, Mn
had no effect on the biomass yield. However, Mn increased the CO; production to a small
extent.
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Figure 3. The FPLC protcin profile of 7-day-old extracellular fluids of Bjerkandera sp. strain BOS55 grown in
media containing 22 mM peptone-N. Panels: A, Aqys; B, MuP activity; C, LiP activity. , Mn not added; .......
Mn addad (264 yM).
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