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I. Introduction

“Perhaps the easiest way to understand the non-specific ability of these
[white-rot] fungi to degrade pollutants is to consider their ecological
‘niche.’ White-rot fungi are those organisms that are able to degrade lignin,
the structural polymer found in woody plants (Barr and Aust, 1994).”

In 1985, a well-known ligninolytic white-rot fungus, Phane-
rochaete chrysosporium, was reported to mineralize into their mineral
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2 VAN AKEN AND AGATHOS

components a variety of toxic pollutants recalcitrant to biodegrada-
tion by other microbes, e.g., dioxins, polychlorinated biphenyls (PCB),
organochlorine compounds, and polyaromatic hydrocarbons (PAH)
(Bumpus et al., 1985, Aust, 1990). Since that time, an ever-increasing
number of research works have been published, focusing on the excep-
tional bioremediation capacities of white-rot fungi and their potential
use in environmental biotechnologies.

White-rot fungi are ligninolytic organisms, i.e., able to degrade lignin,
a major constituent of wood. Lignin is a complex, insoluble, and ran-
domly structured biopolymer, usually resistant to biological attack
(Buswell and Odier, 1987). White-rot fungi produce powerful extra-
cellular and nonspecific ligninolytic enzymes, i.e., lignin peroxidases
(LiP), manganese-dependent peroxidases (MnP), and laccases, which
allow them to break down a wide range of xenobiotic organic ecopol-
lutants, including the nitro-substituted explosives 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Barr and Aust, 1994).

Best known for their explosive properties, nitroaromatic and nitro-
heterocyclic explosives such as TNT, RDX, and HMX are also harmful
chemicals constituting a serious biological hazard for water and soils.
Throughout most of the 20th century, production, use and destruction of
ammunition stocks have led to an increasing contamination of military
and industrial sites worldwide (Spain, 2000). TNT, RDX, and HMX are
toxic for living organisms and usually recalcitrant to microbial degra-
dation (Smock et al., 1976, Won et al., 1976).

Fernando and Aust (1991) reported the capacity of the white-rot
fungus Phanerochaete chrysosporium to partially mineralize the nitro-
substituted explosives TNT and RDX into CO, and water. Although al-
most every living organism is able to reduce the TNT molecule, only
white-rot fungi are known to further metabolize the resulting nitrotolu-
idines (Bumpus and Tatarko, 1994). Fungal degradation of TNT is a
two-stage process: in a first mycelium-dependent step, TNT is reduced
stepwise into nitrotoluidines (Stahl and Aust, 1993a), which are sup-
posed to be substrates for extracellular ligninolytic peroxidases, lead-
ing, in a second, oxidative step, to their partial mineralization. In con-
trast to TNT, whose degradation limiting step is the aromatic ring fis-
sion, a slight change in the molecular structure of the cyclic nitramines
RDX or HMX lead to a fast ring cleavage, generating small nitrogen-
or carbon-containing molecules harmless for the environment (Hawari,
2000). White-rot fungi have been shown to mineralize RDX and HMX,
likely via mechanisms involving either extracellular ligninolytic en-
zymes or intracellular enzymes (Fernando and Aust, 1991).

Early on, ligninolytic enzymes were postulated to play a role in
fungal xenobiotic degradation, but their actual involvement, as well
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as their individual implication in the oxidative breakdown of TNT
and its reduced metabolites remained unclear for a long time, until a
few isolated research works reporting experiments with purified ligni-
nolytic peroxidases provided some insight into the process (Bumpus
and Tatarko, 1994; Michels and Gottschalk, 1994; Hofrichter et al.,
1998a; Van Aken et al., 1999a,b; Van Aken et al., 2000b). While LiP was
initially considered as the major biocatalyst involved in lignin degrada-
tion by white-rot fungi, bioremediation experiments on xenobiotic pol-
lutants have suggested the predominance of MnP, apparently the only
ligninolytic enzyme able to mineralize TNT in vitro (Hofrichter et al.,
1998a). Moreover, novel observations lead one to consider MnP as the
dominant enzyme involved not only in the degradation of xenobiotic
compounds but also in the ligninolysis process: i.e., the high pheno-
lic content of natural lignin (Buswell and Odier, 1987), the inability
of MnP-negative fungi to significantly degrade lignin (Hatakka, 1994},
and the MnP-mediated depolymerization of lignin in the presence of
reduced thiols (Forrester et al., 1988) or unsaturated fatty acids (Bao et
al., 1994).

Some progress has also been made in the identification of the numer-
ous metabolites in the degradation mixtures (Hawari et al., 1999), as
well as in the determination of the (ultimate) oxidizing agents possibly
responsible for molecular breakdown: e.g., veratryl alcohol cation radi-
cals (VA'*) (Buswell and Odier, 1987), Mn(III) chelated by organic acids
(Hofrichter et al., 1998a), reactive oxygen species (ROS) (Barr and Aust,
1994), carbon-centered free radicals (Urzuia et al., 1998), peroxyl free
radicals (Moen and Hammel, 1994), and/or thiyl free radicals (Forrester
et al., 1988). Despite the extensive knowledge existing about the com-
plex mechanism of fungal ligninolysis, little information is available
about the mechanism(s) underlying the biodegradation of xenobiotic
pollutants by ligninolytic fungi. Thus, the basis of such a nonspecific
and powerful destructive biochemical system, which is unique in the
living world, continues to intrigue most scientists and may have un-
suspected implications outside the strict framework of environmental
biotechnologies.

Whereas lignin and xenobiotic degradation by white-rot fungi has
been for a long time directly correlated with the production of ligni-
nolytic enzymes (Bumpus and Aust, 1987), some publications have
reported nonligninolytic fungal degradations of xenobiotic pollutants,
including PAH (Yadav and Reddy, 1993), TNT (Spiker et al., 1992),
and RDX (Fernando and Aust, 1991), suggesting the involvement of
intracellular enzymes, e.g., cytochrome P-450 monooxygenases, besides
the extracellular ligninolytic peroxidases.

Because lignin breakdown and xenobiotic degradation by white-rot
fungi are biochemically closely related, this review makes an attempt
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to bring together the most essential mechanistic features underlying the
fungal biotransformation of xenobiotics by focusing first on the process
of lignin degradation (Section II). In the next section, the involvement
of low-molecular-weight mediators and radical species, likely play-
ing a central role in peroxidase-mediated transformations of organic
molecules, is discussed (Section III). Finally, the review will cover the
current knowledge on the biodegradation of nitro-substituted explosives
by white-rot fungi (Section IV).

Il. Biodegradation of Lignin by White-Rot Fungi

“Growing evidence indicates that the complex plant-polymer [lignin]
is biodegraded by a unique enzymatic ‘combustion,’ i.e. a non-specific
enzyme-catalyzed burning (Kirk and Farrel, 1987).”

Lignin breakdown mechanisms (i.e., ligninolysis) have been studied
intensively over the last 2 decades because of interest in emerging alter-
native biotechnologies, such as wood biopulping, and bioremediation of
environmental pollutants (Messner et al., 1997). Primarily microbiolog-
ical aspects of lignin degradation have been reviewed by Hall (1980),
Kirk and Shimada (1985), Buswell and Odier (1987), Kirk and Farrel
(1987), de Jong et al. (1994), Garg and Modi (1999), and Leonowicz
et al. (1999).

A. LIGNIN

“Lignin biodegradation is central to the earth’s carbon cycle because lignin
is second only to cellulose in abundance and, perhaps more significantly,
because lignin physically protects most of the world cellulose and hemi-
cellulose from enzymatic hydrolysis (Kirk and Farrel, 1987).”

Lignin is the second (after cellulose} most abundant natural poly-
mer on earth and the most abundant aromatic material, accounting for
20-30% of plant wood® (Kirk and Farrel, 1987). Wood, i.e., lignocel-
lulose, is a partly crystalline structure in which cellulose, arranged in
microfibers, is enveloped in a matrix of lignin and hemicellulose, per-
forming a function similar to metal rods inside concrete. The structure
of lignocellulose imparts solidity to cell walls, providing strength and
rigidity to vascular plants (Leonowicz et al., 1999).

Lignin is a water-insoluble, amorphous biopolymer characterized by
a high molecular weight (600—1000 kDa} (Kirk and Farrel, 1987) and
a high density of aromatic rings (Buswell and Odier, 1987}. Lignin is

1The term “lignin” is derived from the Latin word “lignum,” meaning wood (Leonowicz
et al., 1999).
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Fic. 1. Cinnamyl alcohols, precursors of lignin. Adapted from Buswell and Odier
(1987).

synthesized by the random association of various phenyl propanoid
subunits (cinnamyl alcohols; Fig. 1) linked by numerous carbon-carbon
or ether bonds? (Fig. 2; Buswell and Odier, 1987, Kirk and Farrel, 1987).
Lignin is therefore very resistant to biodegradation,? so that ligninolysis
is restricted mostly to wood-rotting fungi (Hammel, 1992). The structure
of lignin can be understood as a selective adaptation of vascular plants
to resist against microbial degradation.

When associated with a lignin matrix, metabolizable polysaccharides
of wood (i.e., cellulose and hemicellulose) are resistant to microbial
breakdown (Leonowicz et al., 1999). The main role of lignin biodegrada-
tion is not to provide any energy directly, but to give access to the more
easily metabolizable (hemi)cellulosic material (Barr and Aust, 1994).
Therefore, degradation of lignin is mainly a co-metabolic process, oc-
curring only when a key nutrient is depleted from the growth medium
(Hammel, 1992).

B. LIGNIN-DEGRADING (LIGNINOLYTIC) MICROORGANISMS

“In contrast to other [ligninolytic] fungi and bacteria, white-rot fungi are ca-
pable of completely degrading lignin to carbon dioxide and water (Cullen,
1997).”

Fungi, including yeasts and molds, and bacteria are able to mod-
ify lignin* (Garg and Modi, 1999). Wood-decaying fungi are classified

2Lignin biosynthesis arises from the random polymerization of free-radical species,
generated mainly by the peroxidase- or laccase-catalyzed dehydrogenation of cinnamyl
alcohols (Buswell and Odier, 1987).

3Lignin intermonomer linkages are resistant to the normal biochemical cleavage (i.e.,
hydrolysis).

“If higher organisms, such as xylophagic insects (e.g., termites), are known to digest
lignin, this ability would be related either to their intestinal microflora or to the coloniza-
tion of wood-rotting fungi (Kirk and Farrell, 1987).
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Fic. 2. Schematic structural model of lignin molecule. Adapted from Adler (1977).

into three groups: soft-rot, brown-rot, and white-rot fungi (Buswell and
Odier, 1987).

1. Soft-Rot Fungi

A variety of molds (belonging to ascomycetes and Fungi Imperfecti),
designated as soft-rot fungi, are able decompose all major components
of wood, even though their attack on lignin is partial and restricted to
certain substructures (Buswell and Odier, 1987; Garg and Modi, 1999).
Their action results in a softening and a weight loss of wood tissues.
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2. Brown-Rot Fungi

Brown-rot fungi, including several species of basidiomycetes, mainly
decompose polysaccharides in wood (i.e., cellulose and hemicellulose),
with only a limited degradation of lignin (Garg and Modi, 1999). Au-
tooxidation of o-diphenolic moieties, resulting from partial ligninolysis,
is responsible for the brown color of rotten wood (Buswell and Odier,
1987).

3. White-Rot Fungi

The most widespread and the most active lignin degraders belong
to white-rot fungi or closely related litter-decomposing fungi (Fritsche
et al., 2000). They include basidiomycetes and a few ascomycetes (Kirk
and Farrell, 1987). White-rot fungi are the most effective at degrading
lignin and are capable of mineralizing all the major wood components
to CO, and water. Some species of white-rot fungi may exhibit a prefer-
ence for hemicellulose and lignin degradation over cellulose® (Buswell
and Odier, 1987). The white color of white-rotten wood is likely due to
the transient fibrous cellulose structure remaining after removal of the
hemicellulose and lignin matrix (Garg and Modi, 1999).

4. Bacteria

Degradation of natural polymeric lignin is limited to a few aerobic
bacterial strains, mainly belonging to actinomycetes (Buswell and Odier,
1987; Kirk and Farrel, 1987). Ligninolytic bacteria modify lignin only
partially, releasing CO, from methoxyl and propyl side groups of the
polymer skeleton (Garg and Modi, 1999).

C. FuncaL WooD-DEcAYING ENZYMES

“Having a versatile machinery of enzymes, the white-rot fungi are able to
attack directly the ‘lignin barrier.” They also use a multienzyme system
including so-called ‘feedback’ type enzymes, allowing for simultaneous
transformation of both lignin and cellulose. These enzymes may function
separately or cooperatively (Leonowicz et al., 1999).”

As lignin is intimately associated with other wood components (i.e.,
cellulose and hemicellulose), the ligninolysis process in wood-decaying
fungi is incorporated in the degradation of wood, i.e., the lignocellulosic
complex. Wood-decaying enzymes of white-rot fungi can be divided into
three groups (Leonowicz et al., 1999):

5The only recognized function of fungal ligninolysis is to free the access to more
metabolizable substrates, i.e., cellulose and hemicellulose!
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Enzymes attacking wood constituents directly: cellulose (e.g., glu-
canases), hardwood (e.g., xylanases) and softwood hemicellulose
(e.g., mannanases), and lignin (e.g., lignin peroxidase (LiP), man-
ganese (-dependent) peroxidase (MnP), laccases, dioxygenases) (Sec-
tions I1.D.1 and I1.D.5)

Enzymes which cooperate with the first group, supplying hydrogen
peroxide, but which never attack wood components directly: e.g.,
superoxide dismutases (SOD) and glyoxal oxidases (GLO) (Section
ILE)

Feedback enzymes which play a key role in wood biodegradation,
connecting the cellulolytic and the ligninolytic metabolic chains
(Leonowicz et al., 1999): e.g., glucose oxidase, aryl alcohol oxidases
(AAQ), cellobiose:quinone oxidoreductase (CBQ), and cellobiose de-
hydrogenase (CDH) (Section IL.F)

D. LiGNINOLYTIC ENZYMES

“Apart from their importance in lignin biodegradation, these enzymes [LiP,
MnP, and laccases] are the focus of intense research because of their po-
tential applications in the detoxification of a broad range of environmental
pollutants ...” (Reddy, 1995)

Oxidative enzymes directly involved in lignin breakdown, so-called
ligninolytic enzymes (i.e., LiP, MnP, and laccases), catalyze the one-
electron oxidation of phenolic and nonphenolic compounds leading
to corresponding (phenoxy) cation free radicals. Laccase oxidizes only
molecules with a relatively low reduction potential (E, = 780 mV;
Kersten et al., 1990), whereas peroxidases LiP and MnP can oxidize
molecules with a higher reduction potential (E; = 1100—1500 mV;
Kersten et al., 1990; Schoemaker et al., 1994). According to the struc-
ture of their natural substrate (i.e., polymeric lignin), peroxidases and
laccase are remarkably nonspecific and can oxidize a wide range of dif-
ferent molecules (Barr and Aust, 1994; Thurston, 1994).

On the basis of the ligninolytic enzymes produced, three different
categories of white-rot fungi may be distinguished (Hatakka, 1994): the
LiP-MnP group (e.g., Penicillium chrysosporium)—the most efficient
lignin degraders-, the LiP-laccase group, and the MnP-laccase group.

To date, most studies on fungal ligninolytic enzymes have focused
on P. chrysosporium. However, the presence of comparable peroxidase
enzyme systems in a number of other white-rot fungi has been re-
ported: e.g., Trametes versicolor, Bjerkandera adusta, Phlebia radiata
(Kantelinen et al., 1988; Niku-Paavola et al., 1988, Johansson and
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Nyman, 1993). To date, LiP and MnP identified in other white-rot fungi
have been shown to be biochemically and biophysically closely related
to the corresponding peroxidases of P. chrysosporium (Kantelinen et al.,
1988; Reddy and D’Souza, 1994; Cullen, 1997).

1. Peroxidases

Peroxidases are widely distributed enzymes among living organisms.
There are three superfamilies of peroxidases: plant peroxidases, animal
peroxidases, and catalases (Dunford, 1999). The “plant” superfamily is
divided into three classes: class I, intracellular prokaryotic peroxidases
(e.g., cytochrome C peroxidases); class II, extracellular fungal perox-
idases (e.g., LiP and MnP); and class III, secretory plant peroxidases
(e.g., horseradish peroxidase). From an extensive comparison between
their amino acid sequences, it has been proposed that heme peroxidases
from bacteria, fungi, and plants are evolutionarily related (Dunford,
1999). Peroxidases oxidize several substrates, using hydrogen peroxide
as an electron acceptor, while the primary function of catalases is to
catalyze the dismutation of H,0, into dioxygen and water (catalatic
reaction; Eq. (1):

2H202 —> 2H20+02 (1)

Lignin-degrading peroxidases have been reviewed extensively [see,
for instance, Buswell and Odier (1987), Kirk and Farrel (1987), Hammel
(1992), Gold and Alic (1993), Ander and Marzullo (1997), Cullen (1997),
and Garg and Modi (1999)].

a. Lignin Peroxidase (LiP). LiP (diarylpropane peroxidase, EC 1.11.
1.14) is an extracellular lignin-degrading enzyme first discovered in
submerged cultures of P. chrysosporium (Glenn et al., 1983, Tien and
Kirk, 1984). LiP can depolymerize the lignin molecule and oxidizes nu-
merous mono- or oligomers resulting from lignin degradation (Hammel
and Moen, 1991; de Jong et al., 1994). Veratryl alcohol (VA), a typical
substrate for LiP, is oxidized to veratryl alcohol cation radical (VA**),
which may act as a mediator in lignin breakdown. As a carrier of ox-
idizing equivalents, VA" can diffuse inside the bulky lignocellulosic
structure, mostly inaccessible to enzyme molecules. LiP may also be
involved in the production of reactive oxygen species (ROS) (Barr et al.,
1992). LiP is likely a key component for the degradation of both lignin
and xenobiotic pollutants.

LiP is a monomeric N- and likely O-glycosylated heteroprotein con-
taining one ferriprotoporphyrin IX as the prosthetic group (Section
I.D.2.a}). The pH optimum is unusually low (near 3.0), since it is
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inversely related to the redox potential of the enzyme (Call and Miicke,
1997). LiP is produced as a set of closely related isozymes (molecular
mass ranges from 38 to 43 kDa) encoded by different genes (Reddy and
D’Souza, 1994).

b. Manganese (-Dependent) Peroxidase (MnP). MnP (manganese per-
oxidase, EC 1.11.1.13) is also an extracellular lignin-degrading enzyme
discovered in cultures of P. chrysosporium (Kuawahara et al., 1984;
Glenn and Gold, 1985; Paszczynski et al., 1986). MnP mainly catalyzes
the oxidation of Mn(II) to Mn(Ill}, which, when chelated by organic
acids (e.g., oxalate or malonate), is a strong oxidant able to attack var-
ious phenolic substrates, including synthetic lignin substructures and
xenaobiotic pollutants (Glenn et al., 1986; Wariishi et al., 1989a,b; de
Jong et al., 1994). Just like LiP-generated VA", Mn(III) complex is a
carrier of oxidizing equivalents susceptible to diffuse inside the bulky
lignocellulosic polymer.

MnP is a monomeric N-glycosylated heteroprotein containing one fer-
riprotoporphyrin IX as the prosthetic group (Section I.D.2.qa). This en-
zyme is also produced as a set of closely related isozymes (molecular
masses around 46 kDa) encoded by different genes (Reddy and D’Souza,
1994).

Recently, versatile peroxidases exhibiting the catalytic properties of
both LiP and MnP, i.e., VA and Mn(Il) oxidizing activities, have been
described in several white-rot fungi, including P. chrysosporium (H2
isozyme) (Khindaria et al., 1995; Mester and Field, 1998; Camarero et al.,
1999).

2. Structural Properties of Peroxidases (Class II)

This section presents the main structural features of fungal peroxi-
dases LiP and MnP (Class II), as obtained from X-ray crystal analysis
(Piontek et al., 1993; Poulos et al., 1993; Sundaramoorthy et al., 1994).
LiP and MnP from the white-rot fungus P. chrysosporium share 43%
amino acid sequence identity, suggesting considerable structure simi-
larity (Sundaramoorthy et al., 1994).

The active site of peroxidases is a protoporphyrin IX containing a
high-spin, hexacoordinate iron ion (Fig. 3; Buswell and Odier, 1987). In
the resting state, the ferric ion Fe(III) is in the oxidation state +3 and is
coordinated to the four pyrrole nitrogens of the heme and to a nitrogen
of an axial His173® (so-called proximal His). The sixth coordination re-
mains free. The catalytic process occurs through a multistep sequence:

SMnP numbering (Sundaramoorthy et al., 1994).
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Fic. 3. Structure of ferriprotoporphyrin IX.

by reaction with H,O,, which is reduced to water, the protein undergoes
a two-electron oxidation to give a compound I, containing an oxyferryl
iron Fe(IV)=0 and an organic radical cation located on the heme (por-
phyrin m-centered radical). Compound I oxidizes in turn one substrate
molecule and is converted to compound II, where the porphyrin 7 radi-
cal cation is reduced to its resting state. Finally, through the oxidation of
a second substrate molecule, compound II is reduced back to its resting
Fe(IIT) state (Fig. 4; Sundaramoorthy et al., 1994; Banci, 1997). The per-
oxidase catalytic cycle may be described as an irreversible ping-pong

Ferric (native) Compound |
enzyme

H,0, HO
Ge(m) M @e(lV):O
s

s-.‘%\
S <
Compound Il G—'e(lV):O
H0,
K H,0
Ge(lll)-o'{

Compound Ili*

Fic. 4. Catalytic cycle of fungal peroxidases. Adapted from Tien (1987).
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Asn80

Phel90

Fic. 5. Schematic structure of MnP, showing the helices as cylinders, the heme, the
calcium ions, the Mn binding site, and the two N-acetylglucosamine residues N-linked to
Asn'3!, Amino acid numbering refers to MnP (Sundaramoorthy ef al., 1994).

mechanism’: one substrate (H;O,) binds, followed by a first product
release. A modified enzyme (compound I) is the result, to which the sec-
ond substrate binds, followed by a second product release. A third sub-
strate binds the resulting modified enzyme (compound II), followed by
the release of a third product (Dunford 1999). In the presence of a H,0,
excess and/or in the absence of a suitable substrate (e.g., VA or Mn(II)),
compound I may be further oxidized to compound III*, containing
a poorly reactive perferryl iron complex [Fe(IlI)—03; < Fe(Il)—0,],
as observed in ferroxycatalase or oxyhaemoglobin (Fig. 4; Halliwell
and Gutteridge, 1989). Compound III* is inactive and outside the
peroxidase catalytic cycle (Wariishi and Gold, 1990).

a. General Structure. The enzyme possesses two different structural
domains with the heme moiety sandwiched between them. The sec-
ondary structure involves 10-11 a-helices linked by loops and turns
(Fig. 5; Sundaramoorthy et al., 1994). Amino-acid residues supporting

”The conventional ping-pong mechanism is reversible. The major difference between
the conventional ping-pong mechanism and the peroxidase ping-pong mechanism is that
the former has a finite upper limit in rate, whereas the second has not {Dunford, 1999).
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Fic. 6. The active site environment of MnP. Hydrogen bonds are represented by dashed
lines. Amino acid numbering refers to MnP (Sundaramoorthy ef al., 1994).

the structural rigidity of the protein are highly conserved in LiP and MnP
(as well as in other peroxidases): e.g., Gly and Pro residues (determin-
ing the correct backbone bending), Cys—Cys bridges (forming disulfide
bonds). Two calcium ions ensure a high degree of rigidity to the active
site, since they coordinate residues immediately following His'”? (prox-
imal His) and His*® (distal His) residues (Fig. 6; Sundaramoorthy et al.,
1994; Banci, 1997). Peroxidases exhibit high topological similarities,
a priori in contrast to the wide range of substrates they can oxidize.
In fact, the enzymes might not require significant structural changes to
adapt to different substrates, since reactions might involve a long-range
electron transfer from the substrate (at the protein surface) to the heme
center (Banci, 1997).
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b. Heme Environment. Most residues in the active site of peroxidases
are conserved. The proximal His holds the fifth coordination of the heme
iron and, therefore, contributes to stabilizing high oxidation states of the
oxyferryl Fe(IV)=O iron in compounds I and II. This effect is reinforced
by an H-bond between proximal His and Asp?*? residues, imparting a
greater anionic character to the proximal His ligand (Fig. 6). Within a
class of peroxidases, the relative position and the distance of the prox-
imal His with respect to the iron atom (and the heme plane) determine
the strength of the Fe-N bond and the reduction potential of the active
site (Poulos and Kraut, 1980; Banci, 1997). The proximal His belongs
to helix F (Fig. 5). In both LiP and MnP, a strong H-bond between side-
chain residues pulls helix F away from the heme, weakening the Fe-N
bond and increasing the redox potential of the enzyme. The absence
of this H-bond (e.g., in cytochrome C peroxidase) results in a lower re-
dox potential (by about 100 mV) (Sundaramoorthy et al., 1994; Banci,
1997). The distal cavity of the active center is the site of interaction of
hydrogen peroxide, which involves two invariant amino-acid residues:
the distal His and Arg*? (distal Arg). Incoming H,O, transfers one pro-
ton to the deprotonated distal His, which is stabilized in this form by
H-bonds with invariant residues (Figs. 6 and 7; Sundaramoorthy et al.,
1994; Dunford, 1999). The distal Arg stabilizes the developing negative
charge on the OH~ leaving group. Once the O-O bond is cleaved, the
Arg* guanidinium group moves inside the distal cavity, forming an H-
bond with the oxyferryl atom and stabilizing compounds I and IT (Poulos
and Kraut, 1980; Banci, 1997).

c. Substrate Binding Sites. The (low) specificity of peroxidases for a
substrate is determined both by the reduction potential of the active
site (i.e., the iron center and the heme cation radical) with respect to
those of the substrates and by the presence of specific binding sites in

Resting enzyme Activated complex / Compound |
His4 His® His® 1 o
Z “NH ol H* Arlg‘2 Z “NH e
= NH +N/_ NH---- H NH =/ rlm
H HN H 0-ene HN={ H HN=| -
Hzoz/ NH, 0/ NH, i NH,

Heme
Fe(lll)

Hism_(/\jr Hism_(/\jI+ Hls‘73_(/\JN+

N N N
H H H

~————

FiG. 7. Mechanism of peroxidase compound I formation. Adapted from Dunford (1999).
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or on the protein structure. The specificity is modulated by a small num-
ber of amino-acid substitutions, slightly modifying the enzyme surface
topology, but without significant changes of the main structure.

In MnP, the binding site of Mn(Il) is located at the edge of the heme
moiety. The electron could be transferred from Mn(II) to the iron atom
or to the porphyrin periphery via a heme propionate, using a nearly
continuous o-bonded path (Sundaramoorthy et al., 1994). Exogenous
dicarboxylic acids {e.g., oxalate), known to stabilize Mn ions, are not
part of the coordination environment of Mn(Il) bound to the protein,
suggesting that free Mn(II) is the substrate for MnP. In the presence
of oxalate, a ligand displacement at the active site likely releases the
oxalate molecule, since MnP binds Mn(Il) more strongly than oxalate
(Sundaramoorthy et al., 1994, Banci, 1997).

In contrast, the VA binding site in LiP is still unknown, even though
a possible place would be located near the open channel connecting the
distal pocket to the enzyme surface and toward it is oriented the heme
8-meso-carbon (Fig. 3), so that an aromatic ring could contact the heme
edge, transferring an electron to the porphyrin #-centered radical cation
(Poulos et al., 1993). The binding site alternatively could be located
far away from the active site, a long-range electron transfer occurring
through the protein molecule (Banci, 1997).

3. Molecular Genetics and Regulation of LiP and MnP Production

Heme peroxidases of P. chrysosporium constitute a large family of
isozymes, separable by fast protein liquid chromatography (FPLC) from
the extracellular fluid of ligninolytic cultures and arbitrarily designated
as H1, H2, ... H10 (Kirk and Farrel, 1987). H1, H2, H6, H7, H8, and H10
exhibit a LiP activity, as assayed by the oxidation of VA to veratryl alde-
hyde (Tien and Kirk, 1984; Gold et al., 1984). H3, H4, H5, and H9 exhibit
a MnP activity, as assayed by the direct oxidation of Mn(II) to Mn(III)®
(Glenn and Gold, 1985). Molecular biology aspects of P. chrysosporium
have been reviewed in Gold and Alic (1993), Reddy and D’Souza (1994),
Broda et al. (1996), Cullen and Kersten (1996), and Cullen (1997).

Extracellular ligninolytic peroxidases of most white-rot fungi are syn-
thesized during secondary metabolism, under nitrogen and/or carbon
starvation (Kirk et al., 1978; Faison and Kirk, 1985). More generally,
the ligninolytic system of white-rot fungi is produced in response to a
stress situation, which may be induced by nutrient depletion, as well
as by other environmental factors (Reddy and D’Souza, 1994). Mn(II)
levels in the medium also exert a dramatic effect on the production of

8In addition to the VA-oxidizing activity, LiP isozyme H2 from P. chrysosporium has
also been shown to exhibit a Mn(I)-oxidizing activity (Khindaria ef al., 1995). However,
the initial name has been conserved for historical reasons.
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peroxidases by white-rot fungi. When Mn(II) is absent, only high levels
of LiP are observed; in the presence of 12 mg liter~* Mn(II), both LiP and
MnP are produced, while higher Mn(II) concentrations lead to the se-
cretion of MnP alone (Bonnarme and Jeffries, 1990; Brown et al., 1990).
In addition, MnP expression may be enhanced by physiological levels
of oxalate (Kuan et al., 1993).

LiP secretion is stimulated by its favored substrate, i.e., VA, as well
as by low-molecular-weight products resulting from lignin depolymer-
ization (Faison and Kirk, 1985; Faison et al., 1986).

Isolation of different deregulated mutants has shown that the nitrogen
regulation of ligninolytic peroxidases is independent from the carbon
regulation and that the Mn(II) regulation is independent from the ni-
trogen and carbon regulations (Van der Woude et al., 1993). Generally
speaking, production and abundance of different fungal peroxidases
vary greatly with the fungal strain and the culture conditions, suggesting
in turn that the expression of lip and mnp genes is regulated by
environmental signals (Reddy and [’Souza, 1994; Cullen, 1997).

LiP isozymes of P. chrysosporium are encoded by a family of at least
10 closely related genes lipA, lipB, ... lip] (Gaskell and Cullen, 1993).
Less is known about the mnp genes for which four distinct sequences
have already been identified (Pease et al., 1989).

4. Reactions Catalyzed by Fungal Peroxidases

Lignin is formed in plant cell walls by radical coupling reactions of
different (poly)methoxy-substituted hydroxycinnamyl alcohols (Fig. 2).
Numerous intramonomer linkages result, with aryl-glycerol-2—aryl
ether (8-0-4) (50-60%) and 1,2-diaryl propane (8-1) (7%) being the most
prominent (Fig. 8; Hammel, 1992).

Different experimental approaches suggest that the most important
ligninolytic reaction is the oxidative cleavage of the lignin propyl
side chain between «-g carbons in both B-O-4-aryl ether and g-
1-diarylpropane substructures, as they could lead to an extensive
depolymerization of natural lignin (Buswell and Odier, 1987). The first
mechanistic studies of fungal ligninolysis revealed the ability of LiP, in
contrast to MnP, to catalyze the cleavage of nonphenolic dimer mod-
els B-O-4 and B-1 (Glenn et al., 1983; Tien and Kirk, 1983; Kuwahara
et al., 1984). MnP was thought to play a role in fungal ligninolysis,
but in more typical peroxidative reactions, i.e., the oxidation of pheno-
lic lignin substructures. Therefore, LiP-catalyzed reactions have been
preferentially investigated and reviewed in the literature (Hall, 1980;
Hammel et al, 1985; Buswell and Odier, 1987; Kirk and Farrel,
1987; Garg and Modi, 1999). However, according to the following
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FiG. 8. (A) LiP-catalyzed cleavage of diarylpropane (8-1) dimer lignin model. (B) LiP-
catalyzed cleavage of arylglycerol-g-aryl ether (8-O-4) dimer lignin model. Adapted from
Buswell and Odier (1987).

considerations, MnP seems, at the present time, to be the decisive
enzyme involved in the breakdown of both lignin and xenobiotic
pollutants (Hatakka, 1994, Hofrichter et al., 1998a):

MnP catalyzes the oxidation of phenolic lignin substructures, which
may lead to an extensive lignin degradation, as they account for
5-15% of natural polymeric lignin (Buswell and Odier, 1987).

In the presence of mediators, such as reduced thiols (Forrester ef al.,
1988) or unsaturated fatty acids (Bao et al., 1994), MnP is also able
to cleave nonphenolic lignin dimer models (see following).

White-rot fungi unable to produce MnP (LiP-laccase group) are
known to be poor lignin degraders, while fungi producing MnP and
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possibly laccase, but no LiP (MnP-laccase group), are efficient white-
rotters (Hatakka, 1994).

LiP catalyzes C,—Cg bond cleavage of -1 dimer models, yielding an
aromatic aldehyde from the C, and a phenylglycol product from the Cg,
which undergoes a further LiP-catalyzed intradiol cleavage (Fig. 8A;
Glenn et al., 1983; Tien and Kirk, 1983; Gold et al., 1984, Renganathan
et al., 1986). C,—C; bond cleavage of 8-O-4 dimer models by LiP yields
aromatic aldehydes (e.g., veratryl aldehyde) from the C, moieties, while
no C; products are recovered, suggesting a further decomposition to
glycolaldehyde and guaiacol (Fig. 8B; Glenn et al., 1983; Tien and Kirk,
1983; Gold et al., 1984; Renganathan et al., 1986). C,—Cg; bond cleavage
of 8-0-4 models may alternatively result in the formation of a hydroxy-
substituted benzyl radical at the C, position and of a positively charged
Csg-fragment (Lundell et al., 1993). The major low-molecular-weight
degradation products from partially white-rotten lignin have been iden-
tified as vanillin, syringaldazine, coniferyl aldehyde, as well as all their
corresponding benzoic acids, confirming the importance of aryl side-
chain cleavages (Chua et al., 1982; Chen and Chang, 1985). Cleavage of
the g-aryl ether bond, oxidative aromatic ring opening, and demethy-
lation are also reactions catalyzed by LiP (Chen et al., 1982; Kirk and
Farrel, 1987). Besides the oxidation of phenolic substrates to phenoxy
radicals, for which LiP is not different from other peroxidases, the
enzyme catalyzes the oxidation of a wide range of nonphenolic aromatic
molecules to give transient aryl cation radicals whose fate depends
on the nature of the substrate: e.g., polyalkoxy-substituted benzenes
(Kersten et al., 1985) and alkoxy-substituted benzyl alcohols (Tien and
Kirk, 1983; Tien et al., 1986).

In contrast to LiP, MnP is unable to achieve the oxidation of nonpheno-
lic aromatic substrates, nor the cleavage of synthetic nonphenolic lignin
model compounds, nor the depolymerization of natural lignin (Forrester
et al., 1988). However, MnP, through the oxidation of Mn(II) to Mn(III) as
well as chelated Mn(I1I), catalyzes the in vitro oxidation of several lignin-
related phenolic monomers (Glenn and Gold, 1985; Glenn et al., 1986,
Paszczynski et al., 1986) and the cleavage of phenolic diarylpropane
B-1 lignin model dimers (Wariishi et al., 1989a,b). In the presence of re-
duced thiols, such as glutathione (GSH), MnP/Mn(II) or chelated Mn(IiI)
has been shown to oxidize nonphenolic substrates (e.g., VA) and to
cleave nonphenolic 8-O-4 lignin model compounds (Forrester et al.,
1988; Wariishi et al., 1989¢).® MnP also catalyzes lipid peroxidation of

9Reduced thiols have also been shown to strongly enhanced the MnP-catalyzed
mineralization of xenobiotic pollutants (Hofrichter et al., 1998a,Van Aken et al., 1999a).
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unsaturated fatty acids or Tween 80, a system which has been shown
to oxidatively break down phenolic and nonphenolic synthetic lignin
models!! (Bao et al., 1994; Jensen et al., 1996), likely through the gen-
eration of reactive acyl (R*) or peroxyl free radicals (ROO"), the major
propagators of lipid peroxidation (Kapich et al., 1999).

E. H,0,-GENERATING SYSTEMS

“Any biological system generating O, will produce hydrogen peroxide by
the dismutation reaction unless, of course, all the O} is intercepted by
some other molecule (Halliwell and Gutteridge, 1989).”

As the electron acceptor (cofactor) for peroxidases and as a
Fenton ingredient, extracellular hydrogen peroxide (H,0,) is an essen-
tial component of fungal ligninolysis systems. White-rot fungi produce
a variety of intracellular oxidases whose activity is coupled to the re-
duction of molecular oxygen to form hydrogen peroxide: fatty acyl-
CoA oxidase (Greene and Gould, 1984), GLO (Kersten and Kirk, 1987),
glucose-1-oxidase (Kelley and Reddy, 1986}, glucose- or pyranose-2-
oxidase (Eriksson et al., 1986), methanol oxidase (Nishida and Eriksson,
1987), and aryl alcohol oxidase (AAQ) (Bourbonnais and Paice, 1988).'*
These enzymes are mainly produced under ligninolytic conditions (id-
iophase), suggesting their involvement in the ligninolysis process.

Two other extracellular FAD-dependent enzymes produced by white-
rot fungi may play a role in hydrogen peroxide production: CDH (pre-
viously cellobiose oxidase) and CBQ).*® Both CDH and CBQ oxidize dis-
accharides, e.g., cellobiose, coming from the enzymatic hydrolysis of
wood polysaccharides (Westermarck and Eriksson, 1974; Ayers et al.,
1978; Ander, 1994; Ander and Marzullo, 1997). This reaction may be
coupled with the reduction of dioxygen, slowly generating hydrogen
peroxide (Samejima and Eriksson, 1992).

Ligninolytic cultures of white-rot fungi may produce superoxide free
radicals (O;”) by multiple enzymatic or nonenzymatic mechanisms
(Section III.C.1.b}. Superoxide free radicals dismutate—spontaneously
or under superoxide dismutase (SOD) mediation—to hydrogen peroxide

19Tween 809 (polyoxyethylenesorbitan monooleate) is a source of unsaturated fatty
acids.

"Lipid peroxidation has also been shown to promote the MnP-catalyzed degradation
of xenobiotic pollutants (Moen et al., 1994, Bogan and Lamar, 1995).

2Even though glucose-1-oxidase and pyranose-2-oxidase are usually considered as the
most important H,0, producers (Kelley and Reddy, 1986), no evidence exists that these
oxidases are able to supply extracellular peroxidases with H,0,, as they are intracellularly
located (Kirk and Farrel, 1987).

131t is worth noting that protease activity converts CDH into CBQ (Ander, 1994).
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H,0; and O, (Eq. (2); Halliwell and Gutteridge, 1989; Ander and
Marzullo, 1997):

O;_ + O;‘ + 2H+ e HZOZ + 02 (2)

The rate of the reaction is virtually zero (k < 0.3 M~'s~?)! However, the
reaction is faster when both O3~ and its protonated form, the hydroper-
oxyl radical (HO;), are present together (k = 8 x 107 M~*s™?), which is
observed at typical pH values' for wood-decaying fungi (i.e., 3.0-5.0)
(Eq. (3)), or when the reaction is catalyzed by iron traces (Eq. (4), which
is first order in superoxide) (Halliwell and Gutteridge, 1989).

O.Z_ + HO.Z + I_I+ e HzOz + Oz (3)
Fe’* + HO; — Fe** + OH; (4)
OHZ_ -+ H+ —_> Hzoz

Finally, MnP may oxidize reduced substrates (e.g., GSH, NADPH,
or dihydroxymaleic acid) with the coupled reduction of O, to H,O,
{Kuawahara et al., 1984; Wood, 1994).

F. COOPERATION OF ENZYMES IN DEGRADATION OF LIGNOCELLULOSE

“The idea of a feedback interdependence of delignification and cellulose
degradation processes was postulated for the first time by Westermarck
and Eriksson (1974). This hypothesis is still valid, as the report by Gottlieb
et al. (1950) postulating the possibility of mycelial growth on lignin as sole
carbon source has not been confirmed (Leonowicz et al., 1999).”

Depolymerization of lignin and cellulose is partly interrelated so that
they operate in a synergistic way. In a scheme proposed by Leonowicz
et al. (1986), lignin- and cellulose-degrading enzymes are secreted close
to the hyphal material, where they cooperate with each other and with
mediating (radical) chemical species.

Lignin depolymerization is regulated by fungal phenoxy radical and
quinone reducing enzymes, such as AAO, CDH or CBQ, glucose oxi-
dases, and GLO. Reducing phenoxy radicals and quinones, these en-
zymes prevent them from further polymerization and obviate the poi-
sonous effect of quinones on enzymes and cells ( Ander and Marzullo,
1997; Leonowicz et al., 1999). As substrates for extracellular FAD-
dependent AAO, aryl alcohols are key metabolites of the complex fungal
lignocellulose degrading system. Aryl alcohols undergo oxidation by
AAOQ, coupled with the reduction of either lignin degradation deriva-
tives (phenoxy radicals and quinones) or dioxygen to produce hydrogen
peroxide (Fig. 9; Ander and Marzullo, 1997). Aryl alcohol oxidation

14 0; +H* SHO;, pK, = 4.8(Halliwell and Gutteridge, 1989).
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products (i.e., aryl aldehydes) can be recycled through their reduction
by intracellular NADPH-dependent aryl alcohol dehydrogenases (AAD)
(Ander and Marzullo, 1997).

Glucanase- or xylanase-dependent depolymerization of wood poly-
saccharides (e.g., cellulose) produces disaccharides, such as cellobiose,
which may play a key role in lignocellulose degradation comparable to
that of aryl alcohols. Oxidation of cellobiose by CDH or CBQ is cou-
pled with the reduction of quinones and phenoxy radicals (Fig. 10;
Leonowicz et al., 1999). In addition to these reactions, CDH can re-
duce ferric iron and dioxygen, producing both ingredients of a Fenton
reaction (Section III.C.1.a; Ander, 1994; Ander and Marzullo, 1997).
Hydrolysis products of disaccharides by glucosidases or xylosidases
may undergo enzymatic oxidation by glucose oxidase or GLO. The re-
action is coupled with the reduction of quinones and phenoxy radicals
(Leonowicz et al., 1986; 1999).

Glucose and quinone oxidation products, i.e., gluconolactones and
diphenols, are fully metabolized, respectively, through the pentose
pathway and, via a dioxygenase-catalyzed ring opening, through the
Krebs cycle (Leonowicz et al., 1986). Alternatively, these oxidation re-
actions may be coupled with oxygen reduction, providing hydrogen
peroxide (Section ILE). Hydrogen peroxide may be used either as elec-
tron acceptor by LiP and MnP, catalyzing the oxidation of aryl alco-
hols and Mn(II), respectively (Section I1.D.1), or, together with reduced
iron, may take part in a Fenton reaction (Section III.C.1.a) (Ander and
Marzullo, 1997).

Quinones (Q) may also be reduced by CBQ (Ander and Marzullo,
1997), by an intracellular NAD(P)H-dependent quinone reductase
(Brock et al., 1995), or by a plasma membrane redox system (Stahl
and Aust, 1993b) to give semiquinone radicals (HQ') (one-electron re-
duction) or hydroquinones (H;QQ) (two-electron reduction)}, the latter
being oxidized back to HQ" through peroxidase or laccase-mediated
one-electron abstraction. Semiquinone radicals HQ' are able to reduce
phenoxy radicals, preventing them from further polymerization, or fer-
ric iron and dioxygen, generating components of the Fenton reaction
(Section III.C.1.a,b) (Brock et al., 1995).

G. PHYSIOLOGICAL FEATURES SUPPORTING FUNGAL LIGNINOLYSIS

“Understanding the factors that influence lignin biodegradation is neces-
sary to clarify wood decay, the formation of humic substances, coal and
petroleum, and to explore realistically the practical potential for utiliz-
ing lignin-degrading organisms or enzymes in lignocellulose bioconversion
processes (Kirk et al., 1978).”



"(9861) [0 19 z01mouoaT woy peidepy ‘ssmdzus 18uny jor-)ym £q HOREWIOJSURT aso[n[[e20usIT ‘01 oL

sopuieyooesijod
00
0 . _POooM
(saseuejAx)
9J19Ad 0 saseuean|y

\

mn_mv._v_‘/ (sosepisojAx) | sepleysessig
spioeorey L S258u2BAx01a ] o)

/ k"

sjouaydiq asepixo (os0}Ax)

IsoIN|n
(osojAx)
asoonpx

sauouinp
éc&;oéms_

HO'HO O
%00

-

(ouojoejouoifx-q‘s)
Aemyyed & | auoejoUoINID-g‘S
esojuag

sowAzua
Bujpesbap ujubiq

2o ujubq



24 VAN AKEN AND AGATHOS

Several key features of the ligninolysis process stand out {(Hammel,
1992):

The process is oxidative, as ligninolysis is stimulated by oxygen, and
involves oxygen incorporation into low-molecular-weight products
coming from lignin degradation.

The process is extracellular, as lignin is water insoluble and too large
to be transported intracellularly.

Ligninolysis is a function of secondary metabolism, as it occurs almost
exclusively under nutrient depletion and as lignin cannot be used
as the only energy and carbon source.

Factors influencing lignin degradation by white-rot fungi were first
studied by Kirk et al. (1978) using P. chrysosporium and have been
reviewed by Buswell and Odier (1987), Kirk and Farrel (1987), and Garg
and Modi (1999).

1. Carbon Cosubstrate

Biodegradation of lignin by white-rot fungi is a cometabolic process,
i.e., requiring a primary substrate as carbon and energy source, and an
expression of secondary metabolism. The basis for a growth substrate
requirement has been hypothesized as follows:

The energy recovered from lignin metabolism is too little to support
growth (Jeffries et al., 1981).

Ligninolytic activity during microbial growth is very low (Kirk et al.,
1978).

Even though lignin is a potentially energy-rich material, it is unable
to serve as the sole carbon and/or energy source, since the whole ligni-
nolytic process has an unfavorable net energy balance (Kirk et al., 1978).
Ligninolytic enzymes are produced by the fungus during the idiophase,
in response to a stress situation, which may be induced by different
environmental triggers, e.g., carbon (or nitrogen) starvation. While glu-
cose is the most frequently adopted substrate in laboratory experiments,
a wide range of carbon sources have been found to support lignin degra-
dation by white-rot fungi (Kirk et al., 1978; Buswell and Odier, 1987).

2. Nitrogen Source

While nutrient nitrogen limitation is essential to induce the ligni-
nolytic system in several species (Jeffries et al., 1981; Kirk et al., 1978),
this phenomenon cannot be applied to all white-rot fungi (Buswell and
Odier, 1987). The nitrogen regulation could be related to the low nitro-
gen levels in wood. The adverse effect of nitrogen may be explained by
several factors (Garg and Modi, 1999):
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High nitrogen contents increase the biomass formation and the respi-
ration rate, which promotes a rapid depletion of the energy sources
at the expense of secondary metabolism (Kirk et al., 1978).

The nitrogen metabolism competes with the metabolism of lignin
through the requirement for the same cofactors (Buswell and Odier,
1987).

Nitrogen regulates the synthesis of components of the ligninolytic
system.

Nitrogen-based repression of the ligninolytic activity would be related
to glutamate metabolism and may operate partly at the level of RNA
synthesis. On the other hand, the development of ligninolytic activity
under low nitrogen conditions is preceded by an increase of intracellular
c-AMP level, suggesting deeper modifications in the fungus physiology
which may characterize the transition between primary and secondary
metabolism (Buswell and Odier, 1987).

3. Oxygen Tension

Lignin decomposition is largely an oxidative process, which is
strongly enhanced by high oxygen levels (Kirk et al., 1978). The ab-
sence of anaerobic mineralization of lignin could explain the formation
of coal and peat deposits in the biosphere (Buswell and Odier, 1987).

The stimulatory effect of molecular oxygen on lignin biodegradation
may result from several factors:

High levels of molecular oxygen increase the rate of H,O, generation
and are required for the production of ROS {Section III.C.1; Halliwell
and Gutteridge, 1989).

Oxygen stimulates both the synthesis and the activity of ligninolytic
peroxidases (Faison and Kirk, 1985).

High oxygen concentrations enhance de novo synthesis of the sec-
ondary metabolite VA (Lundquist and Kirk, 1978).

lll. Low-Molecular-Weight Mediators and Free Radicals

“... Knowledge of the mechanism of lignin degradation is still incomplete
because of lack of understanding of the nature and function of low mole-
cular weight compounds most probably involved in lignin breakdown
(Messner et al., 1997).”

Wood-rotting enzymes are large molecules unable to penetrate the
bulky lignocellulosic material, suggesting that low-molecular-weight
redox mediators and/or reactive (oxygen) radical species, eventually
resulting from the fungal metabolism and matured by ligninolytic
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enzymes, are exported inside the wood structure and act in the degrada-
tive process as “enzyme messengers” (Leonowicz et al., 1999).

A. VERATRYL ALCOHOL (VA)

“The role of VA in lignin degradation has been the subject of numerous
studies and considerable debate. Recent evidence clearly shows that VA
does form a cation radical upon oxidation by LiP and that it can mediate
the oxidation of some substrates (Zapanta and Tien, 1997).”

VA (3,4-dimethoxybenzyl alcohol) is produced in ligninolytic cul-
tures of P. chrysosporium at the same time as LiP (Lundquist and
Kirk, 1978), so that VA biosynthesis and ligninolysis are closely linked
{de Jong et al., 1994). VA can be synthesized from the lignin degrada-
tion products vanillate or syringate, or de novo from L-phenylalanine
(de Jong et al., 1994).

In ligninolytic cultures of the white-rot fungus P. chrysosporium, VA is
known to enhance both LiP enzymatic activity and lignin mineralization
(Faison and Kirk, 1985; de Jong et al., 1994). Several roles have been
proposed for the intermediate metabolite VA in the ligninolysis process:

The induction of ligninolytic enzymes

The stabilization of LiP

A charge-transfer mediation

The formation of ROS

Acting as a substrate for H,0,-generating enzymes

Addition of VA has been shown to induce LiP production in
P. chrysosporium. However, the VA concentration during in vivo ligni-
nolysis was considerably lower than that used in induction experi-
ments, suggesting that VA might play other roles more important than
induction (de Jong et al., 1994).

Incubation of LiP in the presence of an excess of H;0, results in the
further oxidation of compound II to give inactive compound III*, which
lies outside the catalytic cycle of the enzyme (Section I.D.2.a; Wariishi
and Gold, 1990). Substrates with high redox potential are oxidized by
compound L, but not by compound II. As a consequence, the enzymatic
catalytic cycle is broken: compound II is not reduced back to native LiP,
but is converted to inactive compound III* (Valli et al., 1990). VA could
reduce compound II to native LiP, maintaining the enzyme turnover,
and protect LiP against inactivation by H,O, (Valli et al., 1990, Wariishi
and Gold, 1990). Inhibition of LiP by H,0, is prevented for VA/H,0,
ratios greater than 200 (de Jong et al., 1994). In addition, VA appears to
be capable of rescuing LiP from compound III* (Valli et al., 1990).



BIODEGRADATION OF NITRO-SUBSTITUTED EXPLOSIVES 27

Several substrates for LiP, such as 4-methoxymandelate (Harvey et al.,
1992), lignin model compounds (Cui and Dolphin, 1990), 4-OHA-
2,6-DNT (4-hydroxylamino-2-6-dinitrotoluene) (Bumpus and Tatarko,
1994, Michels and Gottschalk, 1994), or 2,4-DA-6-NT (2,4-diamino-6-
nitrotoluene) (Van Aken et al., 2000), have been shown to “inhibit” the
LiP-catalyzed oxidation of VA to veratryl aldehyde. Also, oxidation of
those substrates is usually stimulated in the presence of VA, suggesting
a charge-transfer-mediation effect of VA (Valli et al., 1990). VA is a sub-
strate for LiP and is easily oxidized to give the reactive radical cation
VA", whose existence was confirmed by oxygen consumption experi-
ments (autooxidation) (Palmer et al., 1987), by electron-spin resonance
(ESR) (Khindaria et al., 1995), and by radiation chemistry techniques
(Candeias and Harvey, 1995). With substrates having a redox poten-
tial lower than VA (e.g., chloropromazine, guaiacol), VA** may act as
a redox mediator (Harvey et al., 1986, Goodwin et al., 1995, Koduri
and Tien, 1995). Such substrates can be oxidized directly either by LiP
(Compounds I or II) or by VA**, itself resulting from the LiP-catalyzed
oxidation of VA and being reduced back to VA, preventing the forma-
tion of veratryl aldehyde (Fig. 4; Buswell and Odier, 1987; Michels and
Gottschalk, 1994). This mediation model is attractive because it pro-
poses a mechanism by which VA™ can diffuse into the bulky lignin
structure, acting as an oxidizing mediator.!®

ROS (i.e., superoxide radicals (O;), hydrogen peroxide (H,0,), sin-
glet oxygen (*Ag0,), and hydroxyl radical (*OH) are important in lignin
degradation by white-rot fungi (Section II1.C.1; Hall, 1980; Forney et al.,
1982, Faison and Kirk, 1983). Superoxide free radicals can be produced
in fungal ligninolytic systems by several paths involving VA oxidized
derivatives. VA'" is a highly acidic species, which readily loses a pro-
ton to water, giving the veratryl alcohol radical {(VA*). VA* in turn reacts
with dioxygen to form veratryl aldehyde and superoxide radical (O;)
(autooxidation reaction; Eq. (5); Section III.C.1.b; Schosmaker et al.,
1994):

VA® + 0, — V. Aldehyde + O; + H* (5)

VA'* can oxidize hydrogen peroxide to superoxide radical (Barr and
Aust, 1994; Eq. (6)):

VA™ +H,0, — VA + O} + 2H" (6)

VA** generated by LiP is able to achieve the oxidative decarboxylation
of oxalate giving formyl free radicals (COO*~), which by autooxidation

5Pulge radiolysis experiments have shown that VA" could diffuse over a distance up
to 7 um in aqueous medium, and therefore could efficiently move from its production site
(i.e., LiP) to or inside the lignocellulosic structure (Candeias and Harvey, 1995).
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form superoxide radicals (Egs. (7) and (8); Akamatsu et al., 1990):
VA" + HOOC — COOH — VA + COO"~ + CO, + 2H* (7)

COO™ + 0, —s O3 +CO, 8)

While superoxide free radical is usually considered not to be an oxi-
dant strong enough to attack organic molecules directly, it could act in
lignin degradation in several other ways (Section III.C.1.b).

VA, together with other aryl alcohols, is a substrate for AAO, a com-
mon extracellular enzyme produced by white-rot fungi, which uses
molecular oxygen as an electron acceptor, producing H,O, (Bourbonnais
and Paice, 1988; de Jong et al., 1994).

The main function of VA in ligninolytic systems remains likely the
stabilization of LiP and a charge-transfer mediation.

B. MANGANESE AND OXALATE

“In the MnP system, mediation occurs via an Mn(IlI}-oxalate complex that
is capable of oxidizing a wide variety of substrates. Though diffusion from
enzyme may be unlikely for the VA cation radical, the chelated Mn(IlI} can
act as a diffusible oxidant to remote areas of lignin (Zapanta and Tien,
1997).”

MnP of P. chrysosporium—as well as of most white-rot fungi—
requires Mn(II) in order to complete its catalytic cycle (Glenn and Gold,
1985). Even though MnP compound I can oxidize various other sub-
strates (phenols, ferrocyanide, reduced thiols), the reduction of com-
pound II to native MnP requires Mn(II) (Wariishi et al., 1989a,b).

MnP-catalyzed oxidation of Mn(Il) is dependent on the presence of
chelating organic acids that are (e.g., oxalate, malonate, or a-hydroxy
acids) supposed to stabilize Mn(IlI), which tends to be disproportionate
in aqueous medium, giving Mn(Il) and dark MnO, precipitate (Glenn
and Gold, 1985; Glenn et al., 1986; Forrester et al., 1988). Mn(III) com-

-plexes are strong oxidants able to diffuse far away from the MnP active

site and capable of attacking various organic molecules, including non-
phenolic lignin model compounds (Glenn et al., 1986; Wariishi et al.,
1989a,b). Chelating acids usually increase the oxidation rate of Mn(II)
by MnP compounds I and II, likely accelerating the dissociation of the
enzyme-Mn(III) complex (Wariishi et al., 1989a).

Oxalate is produced in ligninolytic cultures of P. chrysosporium at the
same time as MnP (Wariishi et al., 1992). Oxalate can be synthesized
enzymatically through oxaloacetate hydrolysis (oxaloacetase) and gly-
oxalate oxidation (glyoxalate oxidase) (Akamatsu et al., 1993) or pro-
duced chemically through oxidative decarboxylation of malonate by
Mn(III) (Hofrichter et al., 1998b).
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Oxalate has been shown to play multiple roles in MnP-catalyzed
degradation of lignin (Shimada et al., 1994; 1997; Zapanta and Tien,
1997) and xenobiotic pollutants (Barr and Aust, 1994):

Oxalate is a metal ion chelator.
Oxalate is a source of formyl and superoxide free radicals.
Oxalate is a potent ferric iron reductant.

Besides the stabilization of Mn(IIl), oxalate might play additional
complexing roles in lignin biodegradation, e.g., chelation of calcium
ions, enlarging pore size in wood cell walls and allowing the penetra-
tion of enzyme molecules (Leonowicz et al., 1999).

Oxalate also participates in the production of reactive radical
(oxygen) species and hydrogen peroxide by ligninolytic cultures of
white-rot fungi. Both LiP and MnP, through the mediation of VA™*
(Eq. (7); Akamatsu et al., 1990; Barr et al., 1992) and Mn(III), respectively
(Shimada et al., 1997; Urzia et al., 1998), are able to oxidatively decar-
boxylate oxalate generating formyl free radicals COO"~ (Egs. (7)—(9);
(Kenten and Mann, 1953; Akamatsu et al., 1990; Popp et al., 1990):

Mn3* + HOOC — COOH — Mn?" + GO, +COO*~ + 2HT  (9)

The latter react with molecular oxygen (autooxidation), giving super-
oxide free radicals O3 (Eq. (8); Shimada et al., 1994). In addition to a
potent direct reaction with the lignin molecule, these radical species
(COO°~ and O3") may act on ligninolysis by several paths, including the
production of Fenton reagents (Section III.C.1.qa,b).

On the other hand, oxalate, when present, can reduce back both VA**
and Mn(IIl)—two redox mediators in peroxidase-catalyzed biodegrada-
tion mechanisms, leading to a strong inhibition of the ligninolysis pro-
cess (Shimada et al., 1994, 1997). Moreover, the highly reactive hydroxyl
radical {*OH), generated by the Fenton reaction, can be scavenged by ox-
alate (Barr et al., 1992). Thus, oxalate decarboxylase, occurring ubiqui-
tously in white-rot fungi, may improve lignin degradation. In short, low
oxalate concentrations (1 mM) enhance the degradation process, likely
through the generation of ROS and/or Fenton reagents, while higher
concentrations (above 5 mM) may strongly inhibit lignin degradation
by scavenging peroxidase redox mediators (VA" and Mn(III) and/or re-
active *OH radicals (Shimada et al., 1997).

The formyl radical-supported Fenton system described here has been
proposed to be a major mechanism involved in the peroxidase-catalyzed
bioremediation of xenobiotic environmental pollutants (Barr and Aust,
1994).
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C. FREE RaDICALS

“The diatomic oxygen molecules in the Earth’s atmosphere are themselves
“free radicals” and major promoters of radical reactions in living cells
(Halliwell and Gutteridge, 1989).”

Lignin-degrading enzymes (e.g., peroxidases and laccases) act mainly
through one-electron abstraction (i.e., oxidation) reactions, which
strongly suggests the involvement of reactive free-radical species in the
ligninolysis process (Barr and Aust, 1994). Free radicals are paramag-
netic and usually very reactive species (Halliwell and Gutteridge, 1989).

1. Reactive Oxygen Species (ROS)

Molecular dioxygen is toxic for all living organisms: anaerobes—
from strict anaerobes to microaerophiles—and aerobes. Appearance of
oxygen in the Earth’s atmosphere about 2 10° years ago presented a major
evolutionary challenge to living organisms: draw the energetic benefit
of oxygen as an efficient electron acceptor and protect themselves from
toxic oxygen species. The most damaging effects of oxygen, which were
previously attributed to the oxygen inhibition of cellular enzymes, are
known to be related to the generation of free oxygen radicals (Halliwell
and Gutteridge, 1989).

Ground-state oxygen (*°Xg~ 0,) has two unpaired electrons each lo-
cated in one different antibounding orbital and is a “double” free radical
(Halliwell and Gutteridge, 1987). However, unpaired electrons have par-
allel spin, which imposes a restriction on electron transfer to the oxygen
molecule, which is therefore in its most stable state (and prevents the
immediate combustion of organic matter in air!). Singlet oxygen species
(*Ag0;, which is not a free radical, and *Xg*O,) are generated by an in-
put of energy to ground-state oxygen. The spin restriction on electron
transfer is removed, increasing the oxidizing capability of singlet states.
Accepting one single electron, ground-state oxygen is transformed into
superoxide radical anion (O3 ), which possesses henceforth only one
unpaired electron and is less a free radical than molecular oxygen itself.
Electrons accepted by dioxygen enter antibonding orbitals, weakening
the O—O bond and allowing homolytic fission of H,0,, which yields the
highly reactive hydroxyl free radical (*OH).

ROS, such as singlet oxygen (*Ag0,), superoxide radicals (03 ), hy-
drogen peroxide (H,0,), and hydroxyl radical (*OH), may play different
roles in lignin biodegradation. The