Chapter 11

Metabolic Diversity and Cytochromes
P450 of Fungi

Hirofumi Ichinose

Abstract Many fungal species exhibit unique and superior metabolic functions,
including secondary metabolite production and detoxification of environmental
pollutants, which are associated with cytochrome P450-dependent reactions. In
the last decade, fungal genome projects have uncovered the astonishing molecular
diversity of P450s in the fungal kingdom. The tremendous variation among the
P450s implies that fungi have vigorously diversified P450 functions to meet novel
metabolic needs. Fungal P450s discovered from genome projects are often catego-
rized into novel families and subfamilies, suggesting that fungal P450s possess
greater divergence than the animal, plant, or bacterial P450s. It is a challenging task
to exploit the catalytic functions of the numerous P450s to better understand the
biology of fungal metabolic systems. Comprehensive information about the func-
tions of the P450s will also give hints about how to use their catalytic potentials in
the biotechnology sector; however, experimental screening remains essential to
reveal the catalytic potentials of individual P450s. In this chapter, the fungal
metabolic systems in which P450s play a role are described, and the molecular
and functional diversity and potential uses of fungal P450s are discussed.
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11.1 Metabolic Systems Associated with Cytochromes
P450 in Filamentous Fungi

A fungus is a eukaryotic microorganism in a group that includes yeasts, molds, and
basidiomycetes. The fungal kingdom encompasses an enormous diversity of taxa,
and it has been estimated that there may be from 1.5 to 5.1 million extant fungal
species (Hawksworth 2001; Blackwell 2011). Fungi inhabit a broad range of
environments, and some play fundamental roles in nutrient cycling by decomposing
organic matter on the Earth. As well as the ability to adapt to various nutrient
sources, fungi possess unique defense systems to survive exposure to various
environmental agents. Consequently, many filamentous fungi rely on P450-
dependent reactions to convert environmental pollutants, as do animals (Ichinose
et al. 1999; Matsuzaki and Wariishi 2004), and to produce secondary metabolites,
as do plants (Ferrer-Sevillano and Fernandez-Cafién 2007; Prieto and Woloshuk
1997; Tudzynski et al. 2002; Kimura et al. 2007). Thus, we can assume an
evolutionary history in which molecular diversification of fungal P450s conferred
survival strategies by meeting novel metabolic requirements.

11.1.1 Bioconversion of Exogenous Compounds
by Basidiomycetous Fungi

Wood-rotting basidiomycetes, often categorized into white-rot and brown-rot
basidiomycetes, are common inhabitants of forest litter. White-rot basidiomycetes
are capable of degrading all plant cell-wall components, including cellulose, hemi-
cellulose, and lignin. The name “white-rot” originally comes from the observation
that these fungi degrade lignin, which then appears as colorless cellulose. Because
lignin is the most abundant renewable aromatic polymer, and is known as one of the
most recalcitrant biomaterials on earth, the biodegradation of lignin is crucial for
the carbon cycle of the biosphere (Kirk and Farrell 1987; Gold et al. 1989; Eriksson
et al. 1990). As important enzymes involved in lignin biodegradation, the
ligninolytic extracellular enzymes, lignin and manganese peroxidase and laccase,
have been identified from a series of white-rot basidiomycetes. These enzymes
trigger the decomposition of polymeric lignin via nonspecific one-electron oxida-
tion, resulting in the formation of a variety of aromatic and quinoid fragments that
are further metabolized intracellularly. White-rot basidiomycetes therefore possess
unique and versatile intracellular metabolic systems to support and assist extracel-
lular ligninolytic activities. In contrast, brown-rot basidiomycetes typically decom-
pose cellulose and hemicellulose components of plant cell walls, but leave lignin.
Lignin in brown-rotted wood appears dark brown in color and is almost equal in
weight to lignin in sound wood (Kirk and Farrell 1987; Blanchette 1991). However,
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brown-rot basidiomycetes cause some modification of lignin; for instance,
brown-rotted lignins were found to be extensively demethylated and significant
quantities of phenolic hydroxyl groups were introduced into brown-rotted lignin
(Kirk and Adler 1970; Niemenmaa et al. 2008; Yelle et al. 2011). In general,
brown-rot basidiomycetes are thought to have repeatedly evolved from white-rot
basidiomycetes. Thus, the cellular mechanisms associated with their secondary
metabolism may be considerably more sophisticated. Apart from biological interest
in the wood-rotting process, many research studies have focused on using brown-rot
basidiomycetes in biotechnological applications; however, relatively little is known
about the biology of these fungi (Itoh et al. 1997; Kerem et al. 1998; Fahr
et al. 1999; Wetzstein et al. 1999).

During the past two decades, a number of studies have highlighted the metabolic
diversity of basidiomycetes that is associated with unique P450s. The possible
involvement of a cytochrome P450-like enzyme in the metabolism of polycyclic
aromatic hydrocarbon (PAH) by the white-rot basidiomycete Phanerochaete
chrysosporium was first proposed by Sutherland and coworkers (1991). The reac-
tion of benzo[a]pyrene hydroxylation was then demonstrated in vitro using the
microsomal and cytosolic fractions of P. chrysosporium and Pleurotus pulmonarius
(Masaphy et al. 1995, 1996). The metabolic capability of P. chrysosporium was
investigated widely using a series of compounds that were known to be P450
substrates in other organisms, and the bioconversions of benzoic acid, camphor,
1,8-cineol, cinnamic acid, p-coumaric acid, coumarin, cumene, 1,12-dodecanediol,
1-dodecanol, 4-ethoxybenzoic acid, and 7-ethoxycoumarin were demonstrated
(Matsuzaki and Wariishi 2004). Using these 11 molecules as substrates, 23 hydrox-
ylation reactions and two de-ethylation reactions were determined and six novel
products were observed, suggesting that P. chrysosporium possesses P450s with
unique and novel functions. In addition to product analysis, inhibitory experiments
have been conducted widely using the P450 inhibitors piperonyl butoxide (PB) and
I-aminobenzotriazole (ABT). For example, the S-oxidation and hydroxylation
steps involved in the bioconversion of 4-methyldibenzothiophene by the white-rot
basidiomycete Coriolus versicolor were significantly inhibited in the presence of
PB (Ichinose et al. 1999). Currently, a number of reports have demonstrated that PB
and ABT effectively inhibit a wide range of bioconversion steps in many white-rot
basidiomycetes including Coriolus (Trametes) spp. (Marco-Urrea et al. 2009;
Prieto et al. 2011), Phanerochaete spp. (Teramoto et al. 2004a, b; Subramanian
and Yadav 2009; Wang et al. 2012), Phlebia spp. (Xiao et al. 2011a, b), and
Pleurotus spp. (Golan-Rozen et al. 2011). In addition, inhibitor experiments have
shown that the brown-rot basidiomycete Tyromyces palustris metabolizes aromatic
compounds via P450-dependent hydroxylation steps (Kamada et al. 2002). How-
ever, the biochemical characterization of basidiomycetous P450s has been limited
because the poor level of protein expression in fungal cells and the paucity of
available gene sequences have hindered subsequent investigations.
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11.1.2 Biosynthesis of Secondary Metabolites
in Ascomycetous Fungi

Ascomycetes are the largest known group of fungi and important ecologically,
nutritionally, and medically. Many researchers have characterized some of the
biosynthetic pathways of secondary metabolites in ascomycetous fungi; for exam-
ple, the metabolic pathways of mycotoxins such as the aflatoxins and trichothecenes
have been well established. Mycotoxins have been implicated as causative agents of
adverse health effects in humans and animals who have consumed fungus-infected
agricultural products. Consequently, fungi that produce mycotoxins are potential
problems from both public health and economic perspectives. Because the different
enzymes involved in secondary metabolite biosynthesis pathways are often
encoded by genes in gene clusters, some of the P450s found in gene clusters were
investigated intensively even in the pre-genomic era.

Aflatoxins, a group of polyketide-derived furanocoumarins, are toxic and
carcinogenic compounds produced by Aspergillus spp. (Kensler et al. 2011).
The aflatoxins were first discovered in the late 1950s and, soon after, it was revealed
that toxicity was associated with the presence of Aspergillus flavus. Thus, the name
“aflatoxin” was assigned to the toxic agents from A. flavus. Among the 14 different
types of aflatoxin known in nature, aflatoxin B1 is considered to be the most toxic of
the compounds produced by both A. flavus and Aspergillus parasiticus. In these
fungi, 25 genes, including six P450s, are clustered for aflatoxin production
(Yu et al. 1995, 2004). The P450s involved in the aflatoxin biosynthesis pathway
have been categorized into family/subfamily, namely, CYP58B (aflU; epoxidase),
CYP59 (aflN; versicolorin A oxidase), CYP60A (afiG; averantin hydroxylase),
CYP60B (afiL; versicolorin B desatulase), CYP62 (aflV; function unknown),
and CYP64 (aflQ; O-methylsterigmatocystin hydroxylase) (Ehrlich et al. 2004;
Yu et al. 2004).

As well as the aflatoxin mycotoxins, the trichothecene mycotoxins have a strong
impact on human health because they inhibit protein synthesis. Potentially hazard-
ous concentrations of the trichothecene mycotoxins can occur naturally in agricul-
tural crops and commodities (Ueno 1989). Trichothecenes are a diverse family of
sesquiterpenoid toxins produced by various fungi such as Fusarium spp.,
Mpyrothecium spp., Trichothecium spp., and Stachybotrys spp. In the trichothecenes
biosynthetic pathway of Fusarium spp., the intermediate formation of trichodiene is
the first committed step, and it is followed by several oxygenation steps. The
subsequent C-2 hydroxylation of trichodiene is catalyzed by CYP58 (trid).
CYP58 has unique multifunctional properties and can catalyze four sequential
reaction steps, of C-2 hydroxylation, C-12,13 epoxidation, C-11 hydroxylation,
and C-3 hydroxylation, to produce isotrichotriol (Fig. 11.1) (Tokai et al. 2007).
After the initial stage in the synthetic pathway, isotrichotriol is further modified by
CYP65A1 (trill; C-15 hydroxylase), CYP526 (#ril3; C-4 hydroxylase), and
CYP68 (tril; C-8 hydroxylase) to produce the trichothecene mycotoxins (Kimura
et al. 2007).
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C2-hydroxylation
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Fig. 11.1 Multi-step reaction catalyzed by CYP58 (Kimura et al. 2007)

Apart from their mycotoxic effects, ascomycetous fungi have other biological
impacts by, for example, producing plant hormones such as gibberellin. The
gibberellins are diterpenoid acids and a group of phytohormones that influence
many developmental processes in higher plants. Although gibberellin was first
identified as a secondary metabolite of the rice pathogen Fusarium (previously
Gibberella) fujikuroi, which causes the superelongation disease of rice shoots, they
are ubiquitous in higher plants as endogenous growth regulators. The similar
biosynthetic pathway in plants and fungus led to the suggestion of a possible
evolutionary history in which the gene cluster for gibberellin biosynthesis in
F. fujikuroi emerged by horizontal gene transfer from the host plant (Chapman
and Ragan 1980). However, gene cloning of all the pathways in plants and in
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F. fujikuroi revealed dramatic differences in the character of the enzymes involved,
suggesting that the gibberellin biosynthetic pathway had developed independently
in plants and fungi (Tudzynski 2005). Both plants and fungi synthesize the cyclic
diterpene, ent-kaurene, as an important intermediate in the initial stage of the
gibberellin biosynthesis pathway, but, at the later stages, they employ different
enzyme systems to produce gibberellin (Tudzynski 2005). After the intermediate
formation of ent-kaurene, F. fujikuroi employs four different P450s (CYP68AL,
CYP68B1, CYP69A1, and CYP503A1) to produce gibberellins. CYP68ALI
(P450-1) was first cloned by differential cDNA screening. Subsequently,
CYP68B1 (P450-2), CYP69AL1 (P450-3), and CYP503A1 (P450-4) were identified
from the gibberellin biosynthesis gene cluster. In particular, CYP68A1 and
CYP503A1 are unique in their multifunctional properties; CYP68A1 catalyzes
four sequential steps in the gibberellin biosynthetic pathway and CYP503A1
catalyzes three oxidation steps between ent-kaurene and ent-kaurenoic acid.

11.2 Molecular Diversity of Fungal Cytochromes P450

11.2.1 Conservative Functions of Fungal P450s

In the fungal kingdom, only the housekeeping CYP51 and CYP61 gene families are
evolutionarily conserved, and their functions are mandatory for ergosterol biosyn-
thesis (Aoyama et al. 1984; Kelly et al. 1995). CYP51 was first purified from
Saccharomyces cerevisiae in 1984 (Yoshida and Aoyama 1984; Aoyama
et al. 1984), and orthologous genes from mammals (Trzaskos et al. 1986), plants
(Kahn et al. 1996), and bacteria (Aoyama et al. 1998; Bellamine et al. 1999) were
then discovered. The presence of its orthologues in all biological kingdoms sug-
gests that CYP51 is the oldest of the known eukaryotic P450s. Fungal CYP51
catalyzes the oxidative removal of the 14a-methyl group of lanosterol and eburicol
(24-methylene-24,25-dihydrolanosterol) to produce A14,15-desaturated intermedi-
ates in the ergosterol biosynthesis pathway. The presence of a second P450 in
Saccharomyces cerevisiae was first demonstrated by disruption of CYP51 (Kelly
et al. 1993), which was then sequenced and identified as CYP61 (Kelly et al. 1995;
Skaggs et al. 1996). CYP61 is responsible for sterol C-22-desaturation at the later
stage of the ergosterol biosynthesis pathway, suggesting that it may have evolved
after a gene duplication of CYP51.

The 14a-demethylation by CYP51 is a more complex reaction that is dissimilar
from the common P450-dependent monooxygenation reaction. The 14a-
demethylation involves three sequential reaction steps, each requiring one molecule
of oxygen and one molecule of NADPH (Waterman and Lepesheva 2005;
Lepesheva and Waterman 2007; Yoshida 1992; Shyadehi et al. 1996). The first
and second reactions follow a typical P450 reaction mechanism in which the 14a-
methyl group is oxidized to the related alcohol and then aldehyde.
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The 14a-aldehyde group is released as formic acid, and a C14—C15 double bond is
introduced in the third step. Although the catalytic properties of CYP51 are well
conserved, the protein sequences are considerably diverse. The average amino acid
sequence identity of CYP51 within the fungal kingdom is about 41 %, which is
significantly lower than in animals (77 %), plants (76 %), and bacteria (77 %).
Phylogenetic analysis revealed the presence of three clades (type A, type B, type C)
of the CYP51 family in the fungal kingdom (Becher et al. 2011). In Aspergillus
fumigatus, two different CYP51s, classified into type A and type B, are present.
Neither the type-A nor type-B CYP51 variant is individually essential for fungal
growth and virulence, but inactivation of both genes is lethal (Hu et al. 2007),
indicating either of the proteins could probably replace the other. In contrast, only
type A but not type B of CYP51 is required for conidiation of virulence of
Magnaporthe oryzae (Yan et al. 2011).

Besides the housekeeping genes, the CYP53 family is also distributed widely in
both ascomycetous and basidiomycetous fungi. CYP53 was first discovered from
Aspergillus niger (van Gorcom et al. 1990) and the functions of this family are well
characterized; they catalyze the para-hydroxylation of benzoic acid and its deriv-
atives, which are naturally occurring antifungal plant metabolites (Amborabe
et al. 2002). Because the phenolic compounds produced by CYP53 are further
metabolized and degraded via the fB-ketoadipate pathway (Harwood and Parales
1996), the CYP53 family was presumed to be crucial for competitive plant
defenses. The numbers of CYP53 genes vary in the genomes of wood-rotting
basidiomycetes, and the phylogenetic diversity of this family in Postia placenta
is clear. Interestingly, CYP53D2 is capable of catalyzing the O-demethylation of
stilbene derivatives, indicating its possible roles in degrading plant-based aromatic
compounds, as well as benzoate derivatives, during the decomposition of woody
biomass. A unique reaction mechanism might be involved in the O-demethylation
reaction catalyzed by CYP53D2 because the CYPS53 family has generally been
considered to exhibit substrate specificity for benzoate; indeed, the carboxyl group
in benzoate is known to be essential for enzyme—substrate binding (Matsuzaki and
Wariishi 2005; Podobnik et al. 2008).

The CYP505 family is also common in ascomycetes and basidiomycetes. The
first enzyme from this family, CYP505 (P450foxy), was isolated from Fusarium
oxysporum and its catalytic activity, the subterminal hydroxylation of fatty acids,
was demonstrated (Nakayama et al 1996). The characteristics of CYP505 resemble
those of bacterial CYP102 in that both enzymes are self-sufficient flavocytochrome
P450s composed of an amino-terminal P450 domain and a carboxy-terminal reduc-
tase domain in a single polypeptide chain. It was hypothesized that fungal CYP505
evolved from bacterial CYP102 by horizontal gene transfer (Kitazume et al. 2000),
but the opposite transfer pathway (fungi to bacteria) is also possible (Moktali
et al. 2012). The majority of fungal species encode multiple CYP505 genes and,
currently, the white-rot basidiomycetes Phanerochaete chrysosporium has the
largest number of isoforms (seven genes) in its genome. CYP505s are known to
catalyze fatty acid hydroxylation, although the full physiological functions of this
family have not yet been established. Notably, it has been demonstrated that
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CYP505B1 from Fusarium verticilloides (Gibberella moniliformis) is involved in
the fumonisin (a mycotoxin) synthesis pathway, where it catalyzes polyketide-
amino acid hydroxylation (Proctor et al. 2003). Thus, the molecular evolution of
the CYP505 family was required to meet the need for either fatty acid degradation
or secondary metabolite biosynthesis.

11.2.2 Molecular Diversity of Fungal P450s

Phanerochaete chrysosporium is the first basidiomycetous fungus for which the
whole-genome sequence was determined. The P. chrysosporium genome project
provided a glimpse into the molecular diversity of basidiomycetous fungi and
identified more than 100 novel P450s (Martinez et al. 2004). The discovery of
more than 100 novel P450s abolished the earlier notion that fungal P450s might
show limited diversity because only three isoforms had been found in the yeast
(S. cerevisiae) genome and only a modest number of P450 families (51-69 fami-
lies) were found in the pre-genomic era. With the increasing amount of information
that is available as a result of the many genome projects, the current fungal
cytochrome P450 database has enlarged exponentially and continues to increase
(Moktali et al. 2012). To date, at least 2,784 species of fungal P450s have been
identified from 53 sequenced genomes and assigned to 399 families by the P450
nomenclature committee (Nelson 2011); however, the vast majority of their func-
tions and biological roles are still obscure. The compilation of fungal P450
sequences has highlighted a unique feature of the P450 family in the fungal
kingdom: it is strikingly diverse. Consequently, CYP51-CYP69, CYP501-CYP
699, and CYP5001-CYP6999 are allocated to fungal P450s. These findings
suggested that the diversification of P450s occurred more vigorously in ascomyce-
tous and basidiomycetous fungi than in yeast (Cornell et al. 2007).

Fungal P450s show marked divergence even though the fungi are taxonomically
similar. Aspergillus oryzae, for instance, has 155 P450 genes (including
13 pseudogenes), which is significantly more than the 111 P450 genes in Aspergil-
lus nidulans (Nazir et al. 2010; Kelly et al. 2009). These differences reflect the
evolution of the Aspergillus species, in which A. oryzae increased the number of
genes by horizontal gene transfer and duplication (Machida et al. 2005). There are
87 and 89 P450 families in A. oryzae and A. nidulans, respectively. The ascomy-
cetous fungi Fusarium graminearum and Magnaporthe grisea are also known to
have extremely varied P450 families (Deng et al. 2007). The diversity of the P450
family in ascomycetous fungi is considerably higher than its diversity in basidio-
mycetous fungi; for example, only 42 P450 families in Postia placenta and 31 P450
families in P. chrysosporium. Fungal P450s appear to have diversified continuously
after generic separation, and perhaps also after speciation. In fact, A. oryzae and
A. flavus exhibit strikingly similar genetic features including similar P450 diver-
gence (155 P450 genes in A. oryzae and 167 P450 genes in A. flavus), although
16 P450 genes were found in A. oryzae and not in A. flavus.
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The large-scale diversity of basidiomycetous P450s was first uncovered by the
white-rot P. chrysosporium genomic project, which identified about 150 isoforms.
The importance of P450s in the decomposition of plant materials and in the
detoxification of environmental pollutants is also true in the brown-rot basidiomy-
cetes; in fact, P. placenta possesses a larger number of P450s than
P. chrysosporium and at least 250 isoforms, including 60 allelic variants, were
identified in the whole genome of this fungus (Ide et al. 2012). Currently, the
molecular diversity of P450s in both white-rot and brown-rot basidiomycetes has
become clearer because of the availability of the whole-genome sequences (Floudas
et al. 2012). Comparative phylogenetic analyses of the P450s in P. chrysosporium
and P. placenta have revealed interesting aspects; for example, that the large
CYP5027, CYP5350, and CYP5348 families in P. placenta are absent in
P. chrysosporium. In contrast, the CYP5144 family has been enlarged in
P. chrysosporium but not in P. placenta. Another marked difference in the distri-
bution of the P450 family of genes was demonstrated by a comparative analysis of
the white-rot basidiomycetes, Bjerkandera sp., Ganoderma sp., and Phlebia sp.
(Syed et al. 2013a). In basidiomycetous fungi, P450 gene expansion seemed to be
achieved by tandem gene duplication, and 18-37 % of P450 genes were estimated
to have appeared as a result of these events (Syed et al. 2013a; Suzuki et al. 2012).
The tandem duplication events most likely occurred continuously even after speci-
ation because 266 P450 genes were identified in the Phanerochaete carnosa
genome, which is considerably higher than the number in the P. chrysosporium
genome (Suzuki et al. 2012).

11.3 Genomics to Functions

11.3.1 How We Can Determine P450 Functions

A thorough understanding of the sequence—structure—function relationships of the
P450s is a challenging task even in a postgenomic era. Experimental screening
remains essential to determine the catalytic potentials of individual P450s. In partic-
ular, there is a paucity of literature relating to the biochemical and functional charac-
terization of fungal P450s, making it difficult to predict their functions based on
sequence homology. Under such circumstances, transcriptome studies have helped
uncover novel P450 functions. For example, it has been demonstrated that basidio-
mycetous P450s are differently regulated in response to culture conditions, exogenous
chemicals, and growth stages (Ichinose et al. 2002; Doddapaneni and Yadav 2005;
Chigu et al. 2010). Syed et al. (2010) employed a two-step strategy to identify
the specific P450 involved in PAH metabolism in Phanerochaete chrysosporium.
First, P450s that were upregulated in response to exogenously added PAHs were
identified, and then their catalytic functions were determined using recombinant
enzymes expressed in Pichia pastoris. Consequently, CYP5136A2, CYP5136A3,
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CYP5142A3,CYP5144A5, CYP5144A7, and CYP5145A3 were shown to be capable
of oxidizing PAHs. Later, the same research group functionally expressed and
characterized CYP63A2 (Syed et al. 2011, 2013b). Recently, in Phanerochaete
carnosa it was shown that various P450s were induced when the fungus was grown
on woody substrates, suggesting that some P450s play roles in the decomposition of
woody biomass (MacDonald et al. 2011; Suzuki et al. 2012).

The development of a rapid functional screening system will open the door for
advanced studies of fungal P450s. Recently, functionomic studies were conducted
using a functional screening system in which 425 isoforms of fungal P450s from the
basidiomycetous fungi P. chrysosporium and P. placenta, and from koji mold
A. oryzae, were coexpressed with yeast NADPH-P450 reductase in S. cerevisiae
(Hirosue et al. 2011; Nazir et al. 2011; Ide et al. 2012). A functionomic survey
resulted in the discovery of novel catalytic potentials of the fungal P450s
(Table 11.1), which provided new insight into their biology and demonstrated
their potential for use in the biotechnology sector. CYP5145A3, CYP5136Al,
CYP5136A3, CYP5141Cl1, and CYP5150A2, which exhibit versatile functions
with broad substrate profiles against a series of aromatic compounds, have been
discovered from Phanerochaete chrysosporium. CYP5150D1, CYP5027B1, and
CYP5350B2v1 from Postia placenta also show multifunctional properties against
PAHs such as anthracene, carbazole, phenanthrene, and pyrene (Ide et al. 2012).
The multifunctional properties of a single P450 species could be physiologically
linked to the xenobiotic metabolism system in basidiomycetes, similar to the drug-
metabolizing P450s in mammals. A number of basidiomycetous fungi have an
expanded CYP512 family in their genome, and the P450s in this family from
P. chrysosporium and P. placenta exhibit catalytic activities against testosterone
and progesterone. CYP512N and CYP512P convert both testosterone and
dehydroabietic acid, which emphasizes the structural similarity between steroids
and abietane diterpenoids. Considering the structural similarity of mammalian
steroids and fungal terpenoids, the hypothesis that the CYP512 family is likely to
be involved in triterpenoid biosynthesis was proposed (Ide et al. 2012; Chen
et al. 2012). Although further biochemical studies are needed to elucidate the
physiological functions of the CYP512 family in fungi, the provisional substrates
were first demonstrated from functionomic approaches. This example illustrates
how comprehensive and non-target-driven screening was able to provide interesting
results.

Nazir et al. (2011) conducted functional screening to discover potential P450s
for industrial applications and demonstrated that CYP57B3 from the koji mold
Aspergillus oryzae converted genistein to 8-hydroxy-, 6-hydroxy-, and
3'-hydroxygenistein, all of which have known biological and pharmacological
potential (Fig. 11.2). Although hydroxylated genistein can be isolated from natural
products including fermented products, the supply of these natural compounds is
limited, making it problematic for practical use. Because the synthesis of the
isoflavones remains an important objective, the use of CYP57B3 for the production
of these value-added rare isoflavonoids from genistein would be of great interest.
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Table 11.1 Catalytic potentials of P450 from Phanerochaete chrysosporium

Substrate Reaction CYP

Steroids

Testosterone 2B-hydroxylation  CYP5136A1, CYP5136A3, CYP5141C1, CYP5144J1
6a-hydroxylation CYP512E1
6p-hydroxylation ~CYP512C1, CYP512E1, CYP512F1, CYP512G2
7B-hydroxylation CYP5136A3
11p-hydroxylation CYP512C1, CYP512G2, CYP5136A1, CYP5136A3,

CYP5141C1, CYP5147A3, CYP5150A2

12f-hydroxylation CYP512E1, CYP512G2, CYP5136A3, CYP5144]1

Progesterone Uncharacterized CYP512Cl1, CYP512E1, CYP512F1, CYP512G2,

Petrochemicals
Carbazole

Dibenzofuran
Fluorene
Dibenzothiophene

Biphenyl

Naphthalene

Plant-related
compounds
7-Ethoxycoumarin

4-Ethoxybenzoic
acid

Dehydroabietic
acid

Flavone

Pharmacochemicals
Diclofenac
Compactin
Naproxen

3-Hydroxylation

2-Hydroxylation
9-Hydroxylation
S-oxidation

2-hydroxylation
4-Hydroxylation
1-Hydroxylation

2-Hydroxylation

O-Deethylation

3-Hydroxylation
O-Deethylation

Uncharacterized

Uncharacterized

4’'-Hydroxylation
Uncharacterized
Uncharacterized

CYP5136A1, CYP5136A3, CYP5141Cl,
CYP5144]1

CYP502B1, CYP5036A3, CYP5136A1, CYP5136A3,
CYP5141C1, CYP5144A13, CYP5145A3,
CYP5150A2

CYP5136A1, CYP5136A3, CYP5145A3, CYP5150A2

CYP5136A1, CYP5136A3, CYP5150A2

CYP502B1, CYP512G2, CYP5136A1, CYP5136A3,
CYP5139A1, CYP5144A13, CYP5145A3,
CYP5147A1, CYP5147A3, CYP5150A2

CYP5136A1, CYP5136A3, CYP5145A3, CYP5150A2,

CYP5136A1, CYP5138A1, CYP5144A10,
CYP5145A3, CYP5150A2

CYP5036A3, CYP5136A1, CYP5136A3, CYP5138A1,
CYP5139A1, CYP5141C1, CYP5150A2

CYP5036A3, CYP5136A1, CYP5136A3, CYP5141C1,
CYP5150A2

CYP5037B2, CYP5037B3, CYP5037B4, CYP502B1,
CYP5136A1, CYP5136A3, CYP5138A1,
CYP5139A1, CYP5141C1, CYP5145A3,
CYP5147A1, CYP5147A3, CYP5150A2
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CYP5142A2, CYP5147A1, CYP5150A2,
CYP5150B1
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CYP5035A1, CYP5035A2, CYP5035B2, CYP5136A1,
CYP5139A1, CYP5141C1, CYP5150A2
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11.3.2 Mechanistic Investigations In Vitro

As well as compiling information about the catalytic potentials of P450s, it is also
of great importance to thoroughly understand the biochemical features of individual
P450s. Although the biochemical characterization and mechanistic understanding
of basidiomycetous P450s are still in their infancy compared with the rich history of
these studies in other organisms, some researchers have reported some unique
aspects of the reaction mechanisms of the basidiomycetous P450s. The catalytic
potentials of CYP5147A1 and CYP5136A1 were first discovered using a
functionomic approach, and their kinetic properties in the 3’-hydroxylation of
flavone and O-deethylation of 7-ethoxycoumarin were investigated intensively
using a microsomal fraction of recombinant S. cerevisiae (Kasai et al. 2010).
Based on the kinetic studies, it was suggested that CYP5147A1 and CYP5136A1
accommodate two substrates in their active sites. Molecular modeling of
CYP5147A1 and a docking study of flavone to its active site supported the proposed
kinetic properties (Kasai et al. 2010).

The catalytic properties of CYP5150A2 were investigated intensively using the
purified enzyme and CYP5150A2 was shown to have high affinity for
4-pentylbenzoic acid (Ichinose and Wariishi 2012). Notably, CYP5150A2 is unique
in exhibiting substantial activity with redox partners cytochrome bs (Cyt-b5) and
NADH-dependent Cyt-b5 reductase (CB5R), even in the absence of cytochrome
P450 oxidoreductase (CPR). These results showed that a combination of CB5R and
Cyt-b5 may be capable of donating both the first and the second electrons required
for the monooxygenation reaction (Fig. 11.3). An alternative electron-transfer
pathway in the fungal P450 system associated with CB5R and Cyt-b5 was also
demonstrated in vitro using CYP51 from Candida albicans and CYP63A2 from
P. chrysosporium (Lamb et al. 1999; Syed et al. 2011). Disruption of the CPR gene
in S. cerevisiae was not lethal, and the yeast could still synthesize ergosterol (Sutter
and Loper 1989; Venkateswarlu et al. 1998), indicating that the alternative electron-
transfer pathway was also active in vivo. The alternative electron-transfer pathway
is most likely active in gibberellin production by Fusarium fujikuroi (Troncoso
et al. 2008). Thus, it may be quite common that some eukaryotic P450s, including
CYP5150A2, can be activated by alternative redox partners.

11.4 Conclusion

The data generated by the genomic projects have revealed the massive scale of
P450 diversity in the fungal kingdom. The tremendous variations among the P450s
imply that fungi have vigorously diversified P450 functions to meet novel meta-
bolic needs, and unique aspects of this genomic feature may be related to evolu-
tionary histories in which each fungal species has diversified differently and
expanded the range of its P450 enzymes. In the postgenomic era, the numbers of
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Fig. 11.3 Alternative electron-transfer pathways for P450. A combination of CB5R and Cyt-b5 is
capable of donating both the first and the second electrons required for the monooxygenation
reaction, as well as cytochrome P450 oxidoreductase (CPR)

“omics” studies have increased, which has contributed to the increased genome-
wide understanding and advanced applications of fungal P450s. In addition to
building sequence compilations, it is of great importance to explore the catalytic
potentials of individual P450s. Many researchers have developed experimental
approaches to investigate thoroughly the sequence—structure—function relationships
of fungal P450s. Although the biochemical characterization and mechanistic under-
standing of basidiomycetous P450s are still in the early stages compared with the
large amount of information known about P450s in other organisms, snapshots of
the unique functions of the fungal P450s are already providing new insights into
their fascinating biology and possible uses. Further systematic and functional
compilations of fungal P450s will increase our understanding of these enzymes
and give rise to new applications for them in the biotechnology sector.
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