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The cytochromes P450 (CYPs) of microbes are
enormously diverse as revealed in discoveries from
the era of molecular biology and as subsequently
found in genomic investigations. One percent of the
genes of a microbe can encode CYPs, but in stark
contrast most bacteria studied so far can survive
without CYPs. Microbial eukaryotes usually have
at least one CYP, due to the essential requirement of
most to synthesize sterol involving CYPS51, sterol
14a-demethylase. The roles of the vast majority of
microbial CYPs remain to be elucidated, but many
already have important fundamental roles in nature,
and others are important for biotechnological pur-
poses. Some others have, of course, provided facile
models for understanding CYP structure and activ-
ity, such as CYP101 (P450.,,) of Pseudomonas
putida and CYP102A1 (P450y,,,) of Bacillus
megaterium. The purpose of this chapter is to pro-
vide an outline of the important biomedical and
environmental roles of the microbial CYPs, includ-
ing many which were unsuspected when the respec-
tive microorganisms were originally studied. This
includes involvement of CYP in some of the earli-
est metabolic alterations in the production of peni-
cillin, some of the early biosynthetic steps allowing
the production of corticosteroids, and the first
application of therapeutic CYP inhibitors, the azole
antifungal agents. Current and future applications
involving microbial CYPs are manifestly clear,

ranging from new therapeutics to biotransforma-
tions and bioremediation.

1. Introduction to Microbial
CYPs

The discovery of cytochromes P450 in mam-
malian tissues rich with these proteins, such as liver
and the adrenal gland, resulted in intense scrutiny
of their roles in xenobiotic metabolism and endoge-
nous functions'~. Following their discovery came
the realization that mammalian proteins required
electron donor systems for activity, either NADPH-
cytochrome P450 reductase (CPR) or adrenodoxin
and adrenodoxin reductase in the endoplasmic
reticulum or the mitochondria respectively® >.
Protein biochemistry and molecular biology
revealed the multiplicity of CYP forms and mam-
malian genomes exhibited CYP diversity.

The microbial CYP systems were studied at
the same time, with yeast CYP being reported by
Lindenmeyer and Smith (1964) and bacterial CYP
by Appleby (1967)% 7. The systems were viewed
as models and this was true especially for a CYP
from P putida called P450.,,, (CYP101) that
allowed this bacterium to grow on camphor as a
carbon source®!2. In pioneering work from the
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Gunsalus laboratory, the P450..,,, system allowed
biochemical and biophysical investigation of the
CYP catalytic cycle as well as of the genetics
of a bacterial catabolic plasmid. This typical CYP
system was found to require a ferredoxin and
ferredoxin reductase for catalytic activity, unlike
the model for eukaryote CYPs, CYP102A1 or
P450g,,5, which was discovered in the Fulco
laboratory and consisted of a fusion polypeptide
containing CYP and reductase domains'?.

Studies in yeast have revealed deep insights
into eukaryotic processes, and this is also true in
studies on CYPs, where the first microbial CYP
cloned was found to undertake an ancestral role in
the superfamily. That is, CYP51 is needed for
sterol biosynthesis and is found in plants, fungi,
protists, animals, and some bacteria'*.

The nomenclature for CYPs is based on amino
acid identity with 40% identity and above needed
to place CYPs in the same family and more than
55% to place them in the same subfamily'®. These
rules can be relaxed, as is the case for CYP51s that
can fall below 40% identity, if the CYPs under-
take the same function. For microbial eukaryotes,
the family numbers 51-69 and 501-699 are avail-
able and at the time of writing, numbers up to
CYP553 are listed, but each genome reveals many
more and many are not yet assigned. Bacterial
CYP family numbers are initiated at CYP101 and
a similar expanding scenario can be envisaged
with more and more genomes.

In this chapter, we will outline historical
perspectives on the discovery and importance of
CYPs in biotechnology before going on to
describe the diversity of functions and activities
associated with microbial CYPs. The coverage is
relatively extensive and is illustrative of the field,
but with so many CYPs now revealed it is impos-
sible to discuss each one individually. Obviously
many of the CYPs that remain orphan in function
today will emerge as being important in future
studies.

Microbial science is generally reported to
begin with the fermentation of yeast observed by
Pasteur, and although yeast CYP is not a
cytochrome involved in respiration, it does con-
tribute to the osmotic robustness of the microor-
ganism, including ethanol tolerance, through the
synthesis of ergosterol. This product requires
CYPS51 to remove the C14-methyl group of the
precursor as well as a second CYP, CYP6I, to
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undertake C22-desaturation'®. Ergosterol in yeast
has been used to produce vitamin D,, although
this has been uneconomical recently, but manipu-
lation of this pathway has allowed production in
whole-cells of hydrocortisone!”.

The modern era of biotechnology began with
the discovery of antibiotics and the steps taken to
improve yield. We now realize that streptomycetes
contain many CYPs for drug (secondary meta-
bolism) synthesis and this is discussed later in
more detail, but Penicillium chrysogenum was the
first utilized in antibiotic production. In early
work following the pioneering studies, phenyl-
acetate (precursor) feeding was found to elevate
yields from fermentations and, of course, muta-
tion and screening strategies increased the titer.
Recently, the basis of genetic change in the
Wisconsin strains revealed that a CYP mutation
produced increased penicillin yield at the begin-
ning of the genesis of improved fungal strains'®,
The gene concerned, PahA encodes CYP504,
a CYP also identified in Aspergillus nidulans that
allows growth on phenylacetate!®. A CYP504
mutant containing the substitution L181F resulted
in the reduced 2-hydroxylation of phenylacetate,
and this mutation channeled the carbon flux away
from the side-pathway and through into increased
penicillin titer.

Parallel with developments after World War 11
in antibiotic production, the therapeutic value of
corticosteroids was discovered. Interest during the
early 1940s was based on rumors of experiments
in performance enhancement of pilots in the
Luftwaffe by corticosteroids?. The chemical syn-
thesis route was inefficient and microbial hydrox-
ylations by fungi were some of the first successful
biotransformations for pharmaceutical produc-
tion. 11a-Hydroxylation of a steroid was achieved
by Aspergillus ochraceous and Rhizopus niger,
and the 11p-hydroxylation achieved with other
fungi such as Cochliobolous lunatus, allowing the
production of cortisol. We now realize these con-
versions were achieved by fungal CYPs, although
the genes concerned are not yet known.

A last example to note before moving onto
describing the diversity of microbial CYPs and
their importance, is provided by the azole antifun-
gal compounds?'. First developed for agriculture,
where they are known as DMI compounds
(demethylase inhibitors), these compounds have
become central to antifungal therapy in the clinic
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A. Mutation in CYP504 leads to overproduction of penicillin in Penicillium chrysogenum
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(A) The metabolism of phenylacetate by Penicillium chrysogenum by CYP504 is impeded

during early strain improvement by mutation and selection increasing flux through to penicillin production; (B) The
11-hydroxylation of steroid by some filamentous fungi were among the first commercial biotransformations in
the pharmaceutical industry allowing the production of corticosteroids, first 11a-hydroxylation by Aspergillus sp.
and Rhizopus sp. and subsequently 11B-hydroxylation by Curvularia sp.; (C) Sterol Cl14-demethylation in fungi is

the target of the antifungal azole compounds.

and new compounds continue to be evaluated. The
mode of action in relation to CYP51 and
the repercussions of that for the fungus only
became clear after their development, but they
were the first commercial CYP inhibitors. Some
of the microbial CYP activities described here are
shown in Figure 13.1.

2. Classes of Microbial CYPs

CYPs in bacteria are generally soluble proteins
requiring ferredoxin and ferredoxin reductase for
the two electrons needed in the CYP catalytic
cycle, while CYPs in eukaryotic microbes are typ-
ically located in the endoplasmic reticulum with
an associated NADPH-CPR providing the neces-
sary reducing equivalents. As such, these are often
called class I and class II, respectively (see also

Chapter 4). Over the last 20 years other novel
forms have been identified including the fusion
protein CYP102A1 (P450,,, ) identified in
Bacillus megaterium by the Fulco laboratory!'3 22,
This CYP resembles the class II system with a
flavoprotein reductase domain while CYPS55
(P450, ) is a stand-alone catalytic entity with an
NADPH-binding site and a third class?>. Over the
last years, several new types have been identified
which, in some cases, have been placed into
classes. One response to this diversity is to have
new classes for each new form and to not disrupt
the assignments made already, and we have previ-
ously adopted that approach?*. However, with the
emergence of further forms of CYP fusion pro-
teins, and the anticipation that more will arise, it
is a suggestion here that classes should reflect
novelty only in the method CYP reduction. In this
way, CYP fusion proteins involving ferredoxin
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and ferredoxin reductase would be subclasses of
class I, while CYP fusions involving only flavo-
proteins would be subclasses of class II.
Catalytically self-sufficient CYPs represent class
III. Different subclasses can occur for the CYPs
involved, but class I and class II would give the
immediate impression of the type of electron
transfer system concerned.

A number of new CYP fusion forms and a
novel CYP operon have been cloned at the time of
writing that represent new forms. The gene encod-
ing CYP176A1 (P450 ;) was found in an operon
with genes encoding a flavodoxin and flavodoxin
reductase and so could represent an ancestor of the
class II system. These would be placed as a class
IIc after CYP102A1, class IIb?. The flavodoxin
and flavodoxin reductase could have become
fused in other class II systems. Also a novel CYP
was identified from a Rhodococcus sp. containing
a reductase domain at the C-terminus similar to
dioxygenase reductase protein (containing flavin
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mononucleotide and NADH-binding domains)
and a C-terminal ferredoxin center (2Fe2S) and
the end of the polypeptide?®. This catalytically
self-sufficient enzyme will be of interest for bio-
technological modifications and directed evolu-
tion studies, but as it contains a ferredoxin system,
it could be placed within class Ib. A CYP51 has
been observed in Methylococcus capsulatus fused
to a C-terminal ferredoxin domain and unless this
has a novel reductase partner, it can be considered
a Class Ic form as it conforms to the ferredoxin/
ferredoxin reductase model (Figure13.2)?.

A further CYP gene has also been cloned that
represents a new form. It confers a capability to
metabolize the high explosive hexahydro-1,3,5-
trinitro-1,3,5-triazine and has been identified in
Rhodococcus rhodochrous, with a flavodoxin
domain at its N-terminus, but appears also to need
a ferredoxin reductase for activity, which may be
encoded adjacent to the CYP gene®®. As this gene
contains a flavodoxin domain, this can be placed

CLASS II
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Figure 13.2. A proposal for a simplified classification of CYPs with reference to either use of a ferredoxin or
alternative electron transport mechanism. Class la—typical bacterial system supported by ferredoxin and ferredoxin
reductase, for example, CYP101; Class Ib—Rhodococcus sp. CYP fusion protein containing a ferredoxin domain?;
Class lc—Methylococcus capsulatus CYP51-ferredoxin fusion?’. Class Ila—typical eukaryotic CYP/NADPH-
cytochrome P450 reductase system; Class [Ib—a fusion protein of a CYP and flavoprotein reductase, for example,
P450,,, 5; Class Ilc—P450 ,  containing separate flavodoxin and flavodoxin reductase partners?®. Class IIl—stand-

alone functional CYPs, for example, P450_ 2.
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with the Class II CYP systems if substantiated by
protein studies. Another CYP has been detected in
Ralston metallidurans and has a C-terminal fusion
to a phthalate family oxygenase reductase module,
but appears to be similar to another fusion
described above®% 2.

3. Considering the Origins and
Relatedness of Microbial
CYPs

Clues to the basic functions and the origins of
CYPs can be found among the microorganisms.
Among eighteen archaebacterial genomes probed,
five contained CYP genes. Similarly, about two
thirds of proteobacterial genomes (28 among 90
genomes probed), such as Escherichia coli, con-
tain no CYPs, indicating how nonessential CYPs
are to basic metabolism. This correlates with the
involvement of CYPs in mechanisms of deter-
rence and attraction through the production of
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secondary metabolites, and in detoxification, and
it is the general view that these selective pressures
have produced much of the observed CYP diver-
sity'# 3932, However, some bacteria contain many
CYPs, including Mycobacterium smegmatis that
contains approximately 39 CYP genes, that is,
about 1% of all genes in this microorganism,
together with additional CYP pseudogenes®3.
CYPs have a role in bacteria to enable growth
on carbon sources in the environment, such as on
camphor by P, putida containing CYP101, or to
undertake secondary metabolism as part of the
biochemical warfare between organisms. Many
CYPs are found in the pathways synthesizing
important therapeutic compounds and this is dis-
cussed later in this chapter. The number of vital
endogenous steps that have evolved for bacterial
CYP function is still very small; for instance, Biol
in Bacillus subtilis is needed to produce biotin
by a pathway distinct from other bacteria®t.
Some CYPs, among the numerous forms uncov-
ered, must be anticipated to be involved in key
areas of endogenous metabolism especially in the

Table 13.1. The Numbers of CYPs in Various Sequenced
Microbial Genomes
Microorganism CYP complement (CYPome)

Prokaryotes (most have no CYPs)
Campylobacter jejuni
Bacillus halodurans
Methanosarcinia barkeri
Mpycobacterium leprae
Halobacterium species NRC1
Sulfolobus tokodaii
Sinorhizobium meliloti
Agrobacterium tumafaciens
Pseudomonas aeruginosa
Deinococcus radiodurans
Bacillus subtilis
Mycobacterium bovis
Streptomyces coelicolor
Mycobacterium tuberculosis
Streptomyces avermitilis
Mycobacterium smegmatis

Eukaryotes (usually have CYPs)
Schizosaccharomyces pombe
Saccharomyces cerevisiae
Candida albicans

Neurospora crassa
Phanerochaete chrysosporium
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morphologically and developmentally complex
organisms. This is an important area of investiga-
tion, as therapeutic CYP inhibitors need targets
that are implicated in viability or pathogenicity.
No such general CYP target exists across the bac-
teria. Table 13.1 shows some examples of the num-
bers of CYPs present in bacterial genomes. It is
clear that the actinomycetes can be especially rich
in CYPs and that, unlike prokaryotes, eukaryotic
microorganisms usually contain at least a few CYPs,
including CYPS51 that is used for making sterols.

3.1. CYP51 and Evolution of the
Superfamily

Work on yeast resulted in the cloning
of the first microbial CYP, CYP51, encoding
sterol 14-a-demethylase, in the Loper labora-
tory®>. Orthologues of this CYP were later
revealed to be present in animals’® 37, and
plants®®. Many different CYP51s have now been
identified and Figure 13.3 shows a phylogram of
CYPS51 sequences. Substrates differ slightly
between the different kingdoms®, especially in
plants where the enzymes studied so far utilize the
C4-methyl sterol obtusifoliol as the substrate and
not the C4-dimethyl substrate (e.g., lanosterol)
used in fungi and animals. CYP51 is found
throughout eukaryotes, although some, for exam-
ple, nematodes and insects obtain sterol from their
diet. The primitive eukaryote Giardia lamblia also
lacks CYP genes as judged by probing of its
genome using conserved heme-binding motifs for
CYP, but this remains unusual among eukaryote
genomes that may require sterols for stabilizing
membranes. In general, most eukaryote genomes
searched to date have at least a few CYPs. The
question arises: If sterol biosynthesis represents
an early CYP function, when did it arise? Previous
thoughts on what early function CYPs might have
evolved to undertake have centered on their poten-
tial role in detoxifying oxygen*’. Within sterol
biosynthesis, squalene epoxidase is a non-P450
monooxygenase preceding CYP51 and it is prob-
able that CYPS1 conferred on primitive microor-
ganisms a more robust membrane by producing
sterols. An alternative CYP ancestor could easily
have preceded CYP51, of course. Following squa-
lene epoxidase, the next enzyme needed to make
sterols is 2,3-oxidosqualene sterol cyclase (or
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lanosterol synthase). This is again a point of
divergence in metabolism, with many plants and
some protists synthesizing cycloartenol using the
related cycloartenol synthase rather than lanos-
terol synthase, prior to producing obtusifoliol for
CYP51 metabolism*!.

The original route to sterol biosynthesis is
unclear as some protists synthesize lanosterol and
many, like fungi, produce ergosterol as an end-
product®?. Recently, Mycobacterium tuberculosis
was revealed to possess a CYPS1 with sterol
14-demethylase activity®’, and this protein has
been crystallized**. The true function of this pro-
tein remains to be clarified®?, as the earlier detec-
tion of mycobacterial sterols was probably the
result of sequestration from medium. Other bacte-
ria have been shown to contain sterols at relatively
high concentration, as confirmed by purification
and nuclear magnetic resonance (NMR) studies.
The earliest of these is the methane utilizing
proteobacterium M. capsulatus that synthesizes
sterols via a lanosterol route*, but not as far as
ergosterol, sitosterol, or cholesterol. This organ-
ism contains a CYP51 and as such was the first
proven bacterial sterol biosynthesis gene and
protein studied?’. The closest homologues to this
CYP51 are among the mycobacteria, and then
CYP170 of Streptomyces coelicolor and plant and
protist CYP51 (Figure 13.3). More recently,
another myxobacterium has been revealed to pro-
duce sterols and a cycloartenol synthase has been
identified, although a CYP51 awaits identification
from this bacterium*®. We have also identified a
lanosterol synthase and squalene epoxidase homo-
logues at a locus in M. capsulatus (unpublished
observation).

It seems reasonable to assume that sterol bio-
synthesis arose in gram-negative bacteria at least,
and possibly in gram-positive bacteria, although
the homologues here could have been the result of
horizontal transfer. The need for several genes that
are unlinked in order to make bacterial sterols
seems to suggest that sequential horizontal trans-
fer or independent evolution is unlikely, and that a
sterol biosynthetic pathway may have evolved as a
feature of prokaryotic ancestors of eukaryotes.
There is a cycloartenol-type ( plant-like) pathway,
as well as a lanosterol-type (fungal/animal-like)
pathway, in different bacteria that provides an
extra level of complexity to these considerations,
as it might be expected that, if ancestral, a single
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Figure 13.3. A phylogenetic tree containing sequences from bacterial, fungal, protist, plant, and animal CYP51s
constructed using clustal X and Treeview 6. The sequences are Aspergillus fumigatus CYP51 1 (AF222068),
Aspergillus fumigatus CYP51 2 (AF338660), Botryotinia fuckeliana (AF346594), Blumeria graminis (AF052515),
Candida albicans (AB006856), Candida dubliniensis (AY034867), Candida glabrata (S75389), Candida tropicalis
(M23673), Cunninghammela elegans (AF046863), Issatchenkia orientalis (S75391), Mycospheareila graminicola
(AF263470), Neurospora crassa (http://drnelson.utmem.edu), Penicillium italicum (Z49750), Phanerochaete
chrysosporium (http://drnelson.utmem.edu), Pichia anomola (AF019903), Saccharomyces cerevisiae (M18109),
Schizosaccharomyces pombe (NCO003424), Tapesia acuformis (AF208657), Tapesia yallundae (AF276662),
U. maydis (Z48164), Venturia nashicola (AJ314649), Dictyostelium discoideum (http://drnelson.utmem.edu),
Trypanosoma brucei (AF363026), Arabidopsis thaliana (chromosome 1 CYP51, AY05860), Arabidopsis thaliana
(chromosome 4 CYP51, NC003071), Oryza sativa (AB25047), Sorghum bicolor (U74319), Triticum aestivum
(AJ251798), Homo sapiens (U23942), Sus scrofa (AF198112), Methylococcus capsulatus (TIGR 414),
Mycobacterium avium (TIGR 1764/3294), Mycobacterium marinum (Sanger mar388¢06), Mycobacterium
smegmatis (TIGR 1772/3269), and Mycobacterium tuberculosis (AL123456).

type of prokaryotic pathway would exist. Some
clarification will emerge with more post-genomic
studies.

The further evolution of CYPs must in some
cases have included gene duplication events,
including involving CYP5! individually, besides

genome duplication. Generally, it is accepted
that pathways can evolve sequentially. The pro-
gressively more complex tailoring of sterols was
selected for in the microbial era based on
increased fitness of the organism, probably when
exposed to physical parameters such as osmotic
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stress. In fungi a further CYP, CYP61, evolved to
perform the C22-desaturation of sterols and this
may have evolved after a gene duplication of
CYP51. The two gene families today have very lit-
tle sequence identity (approx. 30%). The fungal
sterol, ergosterol, is also found in protists such as
trypanosomes and algae such as Chlamydomonas
reinhardtii*”*, and so a CYP61 may be encoun-
tered elsewhere as proposed earlier®. Stigmasterol
production in plants requires a C22-desaturation
and yet no CYP61 was observed in Arabidopsis
thaliana. The closest amino acid identity of
a plant CYP to CYP61 was for CYP710, and
no CYP61 has yet been seen in the green alga
C. reinhardtii, which also makes ergosterol. It
may be that other CYP families undertaking sterol
C22-desaturation will need to be reclassified
as CYP61 due to common function. Obviously,
higher organisms and those that have homeostasis
exist in a different evolutionary scenario from
single-celled microbes. This presumably resulted
in selection for other sterols such as cholesterol in
animals and the array of phytosterols in plants. In
some cases, such as in nematodes and insects that
obtain sterol from their diet, sterol biosynthesis
has been lost, while most bacteria have never had
this requirement.

3.2. Bacterial CYP51

The identification of sterols in bacteria was
first achieved in 1971 for the gram-negative bac-
terium M. capsulatus, where the end-products
reported are various C4-methyl and desmethyl
products**. A CYP5] was identified in the
genome of this bacterium with homology to other
CYP5Is and represented a new form with a
(3Fe4S) ferredoxin domain fused at the C-termi-
nus of the CYP domain via an alanine rich
linker?’. This 62-kDa protein was expressed and
purified from E. coli and metabolized lanosterol
(0.24 nmol/min/nmol protein) on addition of a
ferredoxin reductase and NADPH. Other homo-
logues of eukaryotic sterol biosynthesis, for exam-
ple, lanosterol synthase and squalene epoxidase,
are evident in this genome, although no genes are
detected so far for the formation of end-product
of 4-methyl and 4-desmethyl sterols. With the
presence of many prokaryotic genomes it has
become obvious that while some contain open-
reading frames with considerable identity to sterol
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biosynthesis proteins, they are not all part of a
sterol biosynthetic apparatus.

Another CYP51-like gene was identified in
the emerging genome of S. coelicolor A3(2) and
the protein had sterol 14-demethylase activity, but
was not essential when the gene was knocked out
and no sterols are made by this microbe>. This
gene has been assigned to a different family
(CYP17041) and the protein shares 23 of the
conserved amino acids across CYP51s, whereas
the other CYP51s share approximately 40 amino
acids.

One of the first important bacterial pathogens
sequenced, M. tuberculosis, was found to contain
20 CYPs, one of which was identified as a CYP51.
The hypothesis of azole inhibition of this CYPS51,
and parallels to antifungal activity with inhibition
of fungal CYP51, stimulated the examination of
the sensitivity among mycobacteria to known anti-
fungal drugs. It was shown in M. smegmatis that
potent activity of azole antifungals existed, except
for fluconazole, but particularly for the topical
agents®!, and this was also found in another
study®2. The latter report and a separate assess-
ment of Mycobacterium bovis BCG sensitivity'*,
showed less sensitivity in this slow-growing bac-
terium than in the fast-growing species, where the
minimum inhibitory and bactericidal concentra-
tions of miconazole were less than 2 pg/ml.
Qur further unpublished work indicates that the
sensitivity of M. tuberculosis resembles that of
M. bovis BCG, but other pathogenic species caus-
ing skin infections, Mycobacterium chelonei and
Mpycobacterium fortuitum, are sensitive and may
be treatable with current topical antifungals
(Table 13.2). To develop potent azole-type
inhibitors as antimycobacterial agents will require
screening other compounds, and it may well be
that CYP5S1 is not the target, although both M.
tuberculosis and M. smegmatis CYP51 bind
azoles with high affinity®® 32, Indeed another
M. tuberculosis CYP, CYP121, also shows high
affinity binding for azole compounds®. Other
CYPs from M. tuberculosis, such as CYP125,
bind antifungal azoles poorly (unpublished obser-
vation). Further work in this area is needed to
establish the mode of action, but while M. smeg-
matis is sensitive to azole compounds it contains
no CYPI21. It does, however, contain a strong
homologue of the sole Mycobacterium leprae
CYP, CYP164A1, with which the M. smegmatis
CYP164A2 has 60% identity. No CYP family is
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present in all mycobacteria to present a common
antimycobacterial target, although many are present
in all so far known except M. leprae (Table 13.3).
The genome sequences of various mycobacte-
ria have been completed and it became apparent
that CYP51 was part of a putative hexacistronic
operon that was conserved across mycobacteria
except for M. leprae, in which no gene or pseudo-
gene exists for CYP51 due to divergent evolution
and massive gene decay>*. One striking similarity
is the close homology between the CYP51 of
mycobacteria and that from M. capsulatus. This is
also true for the ferredoxin gene that lies down-
stream of CYP5! in mycobacteria, but is fused to
the CYP51 domain in M. capsulatus. Possibly the
CYP51 in mycobacteria was transferred by hori-
zontal transfer from an ancestor of M. capsulatus,
where it has possibly been recruited to a new
function linked to the other genes in that putative
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operon/gene cluster. Also included among the
genes is another CYP, CYP123. If the CYPS1
performs a diffferent endogenous role from other
CYP51s, this would require reclassification,
possibly as a CYP170 as with the CYP5I-like
gene of S. coelicolor.

4. Archetypal Bacterial CYPs

Table 13.1 shows a list of some bacteria with
the number of CYPs associated with their
genomes to date. Most striking are the number and
diversity seen among actinomycetes such as strep-
tomycetes and mycobacteria, although some actin-
omycetes, such as Corynebacterium diptheriae,
have no CYPs. Much of the CYP diversity is
likely to be due to their role in secondary metabo-
lism, as is true in the filamentous gram-negative

Table 13.3. The CYPome of M. tuberculosis Compared to Another Strain with Genomic
Information and the Presence or Absence of these Forms in M. bovis, M. avium, M. smegmatis.

H37Rv
CYP number Gene CDC1441,210 M. bovis M. avium M. smegmatis M. leprae
CYP51 Rv0754c + + + +
CYPI21 Rv2276 + +
CYPI23 Rv0766¢ + + + +
CYPI24 Rv2266 + + + + ML1787
CYPI25 Rv3545¢ + + + + ML2024
CYPI26 Rv0778 + + + + ML2229
CYPI28 Rv2268¢ + +
CYPI30 RvI256¢ + + + MLI1102
CYPI32 RvI394c + +
CYPI3541 Rv0357¢ + +
CYPI35B1 Rv0568 + + +
CYPI136 Rv3059 + + + + ML1742
CYPI137 Rv3685¢ + +
CYPI38 Rv0136 + + + + ML2684
CYPI139 Rv1666¢ + + + ML1237
CYPI140 RvI880c¢ + + + + ML.2033
CYPI41 Rv3121 +
CYPI42 Rv3518¢ + + + +
CYPI43 RvI785¢ + + + ML1542
CYPI44 RvI777 + + + + ML1185
CYPI02 ML0447
CYPI102 ML2159
CYPI64 + + ML2088

Notes: Also shown is whether a pseudogene for the M. tuberculosis CYP exists in M. leprae. ML0O447 and ML2159 (M. leprae ORF
identifier) are identical pseudogenes in M. leprae that resemble S. coelicolor A3(2) CYP102B1 and ML 2088 is the only putative func-
tional CYP of M. leprae where another member of this family is only found in M. smegmatis. The TIGR databases were utilized here.
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myxobacterium that produces the anticancer drug
epothilone®, and the numerous forms present in
the rifamycin gene cluster of Amycolatopsis
mediterranei*®. Some examples of bacterial CYP
reactions are shown in Figure 13.4.

Many of the bacterial forms are described by
David Nelson in his central website for CYPs
(http://drnelson.utmem.edu/nelsonhomepage.htmi),
but others are not yet assigned CYP numbers. The
archetypal bacterial CYP is of course P450.,,,,
assigned as CYP101, obtained from the bacterium
P, putida ATCC17453%!1. This enzyme catalyzes
the 5-exo hydroxylation of camphor, part of the
breakdown of this carbon source for growth.
The CYPI10I operon contains the CYP (cam(C)
together with class I electron donor partners, a
putidaredoxin reductase (camd4), and putidaredoxin
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(camB). A fourth gene camD encodes a 5-exo
hydroxy camphor dehydrogenase and the operon
camDCAB is controlled by a camR repressor.
CYP101 still provides an archetypal system for
investigations of the CYP catalytic cycle and was
the first CYP structure that revealed the triangular
prism shape of the proteins and the heme with its
cysteinyl thiolate ligand (see Chapter 3)°7-%8.
Other bacterial CYPs also undertake the break-
down of carbon sources for microbial growth. For
instance, CYP108A1 (P450.,) metabolizes ter-
pineol®, and CYP176A1 (P450_, ) can metabolize
cineol®’, while others can metabolize pollutants
such as thiocarbamate herbicides and atrazine, as
illustrated by CYP116 from a Rhodococcus sp.%°.
The CYP105 family of streptomycetes especially
is associated with a wide variety of xenobiotic

\ \
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Figure 13.4. Examples of bacterial CYP reactions.
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metabolism, although roles in pathways of sec-
ondary metabolism are also emerging®!.

As with all CYP activities, the substrates are
largely lipophilic, and this is true of the other bac-
terial archetypal CYP, CYP102A1 (P450;,,,),
which as a class II system utilizing an FAD and
FMN containing reductase domain, has provided a
model for eukaryotic CYPs. This protein, contain-
ing both CYP and reductase domains in a soluble
fusion protein that metabolizes various fatty acids,
mostly at -2, was characterized in a series of
publications from Fulco and colleagues during the
1980s!3 62-64 The rates of various reactions have
been studied and this protein turns over substrate
more efficiently than other CYPs utilizing sepa-
rate redox proteins, with a rate of 17,000 min™!
observed for arachidonate metabolism. Structural
considerations for this protein are not the object of
this chapter, but resolution of the structure of the
CYP domain was a landmark in the field®®, and
allowed numerous subsequent investigations using
site-directed mutagenesis to probe the structure as
well as the reductase domain®-68,

Besides being present in proteobacteria, CYPs
are also present in archaebacteria and some of
these, CYP119 from Sulfobolus solfataricus and
CYP175 from Thermus thermophilus, have had
their structure solved® 7. While these are inter-
esting, the absence of known endogenous function
precludes their discussion here. Thermophilic
CYPs have been studied and we await functions,
as well as CYP stucture/function for CYPs
with activity at low temperatures that may have
industrial uses.

5. Biodiversity of Bacterial CYPs
and the Actinomycetes

The actinomycete bacteria encompass a wide
range of species, including Rhodococcus spp.,
Corynebacterium spp., Mycobacterium spp., and
Streptomyces spp., and represent important organ-
isms for biotechnology in terms of enzymes, natural
products, biotransformations, and bioremediation.
Many are saprophytic, soil-inhabiting, gram-
positive bacteria with a high G+C content, and
some are also life-threatening human pathogens.

As mentioned earlier, many bacteria, including
within the actinomycetes C. diptheriae, possess
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no CYPs, but the actinomycetes have revealed
many genomes containing numerous CYPs.
Mostly these are orphans with no known function,
but included are new classes of CYPs from
Rhodococcus described above, and from genome
projects the diversity is surprising, with 20
CYPs in M. tuberculosis™, 18 in S. coelicolor™ 73,
33 in S. avermitilis’™, and 39 in M. smegmatis®>.
The genomes of streptomycetes are larger than the
mycobacterial genomes with almost twice as
many genes arranged on a linear chromosome.
Thus, S. coelicolor contains 18 CYPs among
approximately 7,825 open reading frames, that is,
0.2% of genes, while M. smegmatis has 39 out of
approximately 3,800 genes (1% of genes). This lat-
ter proportion is similar to that observed in plants.
Figure 13.5 shows a phylogenetic tree of the
mycobacterial CYPomes of both M. tuberculosis
and M. smegmatis.

The genomes of the mycobacteria and strepto-
mycetes do not contain many CYP families in
common. Both contain a CYP51-like CYP, and in
S. coelicolor and S. avermitilis this CYP is called
CYP1704 and lies adjacent to a sesquiterpene
cyclase that may well be of related function®® 74,
One CYP, CYPI25, was originally observed in
M. tuberculosis, and recently a CYPI25 was also
found in S. avermitilis.” CYP1035s originally found
in streptomycetes and associated with xenobiotic
metabolism have also now been identified in M.
smegmatis (Figure 13.5), as well as a CYP1077>778,
The only other CYP family seen in both genera
is a CYPI02 identified in S. coelicolor and
S. avermitilis’™ "%, and as a pseudogene seen in the
dramatic gene decay observed in M. leprae
(Table 13.3).

5.1. Mycobacterial CYPs

The diversity of mycobacterial CYPs has been
mentioned and trees relating the different CYP
families of M. tuberculosis and S. coelicolor indi-
cate they are quite different, reflecting the many
hundreds of millions years since divergence from
a common ancestor.'* 73 A list of CYPs of
M. tuberculosis is shown in Table 13.2, where the
presence of these families in other mycobacteria is
also shown. All M. tuberculosis CYPs conform to
the expected conserved amino acids within the
sequence of a CYP, including a conserved T
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Figure 13.5. A phylogenetic tree of the CYPomes of M. tuberculos

member is designated Al. CYP families 121, 128, 132, 135Al, 137,

is and M. smegmatis using Clustal X and Treeview. Where present the M. tuberculosis CYP family
139, 141, and 143 of M. tuberculosis are missing in M. smegmatis, but a homologue of M. leprae

[3)]

members of the CYP108 family and CYP105 and CYP107 family members are

CYP164A1 (CYP164A2) is included. New families of CYPs 186-192 were identified, new
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also found in streptomycetes. CYP125 showed two genes and a pseudogene (CYP125A3, A4, and ASP).
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within the I-helix involved in oxygen-binding/
electron transport, an EXXR motif in the K-helix,
and a C-heme ligand in the C-terminal region.

Compared to the published sequence of the
M. tuberculosis genome, M. bovis, although very
closely related to M. tuberculosis, has only 18
CYPs, with CYP130 being absent and CYPI41
being present as a pseudogene. The sequence of
M. leprae showed massive gene decay as this
organism moved toward parasitism, with only
approximately 1,800 genes retained vs 3,800 in
M. tuberculosis. Only 12 close homologues of the
M. tuberculosis CYP complement were detected
in M. smegmatis (Table 13.2), and this has the
largest complement so far with 39 CYPs. When
completed, the genomes of the related species
Mycobacterium avium and M. avium ssp. para-
tuberculosis will have a similar number of CYPs,
based on preliminary analysis of the data
deposited at TIGR.

CYP16442, the M. smegmatis homologue of
M. leprae ML2088 (CYP164A1), is 1,245 bp in
length, encoding a predicted protein of 414 aa
with a molecular weight of 44.9 kDa. By compar-
ison, CYPI164A1 is 1,305 bp long and encodes a
predicted protein of 434 aa with a molecular
weight of 47.6 kDa. M. smegmatis CYP16242 is
60% identical (249/415) and 75% similar
(313/415) in a 415 aa overlap with CYP164A41
(BLASTP score e-130). Homology extends across
all regions of the proteins, with only two gaps.
In contrast, the closest M. tuberculosis homologue
to CYP164A1, CYP140, shows only 38% iden-
tity (145/379) and 515 similarity (196/397), with
30 introduced gaps (BLASTP score 3e-58).
The leprosy genome also contains a separate
pseudogene of M. tuberculosis CYP140 at locus
ML2033, so these CYPs are likely to be function-
ally distinct.

The analysis of the CYP families present in M.
smegmatis, reveal that, as expected, many new
families covering CYPI186—192, have been identi-
fied. The CYP family members in M. tuberculosis
CYPI121, 128, 132, 1354, 137, 139, 141, and 143
are not found in M. smegmatis. One CYP had
already been identified before the M. smegmatis
genome sequence, and this CYP was involved in
morpholine utilization (CYP151)". Interestingly,
this soil microorganism has been associated with
useful bioremediation properties and this may in
some instances be associated with the CYP
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complement. Included in this CYPome are the
first other members of the CYP108 family similar
to P450, -z, (CYP108A1)*. This may well reflect
utilization of similar carbon sources to terpineol
for growth. The study of M. smegmatis CYPs
in bioremediation will be an important area of
future research, as for the fungus Phanerochaete
chrysosporium discussed later, for which 1% of
the genes also encode CYPs. Common with the
findings of many other genomic projects, the
function of the mycobacterial CYPs remains
unknown; however, as these are elucidated by
gene knockouts, transcriptomics, proteomics, and
metabolomics, there will be benefits for medical
science and biotechnology.

5.2. Biodiversity in
Streptomycetes

Streptomycetes are organisms with a complex
life cycle, which involves the formation of a
filamentous mycelium giving rise to aerial hyphae
that produce spores. This, in part, explains
the requirement for a larger genome in these
bacteria that are also important producers of
bioactive molecules (secondary metabolites).
These metabolites represent about two thirds of
the microbially derived compounds that include
antibacterial (erythromycin, tetracycline), antifun-
gal (amphotericin, nystatin), antiparasitic (aver-
mectin), immunosuppressor (FK506), anti
cancer (adriamycin), and herbicidal (bialaphos)
compounds. Structural diversity is observed
within all of the compounds and CYPs participate
in oxidative tailoring of many of these, and thus
play a key role in many of these pathways. The
smell of wet earth on a spring day, resulting from
geosmin, is also a product of actinomycetes/strep-
tomycetes. Geosmin requires CYP for its biosyn-
thesis and in S. avermitilis this is probably
undertaken by CYPI80A174. With all these
important biosynthetic pathways in which CYPs
are known to participate (Table 13.4, Figure 13.6),
there is of course interest in the cryptic pathways
associated with the many orphan CYPs of strepto-
mycete genomes for which function has yet to be
detected. Apart from natural product biosynthesis,
streptomycete CYPs have been identified as
good biocatalysts with particular attention to
xenobiotic metabolism by CYP105D1, identified
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in Streptomyces griseus’’, and CYP105A1
from S. griseolus, which has been used to
manipulate herbicide tolerance in plants®!. Indeed,
streptomycetes have been used as a source of
drug metabolites by fermentation®’, and have
also been used for stereo- and regio-specific
biotransformations®!> 82,

Among the streptomycetes, two genomes
have already been released into the public domain,
for S. coelicolor A3(2) (ref. [72]) and for
S. avermitilis®®. The S. coelicolor genome of
7,825 open-reading frames contained 18 putative
CYPs that were cataloged and expressed in a sys-
tematic study’®. This laboratory strain is the
model for streptomycetes and produces a number
of secondary metabolites, although none are cur-
rently commercially important. The CYP roles are
unclear, as the CYPS1-like protein now called
CYP170A1, is not involved in sterol biosynthesis
and a gene deletion event was found not to be
lethal®®, Surprisingly, six of the eighteen CYPs are

associated with operons with a conserved structure
that have been called conservons’. In these, the first
open-reading frame encodes a sensor kinase, then
two open-reading frames of unknown function
followed by a gene encoding an ATP-binding
domain and finally, in some cases, encoding one or
two CYPs. In conservon 10, the downstream CYPs
are CYP15741 and CYP154ClI; in conservon 11,
the downstream CYP is CYP157BI; in conservon
12, the downstream CYPs are CYP15641 and
CYP154A1; and in conservon 13, the downstream
CYP is CYP157C1. The functions of these CYPs is
intriguing, and as CYP154Cl1 can metabolize
antibiotics, it could be related to a chemical defense
and detoxification system®. Recently, a conservon
from S. griseus was isolated containing a
CYP157 homologue. Gene inactivation of the first
gene of the conservon resulted in precocious forma-
tion of mycelium and secondary metabolism, sug-
gesting this operon regulates the onset of
differentiation®’.

Table 13.4. Streptomycete Cytochromes P450 Including CYP Assignments Where Available
(www.drnelson.utmem.edu/P450.family.list. html).

Bioactive molecule

Streptomyces sp. CYP identification produced Function

S. griseolus CYP105A1, 105B1, 105C1

S. carbophilus CYP105A3

S. griseus CYP105D1, 105D2, 107F1

S. scerotialus CYP105D3

S. lividans CYP105D4

S. lavendulae CYP105F1, 107N1, 160A1 Complestatin Anti-HIV

S. noursei CYP105H]1, 161A1 Nystatin Antifungal
S. tendae CYP105K1, 162A1 Nikkomycin Insecticidal
S. fradiae CYP105L1, 113B1, 154B1 Tylosin Promotant

S. clavuligerus CYP105M1

S. thermotolerans CYP107C1

S. erythraea CYP107A1, 107B1 Erythromycin Antibacterial
S. antibioticus CYP107D1 Oleandomycin Antibacterial
S. hygroscopius CYP107G1, 122A2, 122A3 Rapamycin Antibacterial
S. venezuelae PikC (PicK) Pikromycin Antibacterial
S. maritimus CYP107R1 .

S. peucetius CYP129A2, 131A1, 131A2 Daunorubicin Antitumor
S. spheroides CYP163A1 Novobiocin Antibacterial
S. avermitilis CYP171A1 Avermectin Antiparasitic
S. acidscabies TxtC Thaxtomin Phytotoxin
S. nodosus Orfl, Orf2 Ampbhotericin Aantifungal

Notes: Many are involved in biosynthetic gene clusters of commercially important bioactive natural products and those implicated
in this biosynthesis are in bold. The list does not include those found in the genomes of Streptomyces coelicolor and Streptomyces

avermitilis.
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Figure 13.6. Some of the natural products used as drugs and produced by various streptomycetes.

Some of the functions of the S. coelicolor
CYPs are in secondary metabolism operons, for
example, CYPI15842 located downstream of a
Type III polyketide synthase and CYPI05NI
located downstream of a nonribosomal peptide
synthase. These are currently subject to functional
studies using the tools of gene disruption and
metabolite/metabolome profiling, although not
all the secondary metabolite genes identified

have previously detected known end-products.
The structural genomics of these CYPs is also in
progress, with the first structure reported already
for CYP154C1%4,

The second streptomycete genome completed
has revealed 33 CYPs comprising 0.4% of genes.
This industrial microorganism is important for
the production of avermectin, an anti-helminthic
agent. We have cataloged the S. avermitilis



The Diversity and Importance of Microbial Cytochromes P450

CYPome and of note is the discovery of seven new
families and two conservons containing CYPs™.
The CYP157s within the conservons, as in
S. coelicolor, deviate from the prior conservation
in CYPs of an EXXR motif within the K-helix.
CYP157A2 and CYP157C2 exhibited a 2*>EVLW
and 2’EQSLW muotif, respectively. Together with
the S. coelicolor CYP156A1 motif of 22STVR,
the need for E and R is not essential, leaving
only the heme cysteinyl ligand as the amino acid
essential in all CYPs. These motifs are the subject
of current experimental examination.

There were no clusters of S. avermitilis CYPs
in a single subfamily except for CYP105D6 and
CYP105D7. These CYPI05D forms seem associ-
ated with filipin biosynthesis, so that the roles of
CYP105s in xenobiotic rather than secondary
metabolism may well need reconsideration.
CYP171A1 was involved in C8a oxidation in
avermectin biosynthesis, CYP107W1 in oligo-
mycin biosynthesis through oxidation at C12,
and CYPI80AI is predicted to be involved in
geosmin biosynthesis’*, The closest homologue of
CYP180A1 in S. coelicolor is CYP107U1, but
geosmin is made by S. coelicolor and so must be
synthesized using a CYP from a different family.
When identified, it will require a modification of
the nomenclature to place CYPs with common
function in the same family, an illustration of
some of the problems relating homology and CYP
families to function.

Other CYPs identified in this genome include
CYP102s, one of which encodes a fusion protein
with a CYP and a reductase domain unlike the sin-
gle CYP102B1 found in S. coelicolor A3(2). The
CYP102s are also seen in bacillus species that are
sporulating bacteria, but the endogenous function
remains unclear. The S. avermitilis genome also
contained a CYP12574. This had only previously
been seen in mycobacteria, but was not present in
S. coelicolor and was the first CYP family
detected in two diverse actinomycete species.

Eleven of the CYPs from S. avermitilis were
located in known gene clusters involved in sec-
ondary metabolism, including that of geosmin,
avermectin, filipin, and pentalenolactone biosyn-
thesis, and again, as in S. coelicolor, others appear
to be involved in uncharacterized pathways of
secondary metabolism. CYPI7841 is in a cluster
with a nonribosomal peptide synthase, CYP107Y]
and CYPI8IAIl are associated with a Type II
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polyketide synthase, CYP154D1 is adjacent to an
indole dioxygenase (and maybe involved in xeno-
biotic breakdown), while CYP15843 is adjacent to
a Type IH polyketide synthase, as is CYPI5842 in
S. coelicolor, which is likely to have a common
function.

The emergence of further streptomycete
genomes will add to our understanding of CYP
evolution, and the numbers of CYPs in unknown
pathways of secondary metabolism will reveal
new natural products. Given the estimate that only
1% of microorganisms are culturable, the depth
of the biocatalytic reservoir of CYPs becomes
evident. The reason why the streptomycetes and
mycobacteria have many CYPs is not clear, as
other soil bacteria contain either small numbers of
CYPs (Table 13.1) or none.

5.8. CYP biodiversity in
Archaebacteria

CYPs also are found among the archaea in
under a third of the genomes so far sequenced.
Functional information about them is totally
absent. Whether they arose later in evolution, after
the appearance of oxygen, is also unclear. Their
ability to maintain integrity in extreme conditions
of temperature, and so on, could be useful in
biotechnology as is the ability to function at low
temperatures. The structures of two CYPs have
been obtained. First, the CYP119 structure from
S. solfataricus has been obtained and the heat sta-
bility of the protein has been ascribed to clusters
of aromatic residues®®. The second structure of
CYP175A1 from the thermophilic T. thermophilus
HB27 has also recently been solved®.

6. Fungal CYPs

The yeast Saccharomyces cerevisiae has three
CYP genes. CYP51 was identified in 198735, CYP57
was found in 1994 to be responsible for the syn-
thesis of dityrosine, which is needed for the yeast
spore wall®®, and CYP61 was identified in 1995 as a
sterol C22-desaturase in a proteomic study linking
protein information to the emergence of this
genome®”. Fungal CYPs are generally class II asso-
ciated with the endoplasmic reticulum and a single
reductase drives all the CYPs, as in humans.
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This limited diversity of CYPs was also seen in
the fission yeast Schizosaccharomyces pombe
that had CYP5] and CYP6! only, the minimal
CYP requirement for ergosterol biosynthesis.
The number of completed fungal genomes in the
public domain is limited, but will expand in the
coming years with sequences for major human
and plant pathogens. This will rectify the current
imbalance, given the economic, biomedical,
biotechnological, and scientific reasons for
obtaining fungal genome data and the large scien-
tific community that will use this information. A
shotgun analysis of the genome of Candida albi-
cans, a major human pathogen, has been com-
pleted, but is not yet published at the time of
writing. Our analysis of this genome reveals
approximately 12 putative CYPs, including
CYP51 and CYP61, but also a novel orphan form
CYP501 and many members of the CYP52 family.
This was surprising, as these alkane utilization
proteins are found in soil/environmental yeasts
like Candida tropicalis and Candida maltosa.
Perhaps these CYPs are involved in utilizing the
host lipid in animals, or an otherwise unrecog-
nized environmental niche for C. albicans exists.
Another interesting observation is the presence of
a CYP56 homologue, that in S. cerevisiae is
involved in dityrosine formation for the spore wall
after yeast meiosis to produce tetrads®®. However,
dityrosine has been detected in the mitotic cell
wall of C. albicans®®.

It was surprising that the Neurospora crassa
genome contained 38 CYPs in a 40 MB genome.
The genome of this filamentous fungus contained
many CYPs from existing families, but as
usual for a eukaryotic species of a previously
unvisited biological type, it contained many
new families of orphan function. The families
observed were CYP51, 6145, 5344, 54, 5546,
65B1, 65C1, 68D1, 50542, and 50741, besides
CYP52741 to CYP55341 which represent
new families. No doubt similar numbers of
CYPs will be identified in other fungi, but so far
P, chrysoporium has many more for a fungal species
(http://drnelson.utmem.edu/nelsonhomepage.
html).

There is interest in using fungi in bioremedia-
tion and one of those that has been used commer-
cially is the white-rot fungus P chrysosporium.
This is a basidiomycete, higher fungus with about
10,000 genes. Probing the unannotated genome
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revealed approximately 123 heme-binding motifs,
so that approximately 1% of the genes of this
microorganism encode for CYPs. This organism
can degrade recalcitrant pollutants and the CYP
system has been implicated in this activity®!.
The fungus is also commonly seen as a bracket
fungus that can break down wood. As plants
utilize only a small number (four) of CYPs to
synthesize lignin it seems unlikely that all the
CYPome of P chrysosporium is involved in this
aspect of metabolism, so much remains to be
discovered about function of the orphan CYPs.
Only one NADPH-reductase for the CYPs
was present and this has been expressed and char-
acterized®’ %2,

Fungal comparative genomics is in an early
stage and, as with streptomycetes, much informa-
tion about secondary metabolism is anticipated.
Fifteen further fungi are to be sequenced,
including the pathogen Aspergillus fumigatus.
Also of interest will be the pathogenic basidio-
mycete Cryptococcus neoformans that, as with
P, chrysosporium, may have a large CYPome as it
is also associated with life in hollow eucalyptus
trees and may therefore have evolved in a similar
niche. Information on these projects is available
on the web at the Sanger Center and TIGR sites.

Purification of fungal CYPs from cell extracts
is a difficult task due to the usual low specific
content, instability, and the presence of multiple
forms. The fungal steroid hydroxylase CYPs have
been studied and a polycyclic aromatic hydrocar-
bon hydroxylase”® ®. The emergence of genomes
and the ability to express the CYPs present in
E. coli or yeast has greatly facilitated their
study, as will the application of transcription
profiling.

In an early study by British Petroleum, the use
of a Candida sp. producing single-cell protein
from oil was envisaged. Although this became
economically unviable during the 1970s with the
rise in oil prices, it became apparent that CYP was
responsible for the initial oxidation and that the
CYPs responsible were from a new family,
CYP52% %, Other CYP52s have been found and
studied in many yeasts, including C. maltosa and
Yarrowia lipolytica®’> 8. Typically, many CYP52s
are present in these yeast. Eight were found in
C. maltosa, and knocking out four of these genes
(also called ALK genes in the yeast nomenclature)
prevented growth on n-alkane®”.
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Other fungal CYP families identified include a
benzoate para-hydroxylase from Aspergillus niger
and a cycloheximide inducible CYP54 from
N. crassa®® . CYP55 (P450, ) from Fusarium
oxysporum represented a new class of CYP, as it is
soluble, and carries out nitric oxide reduction
without the need for a CYP-reductase (CPR) or a
requirement for molecular oxygen. It was the first
eukaryotic CYP to have its structure resolved and
was a member of a new class of CYP?3,

CYP56 was found to be needed for dityrosine
production for the spore walls of S. cerevisiae®,
while CYP57 was identified among a group of
six pea pathogenicity genes as a gene on a super-
numary chromosome of Nectria haematococca. It
plays a role in detoxifying the phytoalexin pisatin
produced by the plant host!°!, CYP61, as men-
tioned above, is responsible for sterol C22-desatu-
ration during ergosterol biosynthesis®’ 1027104,
Interestingly, some rice planthoppets and anobiid
beetles use symbiotic yeast-like symbionts as a
sterol source!%5. However, unlike in the beetles,
the planthopper symbiont has a defective CYP61
containing nonsense mutations and therefore
accumulates ergosta-5,7,24(28)-trienol. The selec-
tion of this change is interesting in terms of the
benefits in the relationship.

Some CYPs (CYP58, 59, 64) have been found
to play a role in aflatoxin and mycotoxin biosyn-
thesis'%1%8 while CYP68 is in a gene cluster
involved in giberellin biosynthesis in Giberella
Sfujikuroi*®, and another CYP is in the biosynthetic
pathway of paxilline synthesis by Penicillium
paxilli''®, Fungal genome analysis will reveal
many more CYPs involved in biosynthetic path-
ways of known and unknown natural products.
Further novel CYP forms can also be anticipated,
such as CYP50S from F oxysporum that metabo-
lizes fatty acids and is a membrane-bound CYP
with a C-terminal CPR fusion!!!,

7. Azole Antifungals and the
Evolution of New Resistant
Genes

Antifungal treatments have become increas-
ingly important as fungal infections have become
one of the top five most frequently encountered in
the clinic. This increase is associated with the
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opportunistic nature of these fungal microorgan-
isms that prey on the old and young, but also
increasingly on patients in intensive care as well
as with HIV, during cancer chemotherapy, and
after organ transplantation''?. The infections
are by a variety of fungal species that also vary
geographically, as well as demographically, but
among the most important are C. albicans,
increasingly other Candida spp. (such as Candida
glabrata and Candida krusei), C. neoformans,
A. fumigatus, Histoplasma capsulatus, Pneumo-
cystis carinii, Coccidiodes immitis, Penicillium
italicum, Fusarium (normally associated with dis-
eases in plants), and even man’s best friend,
S. cerevisiae. Equally frequent are the skin and
nail infections produced by dermatophytic fungi
(Trichophyton rubrum, Epidermophyton spp.,
Microsporum spp.), which represent a significant
market for drugs, albeit not because of life-threat-
ening conditions. However, of the hundreds of
thousands of fungal species, only about a hundred
are reported as pathogens!!3.

7.1. The Fungal CYP51 System

During the 1960s and 1970s a series of agro-
chemical fungicides and clinical antimycotics
became available that were found, in studies with
the plant pathogen Ustilago maydis, to be inhibit-
ing sterol Cl4-demethylation'!. This was also
observed for azole compounds when treating
C. albicans infections'!>. This step of sterol bio-
synthesis had been postulated to be a cytochrome
P450-mediated activity!'®- 7. In pioneering work
by Yoshida, Aoyama, and colleagues, CYP was
purified and characterized from S. cerevisiae and,
in a series of studies, they looked at the demethy-
lation event occurring via three sequential
monooxygenase reactions, and also at the enzy-
matic and electron transport requirements of
the system that involved a typical eukaryotic
NADPH-CPR!'® 1% The reaction sequence was
tested using recombinant C. albicans CYP51 pro-
tein and it was shown that the acyl-carbon bond
cleavage occurred by a mechanism similar to
those proposed by Akhtar and colleagues for the
reactions involving CYP17 and CYP19!2% 121 In
other studies, CYP was purified from S. cerevisiae
and shown to metabolize benzo(a)pyrene!?2. This
was presumably the form that was responsible for
activating pro-carcinogens in yeast genotoxicity



604

B Eburicol

HO"™
14-methylfecosterol

C5,6-desaturase

HO""

Ho 14-methyl-3,6-diol

Steven L. Kelly et al.

Ergosterol

Figure 13.7. The sterols accumulating under azole treatment of C. albicans including the end-product, 14a-
methylergosta-8,24(28)-dien-3B,6c-diol, that does not support growth and requires sterol C5-desaturase
for biosynthesis. In most fungi, the substrate for CYP51 is more likely eburicol under normal conditions, and

not lanosterol, although both are metabolized.

assays!?> 124, The CYP purified was most likely
CYP61, which has a low-level activity in
benzo(a)pyrene metabolism as well as an endoge-
nous activity in sterol C22-desaturation*® 104 125,
Genetic analysis of CYP51 by gene disruption,
the first for a CYP in any organism, demonstrated
the essential nature of the gene product®.
Chemical inhibition of CYP activity was also
studied and genetic suppression of the effect of
azole mhibition (by ketoconazole and flucona-
zole) was found to be mediated by sterol
CS5-desaturase mutants. These mutants changed

the sterol accumulating under treatment from a
fungistatic  end-product, 14a-methylergosta-
8,24(28)-dien-38,6a-diol, to a functional end-
product, 14a-methylfecosterol. This conversion
required sterol CS5-desaturase and therefore
revealed sterol CS-desaturase to be implicated in
the mode of action of azoles through introduction
of a 6-OH group into 14-methy! sterol in a pre-
sumed attempted desaturation'?®. Subsequently,
this was also found to suppress the genetic disrup-
tion of the CYP51 locus'?” 128, The discovery in
the clinic of similar azole-resistant sterol
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C5-desaturase mutants of C. albicans confirmed the
central role of this biotransformation in the mode of
action in a clinical setting!?> 13°. Sterol profiles
of untreated and treated C. albicans illustrate the
major sterols accumulating in wild-type and sterol
C5-desaturase defective mutants (Figure 13.7).

It has also been found that the lethal effect of a
sterol C4-methyl oxidase gene knockout can be
suppressed by a mutation in CYP5I'3!. These
mutants accumulate lanosterol without further
sterol metabolism and this indicates that lano-
sterol itself can support yeast growth despite pre-
vious sterol-feeding studies to the contrary'*2.
Consequently, retention of a C14 methyl group on
a sterol does not in itself make the sterol nonfunc-
tional, as might be expected from the original
events resulting in the evolution of the sterol
pathway.

One additional point of interest here is the use
of azole antifungals and CYPS51 in proof of prin-
cipal experiments within functional genomics, as
pioneered using the yeast genome. Transcriptome
studies with S. cerevisiae following treatment with
fluconazole revealed increased CYP51 expres-
sion, showing the effect of the inhibitor and the
usefulness of transcriptomics for determining
drug mode of action!3 134,

For activity, eukaryotic CYPs located in the
endoplasmic reticulum require NADPH-CPR to
provide the first and/or the second electron needed
for the catalytic cycle (see Chapter 4)!%°. Gene
disruption of yeast CPR was surprisingly not
lethal!3®, although the genome subsequently
revealed no further CPR genes!?’, and cells still
synthesized ergosterol!3%, The source of electrons
to support the requirement of CYPS1land CYP61
for ergosterol biosynthesis has been studied and
genetic evidence and reconstitution studies have
shown that cytochrome b5 and cytochrome bS5-
reductase are responsible (Figure 13.7)!*%. This
represents a difference from animals, where a
CPR gene knockout in Caenorhabditis elegans
and mouse is lethal' %141, Further differences exist
in the yeast CPR, for which soluble forms have
been produced that can support CYP activity, as
shown in reconstitution assays and in genetic
complementation studies using suitable yeast
strains'3® 142 Thus assumptions based on studies
with mammalian systems may not be applicable
across other Kingdoms or in other areas of CYP
biology.
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7.2. Azole Activity and
Resistance in Fungi

In the early 1980s, it was first reported that
resistance to the antifungal agent ketoconazole
occurred in patients suffering chronic mucocuta-
neous candidiasis, but a general problem with
antifungal resistance had never been encountered
clinically. Resistance, had however, been seen in
agriculture in the 1980s with the use of related
fungicides generically termed demethylase
inhibitors (DMIs).

Azoles bind to the heme of fungal CYP as a
sixth ligand, as evidenced by the generation of
Type II spectra using fungal microsomes, typically
with a maximum at approximately 430 nm and a
minimum at approximately 410 nm!43. This inter-
action involves the N-3 of an imidazole ring or
the N-4 of a triazole ring as a ligand to the heme,
resulting in the formation of a low-spin, azole-
bound complex. It had been known from 1972 that
imidazoles could be CYP inhibitors'*. A similar
interaction was seen for the antifungal pyridyl
compound buthiobate on binding to purified
S. cerevisiae CYP51'%. The studies on buthiobate
showed saturation of the Type II spectra with
a one-to-one ratio of the antifungal and CYP5I,
reflecting the high affinity of binding, although
buthiobate and other azole antifungals can be
displaced by carbon monoxide.

The orally administered antifungal drug keto-
conazole was followed into clinical use by flu-
conazole and itraconazole, and more recently
voriconazole, with further compounds still in
clinical evaluation trials, including posaconazole
and ravuconazole (Figure 13.8)!!2. In contrast,
the range of agrochemicals that are in use is more
diverse, and although newer compounds have
been developed with alternate modes of action,
resistance problems will emerge, necessitating a
requirement for azoles. Resistance has emerged as
a serious problem for agricultural and clinical use
of azoles, but there is seemingly no potential
causal link as with bacteria and concerns over the
use of growth promotant antibiotics on the farm.
The compounds have a selective effect on the
pathogen over the effect on the human/plant
CYP51, although direct comparisons at the level
of the enzyme suggest that the sensitivities are
closer to each other than might be anticipated
(>10-fold)'46- 147 Possibly CYP pools give a
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Figure 13.8. The typical CYP catalytic cycle with the potential for the second electron to be provided via
cytochrome bS rather than NADPH-cytochrome P450 reductase and the alternative observed in yeast where NADPH-
cytochrome P450 reductase is not essential.

protective effect against CYP51 inhibitors in  for new azole drugs is being investigated. Some of
plants and humans. these are shown in Figure 13.9.

With the emergence of the AIDS epidemic Resistance to ketoconazole was studied in the
oropharengeal candidiasis became a serious prob-  1980s in isolates obtained from patients suffering
lem and is often the presenting symptom indicat- chronic mucocutaneous candidiasis. One of these,
ing HIV infection, while in Southeast Asia it is from the Darlington isolate(s), has been found to
often cryptococcosis. Aspergillosis is a serious contain defective sterol C5-desaturase and altered
health risk in organ-transplant patients and treat- CYP51 proteins, with the latter containing the
ment success is much less than for common bac-  substitutions Y132H and I1471T“%. Multiple
terial infections: here it appears that the latest mechanisms of resistance, between and within
azole drug voriconazole is superior to ampho- individual strains, is a common finding since the
tericin, the previous drug of choice for this infec- mid-1990s, when fluconazole resistance, prima-
tion!!% 113, With prolonged and often prophylactic ~ rily in HIV positive patients, became a clinical
use of azole drugs it is not surprising that resist-  problem. First, some resistant strains of C. albicans
ance has emerged, requiring increasing drug treat-  from HIV patients were found to contain reduced
ment to control disease, especially for candidiasis.  concentrations of fluconazole!*- 150, and this was
Molecular investigation of the mechanisms giving  correlated with overexpression of transporters of
rise to resistance is ongoing the relevance of these the ABC superfamily, notably Cdrlp and Cdr2p
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Figure 13.9. Some azole antifungals in current clinical use and under trial.

(Candida drug resistance proteins)!>! 152, In addi-
tion, other studies implicated a major facilitator
transporter of C. albicans in drug resistance
(MDR1), as well as showing that CDR1 and CDR2
played a role in transporting the drug!s! 153 154,
Other C. albicans resistant trains have shown
defective sterol C5-desaturase activities, including
some from AIDS patients and from patients suf-
fering infections as a result of leukemia'?% 130,
Changes in CYP51 expression have been
detected in resistant strains, but the role in causing
resistance is unclear. For instance, in two studies

on different series of isolates from two patients
during the emergence of resistance, increased
mRNA levels for CYP51 were observed in addi-
tion to increased transcription of drug transporters
(CDR and MDR1) and substitutions in the amino
acid sequence of CYP51 (R467K and G4648S,
respectively) '3 154 Overexpression of CYP51
on plasmids causes only a small increase in
resistance, so this is not definitively identified as
a cause of resistance!?’. In a different setting, a
Penicillium digitanum resistant strain exhibited
five repeats of a 126 bp sequence in the CYP5/
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promoter of a resistant strain, in comparison to
one in a sensitive strain, and this may represent a
resistance mechanism that results in enhanced
CYP51 expression!'®®. A. fumigatus has two
CYP51 genes, as in other aspergilli'®®, and this
could also be the mechanism that makes it insen-
sitive to fluconazole, although itraconazole resist-
ance in A. fumigatus may be the result of
mechanisms similar to those described in more
detail here for C. albicans'>’.

An isolate of S. cerevisiae, SG1, defective in
sterol C14-demethylation, contained the substitu-
tion G310H, had an inactive protein, and was
azole resistant'*®. The resistance was due to
the second sterol C5-desaturase defect of the
strain that suppressed the effect of the block
in 14-demethylation. 14-Methyl-ergosta-24,(28)-
dien-3,6-diol normally accumulates when 14-
demethylation is blocked, but with a second defect
in 5-desaturation, the functional sterol 14-
methylfecosterol accumulates instead'?’. Other
circumstantial evidence for mutant CYP51 result-
ing in azole resistance was observed'®, but it was
not until 1997 that the first published evidence of
changes in C. albicans CYP51 as a cause of resist-
ance in practical settings appeared. These were
reported for laboratory studies that had indicated
that the change T315A in C. albicans CYPS51
could alter fluconazole resistance when expressed
in S cerevisiae!®. However, in a study of 18
resistant and 18 fluconazole resistant C. albicans
isolates, a number of amino acid substitutions
were observed in the resistant cohort suggestive
of a causal link (Table 13.5). These included the
change G464S observed in many subsequent
investigations!¢!. One particular problem was the
absence of a parental isolate to compare resistant
strains to, but a number of studies allowed
sequential sets to be investigated that were
obtained during the treatment of a patient and the
emergence of resistance. In one set of 17 isolates,
a number of molecular changes were observed,
including increased transcription of Cdrlp ABC
transporter that can confer cross-resistance to
other azoles, and of Mdrlp, a major facilitator
transporter, that confer fluconazole resistance!!,
During the study, increased transcript levels of
CYP51 were also observed in later isolates.
Furthermore, the substitution R467K in CYP51
produced an active protein with reduced affinity
for fluconazole, as demonstrated by in vitro sterol
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Table 13.5. A List of Amino acid
Substitutions Observed in CYP51 Among
Clinical Fluconazole Resistant Candida albicans

CYPS51 substitution References

F72L Favre et al., 1999
F105L Loeffler et al., 1997
DI16E Favre et al., 1999
F126L Favre et al., 1999
K128T Sanglard et al., 1998
G129A Sanglard et al., 1998
YI32H Sanglard et al., 1998
K143E Favre et al., 1999
Al49V Marichal et al., 1999
DI53E Marichal et al., 1999
E165Y Marichal et al., 1999
T229A Favre et al., 1999
E266Q Sanglard et al., 1998
E266D Loeffler et al., 1997
Favre et al., 1999
S279Y Marichal et al., 1999
K287R Loeftler et al., 1997
G307S Perea et al., 2001
S405Y Favre et al., 1999
S405F Sanglard et al., 1998
Favre et al., 1999
V4371 Sanglard et al., 1998
Favre et al., 1999
G448E Loeffler et al., 1997
F449L Favre et al., 1999
G450E Loeffler er al., 1997
V452A Marichal et al., 1999
G464S Loeffler et al., 1997
Sanglard et al., 1998
Marichal et al., 1999
G465S Loeffler et al., 1997
Marichal et al., 1999
R467K White, 1997
Sanglard et al., 1998
1471T Kakeya et al., 2000
V488l Loeffler et al., 1997

Notes: Not all these changes are known to cause resistance and
only Y132H, G464S, and R467K have been subject to investiga-
tion at the level of protein.

biosynthesis in cell-free extracts and later in stud-
ies on the protein after expression in S. cerevisiae!®2,
Another matched-set of C. albicans detected the
appearance of G464S during the emergence of
resistance'**. As noted by White!>* and Loeffler
et al.!%! the presence of homozygosity in this



The Diversity and Importance of Microbial Cytochromes P450

diploid yeast implied two molecular events in
the selection of resistant CYP5I, an initial
forward mutation followed by gene conversion of
the second allele or (less likely on frequency
grounds) a second identical mutational event in
the second allele. This might be expected to pro-
duce higher level resistance than the heterozygous
condition. Further point mutations in CYP5] from
fluconazole-resistant C. albicans were reported
and yeast expression used to assess the resistance
phenotype associated with the altered proteins
and the altered sensitivity'*2. In many cases,
more than one change from “wild-type” sequence
existed and this allowed additive resistance
changes and neutral CYP51 polymorphisms to be
detected. It is possible, as in reverse transcriptase
substitutions in drug-resistant HIV, that selection
could also involve changes that alter activity of
the resistant protein and assist fitness.

Since these studies, a number of others have
identified point mutations implicated in resist-
ance using either in vitro sterol biosynthesis on
cell-free extracts of the C. albicans strains, or
more specifically, expression of the respective
CYP51s and sensitivity testing using a hetero-
logous host, S. cerevisizge. These studies have
revealed a hugely diverse series of changes
scattered across the protein and a list of these
is included in Table 13.4!48. 154 163-165  Eayly
molecular modeling of the CYP51 protein based
on the CYP101 structure did not predict these
residues as being important in azole interac-
tion!%6, although later models took into account
a number of prokaryotic structures and existing
information on fluconazole resistance muta-
tions'®’. Interestingly, the latter model predicted a
kink in the C. albicans CYP51 I-helix, and in the
structure of M. tuberculosis CYP51 a break in the
helix was found*.

Of the mutations observed to-date, the helices
B and B’, FI26L, KI128T, GI29A, Y132H,
K143R, F145L, and K147R would be close to the
access channel. The Y132H mutation has been
detected in a number of studies as well as in com-
bination with different substitutions!*8. 152. 163 and
upon expression in yeast confers a 4-fold increase
in fluconazole resistance and cross-resistance to
itraconazole (2-fold) and ketoconazole (16-
fold)!>2. E266D, R276H, D278E, and S279F are
located at the end of the G-helix and G307S is
the first substitution observed in the clinic to
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be related to resistance and located in the I-helix.
Another cluster of residues associated with
fluconazole resistance in C. albicans CYP51 are
located before the heme-binding region consisting
of G448E, F449L, G450E, and V452A, while
G4648S, G465S, R467K, and I471T are adjacent to
the heme-cysteinyl ligand C470. While all these
changes, together with further numerous unpub-
lished alterations detected recently, need further
characterization to define their effects on flucona-
zole binding, only F126, G464, and R467 are con-
served across CYP51s. The numbers of mutants
found with G464S and R467K were a surprise, as
fluconazole binds above the heme as a sixth ligand
with interaction of the N-1 substituent group
within the active site. These substitutions below
the plane of the heme are presumed to result in
a change in the plane or orientation of the heme
and to have a knockon effect on the location
of the fluconazole bound above the heme!6!> 162,
Surprisingly, in plant pathogens only a change in
the equivalent residue to Y132 in C. albicans has
so far been detected in grape powdery mildew
among 19 resistant isolates!®. This could make a
simple diagnostic test for resistance feasible, as
was also explored by Loeffler et al.'®! but the
diversity of changes found in C. albicans CYP51
make this more complicated for clinical use.

To complete an understanding of the structural
basis of resistance, biophysical studies will be
required. A structure for a mammalian endoplasmic
reticulum associated CYP has been achieved
through expression of a soluble derivative and its
crystallization'®> 1. So far no reports of using
E. coli and CYP51 for this purpose have occurred,
but a soluble derivative that is active has been
produced by expression of CYPS1 containing an
engineered protease site beyond the N-terminal
membrane anchor. This may provide the route to
resolving the structure if crystals can be obtained'*?.

The nature of the diverse mutations giving rise
to fluconazole resistance in C. albicans is remark-
able, but mutations arose mainly in AIDS patients
where resistance occurred in >10% during
extended and prophylactic treatment’l. With
effective HIV treatment, this source of isolates has
diminished as the immunocompetence of patients
has improved. There will remain a problem, how-
ever, with continuation of azole use and
development, and many facets of the resistance
mechanisms remain to be unraveled, including
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precise roles and effects of the diverse mutations
in CYPS1.

8. Conclusions

Microbial CYP biodiversity is presenting an
unexpected challenge as the numbers of CYPs
uncovered makes functional investigation through
high-throughput genomics mandatory in addition to
the more traditional, but essential approaches. The
most facile organisms to study are the model organ-
isms with well-established genetic systems, but
many of the most interesting in terms of their CYP
complements and environmental relevance, such as
P chrysosporium, will be important to tackle even
if more recalcitrant. With many CYPs involved
in metabolic pathways, an emphasis on changing
CYPs to alter end-products will emerge. One of the
most ambitious metabolic engineering projects to
date involved the diversion of yeast ergosterol
biosynthesis toward corticosteroid production,
which involved deleting and adding CYPs to trans-
genic yeast!”. Coupled to the ability to improve
enzymes through processes of directed evolution,
much will be possible in pathway improvement and
invention as well as in biocatalysis'’!.

Comparative genomics between close species
and within strains will add to our information
on the biological roles and evolution of CYPs.
Contributions from currently unrepresented
organisms from the fungi, protista, and algae will
be of great interest in understanding CYP evolu-
tion. With 42 CYPs already detected in the slime-
mould Dictyostelium discoidium, other protists
are likely to have large numbers of CYPs. Where
they are pathogenic, such as Leischmeinia and
Trypanosoma, there will be the added interest of
developing drugs to target these diseases via CYP
inhibition, and azoles are already being used. The
huge wave of CYP information from these pro-
jects will provide a major impetus to finding ways
of establishing function and biotechnological uses
in a systematic manner.
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