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Abstract

The diversity of cytochromes P450s (CYP) in species from various Kingdoms of Life is extensive, sometimes compris-
ing more than 1% of coding genes. Some bacteria do not contain CYP genes while in others, such as the actinomycetes,
they are numerous. Microbial eukaryotes usually contain at least CYP51, the ancestral activity needed for sterol
14-demethylation. This CYP exists in some bacteria such as Methylococcus capsulatus and sterol biosynthesis in this
methane utilising bacterium is discussed together with CYP51-like proteins of bacteria that have other endogenous
functions. In fungi CYP51 is a drug target for azole compounds and here evolution is also occurring to drug resistant
forms. Evolutionary aspects of bacterial sterol biosynthesis are discussed.

1. Introduction

The involvement of the cytochromes P450 (CYP) su-
perfamily in eukaryotic biological processes and toxico-
logy has been widely recognised, but much less well un-
derstood is the importance and diversity of this family of
haem-thiolate proteins in microbes. By the late 1990’s, re-
latively few CYPs had been identified or characterised in
prokaryotes. This situation has undergone a dramatic re-
versal with the advent of wide-scale whole genome se-
quencing of bacteria and other microorganisms. From a
position of relative ignorance regarding microbial CYPs,
we are now beginning to fully appreciate the true level of
diversity of these enzymes within prokaryotes and simple
eukaryotes. Most bacteria, such as Escherichia coli, have
no CYPs present in their genome, whilst at the other end
of the spectrum, members of the genus Mycobacterium
have forty or more CYPs representing 1% of coding genes.
A parallel situation is found in fungi, where a simple bud-
ding yeast such as Saccharomyces cerevisiae requires only
3 CYPs,' but the saprophytic wood-rot fungus Phanaeroc-
haete chrysosporium has in excess of 100 CYPs.”> Other
unicellular eukaryotes, such as the primitive protozoan
Giardia lamblia, appear to have no CYPs present at all.

The scale of microbial CYP biodiversity has stimulated
enormous interest in applying functional genomics and
proteomics to investigate the biological roles of these no-

vel proteins. Such studies have to address two primary is-
sues. First, to understand why many microbes can exist
with no or very few CYPs,' whilst others have large and
diverse suites of these enzymes. Secondly, to develop ex-
perimental approaches for investigating the often comple-
tely novel P450 families to which many of these microbial
CYPs belong.

2. Abundant Cytochromes P450
in Streptomyces spp.
and the Formation
of Secondary Metabolites

Assigning form to function has been most successful
with the bacterial CYPs in the genus Streptomyces. These
organisms are collectively responsible for producing ap-
proximately two-thirds of microbially-derived antibio-
tics,> and a wide array of pharmacologically significant
secondary metabolites.* In addition, they are able to ca-
talyse numerous biotransformations of compounds of in-
dustrial and environmental importance, such as alkaloids,
coumarins and other complex xenobiotics.’ Clues to indi-
vidual streptomycete CYP function have often been re-
vealed by the genes that are associated with them; for
example, gene clusters for macrolide antibiotics often
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contain one or more CYP gene(s) which are involved in
oxidative tailoring. Other CYP-containing operons, show
strong conservation and gene organisation across mem-
bers of the genus.® However, for the vast majority of mi-
crobial CYPs, no useful bioinformatic indicators exist,
and they are effectively “orphans” with no known func-
tion. The situation is further complicated by the fact that
not only do many bacterial CYPs belong to new families,
but that within these families there is often evidence of ge-
ne duplication and diversification, as well as gene loss. In
attempting to understand how CYP diversity has evolved,
our group has been investigating the properties of ance-
stral CYPs: — CYPs that are present in different Kingdoms
of Life. To date, only one CYP has been identified — sterol
140 demethylase (CYPS51) — which is present in bacteria,
lower eukaryotes, plants, fungi and animals.

3. CYP51 has a Central Role
in Sterol Biosynthesis

CYP51 was one of the first CYPs to be fully characte-
rised at both the genetic and biochemical level.” It was
shown to be responsible for catalysing three successive
monooxygenation reactions in a single enzymatic reaction
step in a biosynthetic pathway leading to the synthesis of
sterols in eukaryotic organisms. The presence of CYP51
in plants, animals and fungi led to the hypothesis that this
was an ancestral CYP; an observation given weight by the
later discovery of CYP51 in bacteria.® Some animals, such
as insects, lack the ability to synthesize sterols and have
no CYP51. However, the presence of CYP51 in wide-ran-
ging life forms suggests that in this phylum, whose mem-
bers rely on dietary assimilation of exogenous sterols as
do nematodes, the entire sterol biosynthetic pathway may
have been lost in some strands of animal evolution.

The discovery of a prokaryotic CYP51 in Mycobacte-
rium tuberculosis (MTB) was both unexpected and exci-
ting because of the pharmacological potential.® The struc-
ture of MTB CYP51 was substantially different to eukar-
yotic isoforms, but it was capable of sterol 1400 demethy-
lase activity. However, no sterol biosynthetic products we-
re observed, and a role for this enzyme within the orga-
nism has yet to be determined. Interestingly, another
CYP51-like protein was revealed in Streptomyces coelico-
lor,’ and this too appears to be an orphan of the sterol
biosynthetic pathway or else has arisen by convergent
evolution. The S. coelicolor CYP51 homologue is located
in a different operon structure to that conserved in myco-
bacteria,'® and appears functionally linked to a terpene
synthase that points to a role in secondary metabolism
(and named CYP170). The CYP51 protein is the target for
the azole class of antifungals, and it was intriguing to dis-
cover whether these compounds might also be active
against CYP51 in MTB. Experiments to date show that
whilst current azoles do exert a toxic effect on mycobacte-

ria, they are unlikely to be sufficiently active to be thera-
peutically useful."

4. A Novel CYP51 Isoform
is Involved in Sterol Biosynthesis
in the Methanotrophic Bacterium,
Methylococcus Capsulatus

The second bacterial CYP51 to be discovered came
from the aerobic methanotroph, Methylococcus capsula-
tus. Production of sterols in this organism had been well
characterised previously using classical biochemical
analyses, including GC/MS and NMR. The discovery of
4-dimethyl, 4-methyl and 4-desmethyl sterols gave a
strong indication that a functional CYP51 enzyme was in-
deed present.'> However, several decades elapsed before
these initial biochemical observations could be confirmed
from genomic data. Our group was able to identify a sterol
1400 demethylase ORF in M. capsulatus encoding a pro-
tein with close homology to that of MTB. Interestingly,
this M. capsulatus CYP51 consisted of a CYP51 domain
fused to a ferredoxin domain by an alanine-rich linker or
hinge region (Figure 1). As such, this novel protein, ter-
med MCCYP51FX, represented a completely new class
of cytochromes P450, related to the Class I CYPs."
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Figure 1: The alanine-rich linker region of MCCYP51FX. This lin-
ker may function as a flexible hinge, enabling interaction between
the functional domains of the P450 and ferredoxin components of
the protein. Location of the two ORFs (¢hiC and orf1) flanking mc-
cypS1fx are indicated.

The 1656bp gene for MCCYP51FX was cloned and
expressed in E. coli, and a soluble, active protein of 62.4
kDa was purified by Ni** nitrilotriacetic acid (NTA)-affi-
nity chromatography. This protein was shown to have a
typical CYP-reduced carbon monoxide difference spec-
trum, with a spectral maximum located at 448 nm. Quan-
tification of the iron content showed that there were four
atoms of iron per molecule of MCCYP51FX, confirming
a 3Fe-4S ferredoxin component to the fusion protein, with
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one atom of iron associated with the CYP haem. Enzyma-
tic reconstitution experiments with spinach ferredoxin re-
ductase and lanosterol as substrate demonstrated the pro-
duction of a 14o. demethylated reaction product (silylated
1400 demethylated 4o-methyl-5a-ergosta-8,14,24(28)-
trien-3B-ol)."?

A postscript to the discovery and characterisation of
this bacterial CYP51 was the observation that downstream
and adjacent to the CYP5] of MTB was an ORF encoding
a ferredoxin-like protein (locus tag Rv0763c) with simila-
rity to the fused ferredoxin domain of MCCYP51FX. In
addition, the codon usage patterns used in MTB and M.
capsulatus appear almost identical. These features sug-
gest that the MCCYPS51FX gene may have been horizon-
tally transferred to an ancestor of MTB, with subsequent
loss of the linker/hinge region. Attractive though this
hypothesis may be, it still provides little insight into the
possible role of CYP51 in mycobacteria given that it is not
involved in sterol production.

5. Characterization of the
Post-squalene Pathway of Sterol
Biosynthesis in M. Capsulatus

The discovery and characterisation of CYP51 in M.
capsulatus provided an impetus to search for other genes
of the sterol biosynthetic pathway in this organism. Pro-
duction of sterols is generally associated with eukaryotic
organisms, with different end products in each kingdom
of life: cholesterol in animals, ergosterol in fungi and
phytosterols in plants. In M. capsulatus, a mixture of ste-
rol intermediates were known to be present, including 4c-
methyl-50-cholest-8(14)-en-3[3-ol, 4,4-dimethyl-50 -cho-
lest-8(14)-en-3p-ol, 40-methyl-50-cholest-8(14)24-dien-
3B-ol, and 4,4-dimethyl-50.-cholest-8(14),24-dien-3j3-
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Cytochrome
P450 51,
mecypS51he /’
0
3.0Mb
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cyclase, sghC
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\/ Squalene
1.0 Mb synthase, sgs
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Figure 2: Location of sterol-associated genes on the 3.3 Mb chro-
mosome of Methylococcus capsulatus str.Bath.

ol).'>!* None of the eukaryote terminal sterols were iden-
tified, revealing that only a partial sterol biosynthetic
pathway was likely to be present. Sterol biosynthesis ori-
ginates from squalene, which is converted to 2,3 oxidos-
qualene and then cyclised to form the first sterol molecu-
le, lanosterol. The presence of these intermediates requi-
red that, at the very least, genes encoding a squalene mo-
nooxygenase and an oxidosqualene cyclase had to be pre-
sent alongside the already identified lanosterol 14c de-
methylase. Homology searches of the flanking regions up-
stream and downstream of MCCYP51FX revealed no evi-
dence of predicted sterol pathway members. This confir-
med that whatever genes of the sterol pathway were pre-
sent, they were not organised as a contiguous operon or
functional gene cluster.

However, at a locus some 170kb distant from mccyp51fx
(Figure 2), a pair of overlapping ORFs were discovered
encoding predicted proteins with strong homologies to
oxidosqualene cyclase (alternative name:ERG7) and
squalene monooxygenase (alternative name:ERG1) (Fi-
gure 3A/B)."° The first gene of the pair to be transcribed is
the cyclase (locus tag MCA2873), which was predicted
from the genome annotation (http://www.ncbi.nlm.nih.
gov/sites/entrez?’Db=genome&Cmd=Retrieve&dopt=
Protein+Table&list_uids=507) to be 670 amino acids in
length. However, close inspection revealed the absence of
a candidate Shine-Dalgarno (S-D) sequence upstream of
the initiation codon. In addition, codon usage analysis in-
dicated that a sequence of twelve amino acids upstream of
the assigned initiation codon were predicted to be part of
the expressed protein. We therefore designated a new ini-
tiation codon for this protein, upstream of which were se-
quences encoding both a potential S-D and riboprotein S1
binding sites. The M. capsulatus oxidosqualene cyclase
was therefore 682 amino acids in length, encoded by an
ORF of 2049 bp. The end of the cyclase gene had a 4 bp
overlap with the downstream gene, the predicted squalene
monooxygenase (locus tag MCA2872). This ORF was
1350 bp in length, encoding a predicted protein of 449
amino acids.

The identification of a separate squalene hopane cycla-
se (see below), and the adjacent, overlapping location of
the predicted squalene monooxygenase and oxidosquale-
ne cyclase gave a strong indication that the latter two ge-
nes were directly involved in the biosynthesis of sterol in-
termediates. To demonstrate that this was in fact the case,
a complete molecular characterization of the first three
postsqualene steps of the sterol biosynthetic pathway in
M. capsulatus was carried out.” The monooxygenase and
cyclase genes were cloned and expressed in E. coli, and
the proteins purified by Ni** — NTA affinity chromato-
graphy. Epoxidation of squalene by the monooxygenase
was demonstrated by reconstituting the enzyme activity
following the addition of spinach ferredoxin and ferredo-
xin reductase as electron donor partners, with NADPH as
a source of reducing equivalent. Similarly, catalytic acti-
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Figure3A/3B: Neighbour-Joining trees of selected squalene monooxygenase (3A) and oxidosqualene cyclase (3B) amino acid sequences from fi-
ve Kingdoms of Life. Bacteria — Methylococcus capsulatus; Gemmata obscuriglobus; Stigmatella aurantiaca. Plantae — Land cress (Arabidopsis
thaliana); Radish (Brassica napus), Rice (Oryza sativa), Black oat (Avena strigosa). Fungi — Bakers yeast (Saccharomyces cerevisiae), Fission
yeast, (Schizosaccharomyces pombe), Pneumocystis carinii, Candida albicans. Animalia — Human (Homo sapiens), Mouse (Mus musculus), Rat
(Rattus norvegicus), Protista — Amoeba (Dictyostelium discoideum), Leishmania major, Trypanosoma cruzi.

vity of oxidosqualene cyclase was demonstrated using
oxidosqualene as substrate. Finally, in the MCCYP51FX
reconstitution experiments described above, with spinach
ferredoxin reductase and lanosterol as substrate, the pro-
duction of a 140 demethylated reaction product was
shown.

6. The M. Capsulatus Genome
Encodes Orthologues for Both
Hopanoid and Sterol Biosynthesis

Many bacteria are known to synthesise hopanoids as
sterol surrogates. The first post-squalene step in hopanoid
biosynthesis requires squalene hopane cyclase, an enzyme
which shows several similar structural motifs to oxidos-
qualene cyclase. The synthesis of hopanols has been re-
ported in M. capsulatus,'® and the genome sequence re-
vealed an ORF encoding a predicted squalene hopane
cyclase (locus tag MCAO0812) adjacent to the gene for
squalene synthase (locus tag MCAO0813) (Figure 2). This
organism therefore synthesizes both sterols and hopanols,
although the biological significance of this dual capability
in terms of membrane architecture or other processes re-
mains unclear. The protein homology between M. capsu-
latus squalene hopane cyclase and oxidosqualene cyclase
is low (26% identity, 41% similarity), suggesting that if
these genes are in fact paralogues, then substantial diver-
gence has occurred during the course of their evolutionary
specialisation.

7. CYPS1 and the Evolution
of the Sterol Pathway

This series of experiments was able to demonstrate
conclusively that in M. capsulatus, the early stages of pro-
karyote sterol biosynthesis parallel those seen in fungi and
many animals, and that a cytochrome P450 orthologue of
CYP51 was an essential component of this pathway. Sterol
biosynthesis in prokaryotes remains a relatively rare phe-
nomenon, and has been most well characterised in M. cap-
sulatus,"*™" and the planctomycete Gemmata obscuriglo-
bus.'” The latter has the most abbreviated sterol pathway
known, terminating at lanosterol and parkeol. Recently, se-
veral species in eleven different genera of the fruiting, gli-
ding bacteria, the Myxococcales, have also been shown to
synthesis a variety of sterol intermediates.'®

The existence of sterols as molecular fossils from a
very early period of the Earth’s history (circa 2.7 billion
years ago) confirms that evolution of the sterol pathway
was ancient.'” Currently-known sterol-producing bacterial
taxa occupy widely different branches of the prokaryote
evolutionary tree. The scenario that the sterol biosynthetic
pathway originally arose in bacteria, was then deleted du-
ring evolution from the vast majority of prokaryotes and
yet was retained in a very restricted and diverse subset of
microorganisms, has been questioned.'” An alternative ex-
planation is that there was limited lateral genetic exchan-
ge of sterol genes from ancestral eukaryotes into prokar-
yotes, (or vice versa), which were then retained only in
certain specialised groups of bacteria, but almost all eu-
karyotic microbes. The lateral transfer of genes from eu-

Jackson: P450s in Microbial Sterol Biosynthesis and Drug Targets

61



62

Acta Chim. Slov. 2008, 55, 58-62

karyotes into bacteria such as MTB has been inferred
from genomic profiling.?’ In addition, biosynthetic path-
way genes might have been taken up by microbes from
plant material as a consequence of their saprophytic li-
festyle, such as the cellulolytic pathway of the myxobac-
terium Sorangium cellulosum.?" Indeed, a similar plant-
derived genetic mechanism has been proposed to explain
the presence of CYP51 in the progenitor of M. capsula-
tus/MTB.?

A better understanding of the evolution of sterol path-
ways requires far greater knowledge of the biological ro-
les for sterols in those bacteria in which they occur, and
the coincident function of hopanoids alongside these ste-
rols. On the available evidence, it remains possible that
the prokaryotic ancestor of eukaryotes was also sterol pro-
ducing. The answers to such complex evolutionary and
functional aspects of sterol biosynthesis in prokaryotes
may be revealed as more whole genome data from sterol
producing bacteria become available.
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Raznolikost citokromov P450 (CYP) med vrstami iz razli¢nih kraljestev Zivljenja je velika in v¢asih predstavlja ve¢ kot
1 % kodirajocih genov. Nekatere bakterije ne vsebujejo genov CYP, medtem ko druge, na primer aktinomicete, vsebu-
jejo mnoge. Mikrobni evkarionti povecini vsebujejo vsaj CYP51, starodavno aktivnost, ki je potrebna za 14-demeti-
lacijo sterolov. Ta CYP obstaja v nekaterih bakterijah, na primer v Methylococcus capsulatus. Sinteza sterolov v tej bak-
teriji, ki izkori$¢a metan, je opisana skupaj z drugimi CYP51-podobnimi proteini, ki imajo druga¢ne nedogene funkci-
je. Pri glivah je CYP51 tar&a za azolne spojine, evolucija pa je privedla do na zdravila odpornih sevov. Clanek opisuje

tudi evolucijske aspekte sinteze sterolov pri bakterijah.
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