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Abstract—This review summarizes data about structural and functional organization of steroidogenic P450-dependent
enzymatic systems. Problems of catalysis of steroid substrate transformation, special features of mitochondrial type P450scc
topogenesis, and abilities of some microbial electron transport proteins to support P450 activity in vitro and in vivo are con-
sidered. Principal steps in the creation and catalytic properties of transgenic strains of Escherichia coli, Saccharomyces cere-
visiae, and Yarrowia lipolytica expressing both mammalian steroidogenic P450s and the corresponding electron transport
proteins are also described. Achievements and prospects of using such transgenic strains for biotechnological synthesis and

pharmacological screening are considered.
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Enzymatic systems containing cytochrome P450
(P450) as the terminal oxidase responsible for regio- and
stereoselective hydroxylation of substrate molecules play
the central role in biosynthesis of physiologically active
substances (steroids, D group vitamins, bile acids, etc.)
and oxidation of xenobiotics [1-3]. Due to their wide dis-

Abbreviations: Ad, adrenodoxin, [2Fe-2S]-ferredoxin from
adrenal cortex; AdR, FAD-containing NADPH-adrenodoxin
reductase; CPR, NADPH-cytochrome P450-reductase; ETS,
(enzymatic) electron transport system; Fdc, bacterial [2Fe-
2S]-ferredoxin; Fld1 and Fld2, 1 and 2 type bacterial FMN-
flavodoxins; FLDR, FAD-containing flavodoxin (ferredoxin)
oxidoreductase; HSD, hydroxysteroid dehydrogenase; P450scc
(CYP11Al), cytochrome P450 cholesterol hydroxy-
lase/20,22-lyase; P450c17 (CYP17), cytochrome P450
17a-hydroxylase/17,20-1lyase; P450c11 (CYP11B1, P45011p),
cytochrome P450 11B-hydroxylase; P450c18 (CYP11B2),
cytochrome P450 aldosterone synthase; P450c19 (CYP19,
P450arom), cytochrome P450 aromatase; P450c21 (CYP21),
cytochrome P450 21-hydroxylase; SiR, NADPH -sulfite reduc-
tase.
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tribution, universal structure, and the key role in biosyn-
thesis and metabolism, these systems can be used for
studies on some fundamental problems of modern bio-
chemistry, such as (i) regulation of biosynthesis of physio-
logically active substances on the tissue, subcellular, and
molecular level; (ii) principles of functioning of “multi-
center” enzymes and systems responsible for coordina-
tion of electron transfer, interaction with substrates, and
activation of molecular oxygen; (iii) structural—function-
al aspects of protein—protein and protein—ligand recog-
nition; (iv) molecular mechanisms of phylogenetic diver-
sity of biosynthetic and metabolic pathways.

Findings in the field of monooxygenase catalysis
accumulated during the last 30 years has led to the for-
mulation of some applications, some realized and others
in the stage of development. These applications include:
(i) detection of genetic deficiencies which lead to disor-
ders in biosynthesis of hormones and cause some severe
diseases; (ii) development of economically efficient and
ecologically pure methods of regio- and stereoselective
enzymatic synthesis of hormones (chemical synthesis of
which is inefficient, energy consuming, ecologically dan-
gerous, or impossible); (iii) development of test systems
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based on substrate-specific P450s to be used in develop-
ment and analysis of new antimicrobial agents and modi-
fiers of steroid biosynthesis pathways.

This review summarizes data on steroid-transform-
ing P450 monooxygenases in the field of structural—func-
tional and molecular organization of the enzyme systems,
features of protein topogenesis, substrate specificity, and
interchangeability of mammalian and microbial electron
transport proteins. These data form a basis for new
approaches for reconstructing monooxygenase systems in
microbial cells to create metabolic analogs of steroid-syn-
thesizing organs of mammals.

BIOSYNTHESIS OF STEROIDS
Pathways of Steroid Biosynthesis

Biosynthesis of steroid hormones from cholesterol in
mammals includes oxidative cleavage of the side chain of
cholesterol with a subsequent regio- and stereoselective
hydroxylations catalyzed by P450s: P450scc, P450c17,
P450c21, P450c11, P450c18, and P450c19 [1, 3-5].

The compartmentalization principle is clearly mani-
fested in steroid biosynthesis. P450scc, P450c18, and
P450c11 function in mitochondria of adrenal cortex in
cooperation with the FAD-containing flavoprotein
adrenodoxin reductase (AdR) and [2Fe-2S]-ferredoxin
(adrenodoxin (Ad)). P450c21 and P450c17 catalyze
steroid hydroxylation in the endoplasmic reticulum in
cooperation with the FAD/FMN-flavoprotein NADPH-
cytochrome P450-reductase (CPR). Aromatase P450c19
functions additionally in the ovarian endoplasmic reticu-
lum.

The rate of steroidogenesis is limited by delivery of
cholesterol to the mitochondrial inner membrane. The
delivery of cholesterol to mitochondria and factors that
control this process are comprehensively reviewed in [6].

In adrenal cortex mitochondria, P450scc (scc is an
abbreviation for “side chain cleavage”) catalyzes 22- and
20-hydroxylation and cleavage of the C20—C22 bond
with removal of the cholesterol side chain. The resulting
pregnenolone, which is a precursor of all steroid hor-
mones, leaves mitochondria and enters the endoplasmic
reticulum. Here the further stages of steroidogenesis are
catalyzed by P450c17, which performs 17c-hydroxyla-
tion and the C,;—C,, lyase reaction, and by P450c21,
which performs 21-hydroxylation. In addition to these
P450s, 3B-hydroxysteroid dehydrogenase/A*—>A’ iso-
merase (3B-HSD) is also involved in steroidogenesis in
the endoplasmic reticulum. In the next stage, intermedi-
ate products of the synthesis 11-deoxycorticosterone and
11-deoxycortisol re-enter mitochondria or are secreted
into the blood. From these intermediates the most impor-
tant two corticosteroids, aldosterone and cortisol, are
produced, respectively, in mitochondria of adrenal cortex
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cells under the influence of P450c18 (two-stage 18-oxida-
tion) and P450c11 (11B-hydroxylation).

Virtually all monooxygenase systems of mammalian
adrenal cortex have a number of alternative activities cat-
alyzed by the same form of the protein. This is represent-
ed by a dynamic model, which permits substrate sites of
different P450s (determining regio- and stereospecificity
of reactions) and the heme-bound oxidant to manifest
multiple activities [3] and, consequently, the possibility of
switching of steroid biosynthesis pathways in various
molecular diseases associated with mutations in the
steroidogenic enzymes. Qualitative differences in the
composition of steroidogenic enzymes in different tissues
and subcellular compartments and their substrate speci-
ficity determine the sequence of biosynthesis pathways of
corticosteroids, progestins, and sex hormones.
Quantitative differences in contents of P450c17, CPR,
and cytochrome b5 determine the preferential realization
of biosynthesis of either corticosteroids or androgens and
estrogens [7, 8].

Features of enzymes involved in biosynthesis of
steroid hormones are presented in some reviews. Thus,
two classes of proteins responsible for steroidogenesis in
human beings and mice, P450s and HSD, are reviewed in
work [5] (nomenclature, encoding genes, chromosomal
localization, tissues expressing these proteins, functional
features). Molecular mechanisms and signaling pathways
mediating steroidogenesis in adrenal cortex, sex glands,
placenta, and also in nervous and cardiac tissues are con-
sidered in other works [4, 6, 9-13].

Reactions and Mechanisms of Catalysis
by Cytochromes P450

It is obvious that creation of recombinant microor-
ganisms synthesizing steroid-transforming P450s can be
accompanied by changes in the reaction direction and in
the spectra of products because activities of the microbial
enzymes can be superposed on the substrate-specific
activities of these P450s. To elucidate whether steroid
metabolites are products of heterologously expressed
P450s, it is necessary to consider the mechanism of catal-
ysis by P450, especially with respect to “unusual” reac-
tions.

P450s catalyze various redox reactions, such as C-
hydroxylation, N-, S-, and O-dealkylation, oxidative
deamination and desulfonation, N- and S-oxidation,
oxidative dehalogenation, epoxidation, and production of
peroxy compounds [14, 15]. Major reactions of steroid
transformation by P450s include C-hydroxylation, oxida-
tive cleavage of C—C bonds, and a mechanism-based
inactivation by synthetic compounds containing ethynyl
group. Some other transformations can be observed when
steroid molecules contain some fragments uncommon for
them (e.g. N- or S-atoms).
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These enzymes can also catalyze such “unusual”
reactions as cyclization, reduction and reducing dehalo-
genation, dehydration of oximes, aromatization and
enlargement of cycles, ipso-substitution in para-substitut-
ed phenols [16, 17], and mechanism-based inhibition
[18]. The term “unusual” does not denominate a new cat-
alytic activity of an enzyme. The reaction type is deter-
mined by the nature of the P450 and structure of the sub-
strate and also by environmental conditions during the
reaction. All these processes can be explained by taking
into account mechanisms of catalysis by P450 and gener-
al ideas about regularities of intramolecular rearrange-
ments and reactivity of the resulting substrates (radicals,
ions, ion-radicals). Some cases of “unusual” catalysis can
be exemplified for a certain P450: (i) environment-
caused changes in the stereo- and/or regiospecificity of
reaction with a usual substrate; (ii) minor side reactions;
(iii) transformation of a compound which is unusual as a
physiological substrate of this P450; (iv) reactions condi-
tioned by specific features of the substrate structure (dif-
ferent rearrangements of intermediates and mechanism-
based inactivation; see also the section “Steroid-
Transforming Transgenic Microorganisms for Studies in
Pharmacology”).
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Fig. 1. Scheme of the classical catalytic cycle of oxygen activation
and oxidation of substrates by P450s [18]. I) Transmission of the
first electron onto the heme iron from the protein partner of the
ETS (electron transport system) resulting in transformation of the
P450 heme iron ferri form (1) to ferro form (2); I1) attachment of
oxygen to ferro form with production of an intermediate (3); I11)
transmission of the second electron onto the heme iron from the
protein partner of the ETS with production of a peroxo-iron
intermediate (4); IV) attachment of a proton to the intermediate
(4) resulting in its protonated form (5); V) attachment of another
proton to the intermediate (5) with subsequent detachment of
water and production of a perferryl intermediate (6); VI) isomer-
ization of the perferryl intermediate (6) to a radical form (7); VII)
oxidation of the substrate.

NOVIKOVA et al.

H;CCOOH

Fig. 2. Scheme of C-hydroxylation and cleavage of a C—C bond
by P450. a) C-hydroxylation by the mechanism of hydrogen
abstraction/oxygen rebound; b) cleavage of a C—C bond exempli-
fied by the 17,20-lyase reaction of P450 by the Baeyer—Villiger
mechanism [18, 20]. a: /) abstraction of a hydrogen atom from the
substrate by a perferryl intermediate of the P450 heme; 2)
rearrangements of the P450 heme and substrate intermediates
resulting in reduction of the heme iron to ferri form and formation
of a hydroxylated product (via attachment of a hydroxyl radical to
the substrate intermediate). b: 7) attachment of the distal oxygen
atom of the peroxide intermediate of the P450 heme to the sub-
strate 20-keto-group carbon; 2) formation of a radical intermedi-
ate of the substrate as a result of homolytic cleavage of the O—O
bond; 3) radical 2p3-cleavage of the substrate intermediate result-
ing in 17-keto-product and acetic acid.

Production of reactive oxygen species catalyzed by
P450 is presented in Fig. 1. A reversible substrate attach-
ment is believed to occur at the very beginning of the cat-
alytic cycle (or at any other stage); therefore, it can be
transformed under the influence of any active structure
presented. Structures that directly realize oxidative trans-
formation of a substrate are called “ultimate oxidants”.
The most distributed transformation types are catalyzed
by forms (4)-(7) [19]. The P450-catalyzed cleavage of an
0O-0 bond (the change of (5) to (6)) is promoted by the
mechanism of relay-race charge transfer. This so-called
“push—pull” effect is as follows: the proximal ligand of
the heme iron (cysteine thiolate for P450) and elec-
trophilic fragments of the active site facilitate electron
displacement in the O—O bond and production of new
H—-0 and O—Fe bonds.

The scheme in Fig. 1 is usually considered together
with another scheme that presents a pathway of hydrogen
abstraction/oxygen rebound (Fig. 2). The considered
mechanism helps us rationalize C-hydroxylation and, on
taking into account transformations of radical intermedi-
ates, C—C bond cleavage [18, 20]. The cleavage of C—C
bonds is catalyzed by P450scc, P450c17, P450c19,
140.-demethylase, and some other P450s. Modern studies
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confirm that C—C cleavage in cases of deacylation is
mediated by reactive oxygen species ((4) in the scheme in
Fig. 1). This cleavage is also catalyzed by flavin monooxy-
genases by the Baeyer—Villiger mechanism [21].

Moreover, various external and internal factors can
induce the so-called “abortive detachment” of oxygen:
upon transition to form (1), forms (3) and (4)-(5) (Fig. 1)
produce, respectively, superoxide radicals and hydrogen
peroxide. These particles can manifest their own oxidiz-
ing activity [22, 23]. They are relatively stable and can
therefore oxidize both the active site fragments and any
other component of the system.

Peroxides, in turn, can attach to the P450 heme iron
producing form (5) or its analog with subsequent forma-
tion of (6)-(7). Thus, P450s can manifest peroxidase
activity [24]. However, such a “shunt” has minimal activ-
ity among P450s and is seldom realized, especially in vivo
[25]. If iodosylbenzene is used as an artificial oxidant,
P450 produces only forms (6)-(7), omitting forms (3)-(5)
[26].

Although the above-presented mechanisms are
rather reasonable, universal, and allow us to explain vir-
tually all reactions catalyzed by P450, many studies sug-
gest that the real chemistry of the processes can be more
complicated and variable. The role of a ultimate oxidant
can be played by HO* and some other structures [27].
Note that these schemes do not take into account the sig-
nificance for catalysis of the active site structure, espe-
cially that of amino acids that are proton donors or
acceptors.

RECONSTRUCTION in vitro
OF STEROID-TRANSFORMING SYSTEMS
FROM INDIVIDUAL PROTEINS

Preparation of Proteins

Monooxygenase systems were studied using high
affinity interactions of immobilized proteins, modified
substrates, and group-specific ligands, and this became a
prerequisite to elaboration of enzymatic engineering
approaches for steroid hydroxylases. More than 20 vari-
ous homogenous proteins have been used by the authors
of the present review for reconstruction of steroid-trans-
forming systems and investigation of interchangeability of
electron transport proteins. P450s with different substrate
specificity and electron transport proteins of mitochondr-
ial and microsomal systems of mammals and microorgan-
isms have been prepared using original methods [3].

Protein components of mitochondrial steroid-trans-
forming systems were prepared using immobilized ferre-
doxins [28]. Adrenodoxin (Ad) was immobilized through
a-NH, groups of Serl and e-amino groups of Lys5,
Lys16, and Lys23 onto bromocyan-Sepharose. Based on
the high affinity, chemically homogenous P450scc and
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P450c11 were selectively isolated in complex-producing
pairs from crude extracts, and AdR was prepared by affin-
ity chromatography on Ad-Sepharose. Ad-Sepharose
with a spacer was synthesized by combining a pre-thiolat-
ed Ad with bromocyan-Sepharose. Using Ad-Sepharose
with the spacer allowed us to significantly increase the
activity of the immobilized Ad in the cholesterol side
chain cleavage reaction due to more complete realization
of its functions in electron transfer and complex-forma-
tion during catalysis by the monooxygenase.

Immobilized preparations of cytochrome ¢ were syn-
thesized in order to confirm the principle of complemen-
tary interaction of some electron transport proteins [29].
Modification of free carboxyl groups of cytochrome ¢ by
histamine enriched the protein with imidazole groups,
which were more available for binding with bromoacetyl-
Sepharose than His and Met residues in the native protein
molecule. Using this scheme, cytochrome ¢ was immobi-
lized on bromoacetyl-Sepharose after insertion of three
additional imidazole groups. Selectivity and efficiency of
the synthesized sorbent were demonstrated on purifica-
tion of Ad, hepatoredoxin, cytochrome b5, and isolation
of a tryptic fragment of cytochrome bs.

Immobilization of P450scc and P450c11 through
free SH-groups allowed us to study the distribution of
available cysteine residues and assess their role for func-
tioning of the hemoproteins. Immobilization of P450scc
under denaturing conditions by coupling with thiopropyl-
Sepharose was accompanied by release of 2.1-2.3 thiopy-
ridone equivalents. Using the different availability of cys-
teine residues in the native and denatured protein and dif-
ferent distribution of cysteine residues in domains F1 and
F2, a scheme was developed for selective separation of
domains upon trypsinolysis of the native P450scc. In the
crude chymotryptic hydrolysate of denatured P450scc
immobilized on thiopropyl-Sepharose, two cysteine-con-
taining peptides were found that contained residues
Cys262 and Cys422. The latter residue was localized in a
highly homologous conservative region and under native
conditions acted as a ligand of the heme iron [30].

Reconstructions of Mitochondrial Type
Monooxygenase Systems

Fundamental functional, physicochemical, and
structural parameters that determine the functional anal-
ogy of reductase components in mitochondrial steroid-
transforming systems involved in different pathways of
cholesterol metabolism in mammals were evaluated:
biosynthesis of steroid hormones in the adrenal cortex
and bile acids the liver [31]. Kinetics of recombination of
carbon monoxide with high- and low-spin forms of the
hemoprotein were studied using pulse photolysis [32], the
rate of elementary stages of electron transfer depending
on stoichiometry of protein electron carriers was assessed
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by the stopped-flow method, and spectral changes gener-
ated by amino acid residues or the heme chromophore
were evaluated by tandem differential spectroscopy of
second derivatives in the mid UV and visible regions of
the spectrum [33].

To compare the substrate specificity of P450scc and
P45027A1, activities were determined of reconstructed
steroid-hydroxylating systems with the reciprocal substi-
tution of substrates (cholesterol and 3a,7a,120-53-
cholestanetriol) and electron transport proteins [34]. The
establishment of the ferredoxin active site structure was
important from the viewpoint of interchangeability of
electron transport proteins. Chemical modification of
cysteine residues with '*C-labeled iodoacetamide and a
subsequent establishment of the structure of cysteine-
containing peptides and leveling of amino acid sequences
of the polypeptide chains involved in the [2Fe-2S]-cluster
formation resulted in suggestion of possible schemes of
the spatial organization of the active site of ferredoxins
expressed in adrenal cortex and liver [35].

Much data have been accumulated about kinetic,
spectral, and thermodynamic parameters of protein—pro-
tein interactions between components of mitochondrial
steroid-hydroxylating systems. Two hypothetical mecha-
nisms are supposed for the interaction of adrenodoxin
with its partners: a cluster mechanism that includes for-
mation of an associated triple complex P450scc/Ad/AdR
[36, 37] and a “shuttle” mechanism that includes the
interaction of Ad in turn with P450scc and AdR [38].
Some findings also suggest production of Ad dimer [28]
capable of interacting with AdR and P450scc, with a suc-
cessive electron transfer from AdR to P450scc by the
“bridge” formed by two Ads [39]. Based on reports about
double complexes between Ad and AdR and Ad and P450
and about overlapping of the AdR and P450scc binding
sites in the Ad molecule [40-43], some authors believe the
“shuttle” mechanism to be the most likely [44], but the
literature also presents data supporting the cluster mech-
anism [45-47].

Reciprocal Reconstruction of Microsomal
and Mitochondrial Monooxygenase Systems
and Interchangeability of Microbial
and Mammalian Electron Transport Proteins

This reconstruction suggests a recombination of
mitochondrial and microsomal proteins from mammals
and microorganisms. Significant results were obtained
showing an effective functional coupling of CPRs isolat-
ed from Candida maltosa and Yarrowia lipolytica with
microsomal P450c21 and coumarin-7-hydroxylating
P450 and also the possibility to use the plant sterol -
sitosterol as a substrate in the P450scc-system of choles-
terol side chain cleavage. In contrast, use for reconstruc-
tion of microbial microsomal CPRs with the mammalian

NOVIKOVA et al.

mitochondrial P450scc and P450c11 led to a 50-500-fold
decrease in activity [48, 49].

Enzymatic electron transport systems (ETS) were
detected later in microorganisms capable of transporting
electrons onto the heme iron in a number of mammalian
P450s under both in vitro and in vivo conditions. The
presence of such proteins in a host microorganism during
reconstruction of the steroid-transforming P450
monooxygenase systems partially or completely abolished
the necessity for expressing proteins of the P450-depend-
ent mammalian ETS.

Proteins of microbial electron transport systems
capable of interacting with mammalian cytochromes P450.
Ferredoxin from the bacterium E. coli (Fdc) is a small
water-soluble anionic [2Fe-2S]-protein [50] that is
thought to be involved in a sophisticated system of iron-
sulfur cluster formation in many proteins of E. coli [51,
52]. The primary structure and redox features of Fdc
resemble those of ferredoxins from green plants and
cyanobacteria and Ad and putidaredoxin of the camphor-
hydrolyzing system from the bacterium Pseudomonas
putida. Fdc can reduce type 1 and 2 flavodoxins (FId).
The half-reduction potential of Fdc is more negative
(—380 mV) than that of the P450scc—cholesterol system
(=290 mV) [53], and this suggests that Fdc can reduce
P450scc and P450c11 heterologously expressed in E. coli
[54].

Small anionic water-soluble FMN-containing pro-
teins Fld1 and F1d2 [55] are physiological partners of the
FAD-containing flavodoxin (ferredoxin) oxidoreductase
(FIdR) [56]. Systems of FIdR—FId1 and FIdR—FId2 cat-
alyze electron transfer from NAD(P)H onto some impor-
tant elements of E. coli [57]. The back reaction of
NADP" reduction to NADPH is also catalyzed by the
FIdR—FId systems and protects the bacteria against
oxidative stress [58]. The system of NADPH/FIdR/Fld
contributes to the 17a-hydroxylase and 17,20-lyase activ-
ities of P450c17, but markedly weaker than CPR. Studies
on the reduction kinetics have suggested that Fld can
carry an electron from FIdR onto the heme-containing
domain of the flavocytochrome P450-BM3 (a fatty acid
hydroxylase from the bacterium Bacillus megaterium) and
P450c17 by the “shuttle” mechanism, successively pro-
ducing complexes with 1 : 1 stoichiometry [55, 59, 60].
Direct interaction with P450s is confirmed by the suc-
cessful use of Fld-Sepharose for isolation and purification
of P450c17 and P450c21 [61].

FIdR and FId from the cyanobacterium Anabaena
can support 17o-hydroxylation of progesterone and
reduction of cytochrome ¢ by P450c17. The maximal rate
of these reactions is two-threefold higher than for the sys-
tem from E. coli but is significantly lower than the rate of
the native system of CPR—-P450c¢17 [62].

NADPH sulfite reductase (SiR) from E. coli is a
multimeric hemoflavoprotein consisting of eight flavin o.-
subunits (SiR—FP) and four B-subunits of the heme. SiR
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catalyzes the six-electron reduction of sulfite to sulfide.
Each a-subunit contains FAD and FMN as prosthetic
groups. The primary structure of SiIR—FP is similar to the
CPR structure, and two C-terminal regions form a
cationic FIdR-like domain [63]. SiR—FP catalyzes the
17-hydroxylation of pregnenolone in the presence of
P450c17 at 12-15-fold lower activity than the mammalian
CPR. P450c17 interacts with the FMN-binding N-ter-
minal region of SiR—FP [64, 65].

Yeast CPRs are functional with the host’s own P450s
and can also support heterologously expressed microso-
mal P450c17, P450c21, and P450 1A [66-68]. In the yeast
Saccharomyces cerevisiae, the genes YAH1 [69] and ARH 1
[70] encode proteins that are highly homologous to mam-
malian Ad and AdR, respectively. In cooperation with
Ad, Arhlp can catalyze the NADPH-dependent in vitro
reduction of ferricyanide and cytochrome ¢ and support
the 11B-hydroxylase activity of P450c11 [71]. However,
Yahlp from S. cerevisiae could not act instead of Ad in the
reconstructed systems of steroid hydroxylation. An Ad
homolog from the fission yeast Schizosaccharomyces
pombe etpl containing a [2Fe-2S]-cluster was shown to
substitute for Ad in reconstructed systems and transfer
electrons from AdR onto both the bovine P450scc and
P450c11 and the human P450scc and P450c18 [72]. A
homologous to AdR protein Arhlp from S. pombe dis-
played a weak ability for binding FAD, whereas modified
Arh1l A18G had some spectral and functional features
similar to those of AdR.

Covalent Sorptional Reconstruction of Steroid
Hydroxylases and Preparation of Radiolabeled Steroids

Three approaches were used for covalent sorptional
reconstruction: reaction in a volume, flow minicolumns,
and direct spectrophotometric monitoring of functional
states of immobilized proteins in flow microcuvettes.
Multienzyme complexes of monooxygenase systems were
established to be double or triple protein complexes pos-
sessing conformational mobility and ability for recombi-
nation. During separate elementary stages of the
monooxygenase cycle (substrate binding, reduction, oxy-
genation), the monooxygenase system proteins are main-
ly in an associated state [73, 74].

The established features of the covalent sorptional
reconstruction facilitated the development of some
approaches for selective preparation of radiolabeled
steroids from their available precursor cholesterol.
Chemical methods for preparation of *H- and "“C-labeled
steroids are based on two fundamentally different
approaches. '*C-Labeled steroids are prepared based on
interaction of the labeled Grignard reagent with steroid
enol-lactones. Tritium-labeled steroids can be prepared
by hydration of unsaturated precursors with gaseous tri-
tium. Enzymatic approaches allowed the same scheme to
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be used for preparation of a broad spectrum of the most
important radiolabeled steroids from the same labeled
precursor ("*C- or *H-labeled cholesterol) [75, 76].

SYSTEMS OF HETEROLOGOUS EXPRESSION
FOR STUDIES ON TOPOGENESIS
OF CYTOCHROME P450scc

Data on proteins of steroid-transforming systems
obtained in different host organisms are essential prereq-
uisites for constructing transgenic microorganisms for
biotechnological synthesis of steroid hormones from
available precursors using the heterologous expression of
P450s. Studies on P450scc are especially important for
both theory and practice because expression of the
P450scc monooxygenase system in microorganisms is
promising for solution of the crucial problem of synthesis
of C21-steroids, i.e. conversion of cholesterol (or its
analogs) into pregnenolone.

P450scc is synthesized and provides for synthesis
from cholesterol of many biologically active steroids in
mammalian steroidogenic tissues, the central and periph-
eral nerve system cells [77] and cardiac tissue [78].

cDNAs of CYPI1A1l have now been cloned from
various sources [5]. The structure and localization of the
human and mouse CYP11Al gene are determined [79-
82]. Amino acid sequences of P450scc from different
mammals are highly homologous, e.g. for P450scc from
bovine and human adrenals the homology is higher than
70% [5].

P450scc is a b-type cytochrome [83]; its mature form
contains 1 mole heme per mole protein. Its prosthetic
group, the heme, is ferroporphyrin IX, which is approxi-
mately parallel to the membrane surface and not sub-
merged into the hydrophobic layer of the membrane [84].

Structural Organization of Cytochrome P450scc

The primary structure of the cholesterol-transform-
ing P450scc was established by protein chemistry meth-
ods [85]. This problem was solved, first of all, due to
development of a highly effective method for preparation
of a homogenous P450scc by affinity chromatography on
immobilized Ad, elucidation of the hemoprotein domain
structure by limited proteolysis, and development of a
method for preparing large fragments of the protein (F1
and F2) by thiol-disulfide exchange chromatography [30,
86]. The primary structure of the protein precursor of
P450scc was established in work [87] based on DNA
sequencing.

Attempts to prepare P450scc crystals suitable for X-
ray crystallographic analysis have not been successful.
The literature presents only computer-aided models of
this protein on the base of experimental three-dimen-
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sional structures of P450cam (camphor hydroxylase from
Pseudomonas putida), P450-BM3, P4502C5, and
P4502B4 [88-91]. The alignment of amino acid
sequences of P450scc from different mammals, site-
directed mutagenesis, and analysis of the available mod-
els of spatial structure have provided information about
organization of the functionally important regions of
P450scc. A model of the P450scc active site presented in
work [92] shows positions of the heme, substrate, and
amino acid residues of the active site. The heme-binding
loop, which includes the sequence Phe-X-X-Gly-Arg-X-
Cys-X-Gly specific for all P450s and containing the
absolutely conservative for P450s residue Cys (which is
the fifth ligand of the heme iron), is localized in the C-
terminal part of the polypeptide chain. In P450scc the site
of interaction with Ad is immediately adjacent to the
heme-binding domain [93], and negatively charged
amino acid residues of Ad interact with positively charged
residues of P450scc [89]. The region of the substrate pri-
mary binding is localized in the N-terminal part of the
polypeptide chain (amino acids 8-28) [94, 95]. The sub-
strate specificity and regioselectivity of hydroxylation in
both bacterial and mammalian P450s are determined by
specific residues in the loop B'-C [96, 97].

Features of Cytochrome P450scc Topogenesis

P450scc is synthesized in the cytosol as a precursor
(preP450scc) with a detachable addressing presequence
on the N-terminus. Then the precursor is translocated
into mitochondria, undergoes proteolytic processing
under the influence of a membrane-bound protease, and
is inserted into the mitochondrial inner membrane [98,
99]. The precursor protein is capable of weak association
with the mitochondrial inner membrane but can be
inserted into the membrane only after the processing
[100].

Import of cytochrome P450scc into heterologous sys-
tems. The protein possessing of a specific addressing
sequence and ability for reversible unfolding are usually
necessary and sufficient conditions for its import into
mitochondria [101, 102]. Nevertheless, it was for a long
time believed that preP450scc could be imported only
into mitochondria of steroidogenic tissues. The idea of
the tissue-specific import was a result of data on the
absence of preP450scc import into cardiac muscle mito-
chondria [103, 104]. However, later the in vivo expression
of active P450scc was shown in COS-1 cells [105], and a
possibility of preP450scc import into plant mitochondria
was indicated in an in vitro model system [106]. The idea
of tissue-specific import of preP450scc also was not sup-
ported in the case of a modified precursor of P450scc that
had in the addressing sequence on the N-terminus 13
additional amino acids, eight of them being positively
charged (6His-preP450scc) [107]. Upon expression in
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bacterial cells and affinity purification, 6His-preP450scc
was successfully translocated into mitochondria of rat
liver and heart and into yeast mitochondria, and it was
processed with production of the mature protein form
(mP450scc). Together, these data demonstrated that
P450scc can be studied using model systems of non-
steroidogenic cells, and results of work [107] indicated
that just the addressing presequence structure could be an
important factor influencing the tissue specificity of the
import.

Features of bovine P450scc were studied in detail in
yeast mitochondria in both in vitro and in vivo systems
[108-112]. An essential reason for choosing yeast systems
for these studies was the availability of mutants in differ-
ent components of the translocation complexes and
mitochondrial proteases and also information about
import signals used by yeast proteins for compartmental-
ization in mitochondria [113].

Studies on the import of in vitro synthesized
preP450scc into isolated yeast mitochondria indicated
that the apocytochrome was translocated at a high rate;
however, the precursor was converted to the mature form
with low efficiency [108]. As differentiated from the situ-
ation in adrenal cortex mitochondria, in the yeast the
P450scc molecules were not inserted into the inner mito-
chondrial membrane but rather accumulated in the
matrix. Here the heterologous protein was degraded
under the influence of the endogenous soluble serine pro-
tease Pimlp with involvement of the chaperone
Hsp70(Ssc1p) and associated co-chaperones (Mdjlp and
Mgelp). In the absence of the proteolytically active pro-
tease Piml1p, the newly imported preP450scc aggregated
[108]. These findings stimulated searches for addressing
sequences of yeast proteins facilitating more effective
insertion of P450scc into the yeast mitochondrial mem-
brane. For this purpose, a protein Su9(112)-AP450 was
constructed with the sequence of the 75 N-terminal
amino acid residues of mP450scc substituted by the
sequence of 112 amino acid residues of the subunit 9 of
F,F,-ATPase from Neurospora crassa. This sequence
included the mitochondrial addressing sequence and the
first transmembrane domain, which could ensure effi-
cient insertion of reporter proteins into the inner mem-
brane by the “re-export” mechanism [114, 115]. The
hybrid protein Su9(112)-AP450 effectively bound with
the inner membrane of yeast mitochondria, but the
P450scc did not gain an active conformation and also
underwent proteolysis, but in this case under the influ-
ence of the membrane-bound proteolytic complex
YtalOp/Ytal2p (m-AAA protease) [108]. This work was
the first to show overlapping of the substrate specificities
of Pimlp and YtalOp/Ytal2p, and this depended on the
conformational state and not the presence of specific sites
in the targets.

P450scc with the presequence of subunit IV of yeast
cytochrome ¢ oxidase (preCoxIV-mP450scc) was import-
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ed and correctly processed in yeast mitochondria in vivo
[109]. However, only a small share of the imported mole-
cules was inserted into the inner membrane where the
protein was capable of converting 22R-hydroxycholes-
terol to pregnenolone (in a reconstructed system which
included isolated bovine Ad and AdR). Upon expression
of P450scc with the presequence of subunit VI of yeast
cytochrome ¢ oxidase, the protein content in the inner
membrane of yeast mitochondria was also low [116].

Topogenesis of preP450scc and Su9(1-112)-
mP450scc with the full-length mP450scc was compared
in vivo in yeast mitochondria [112]. Similarly to
preCoxlV, the native sequence of preP450scc [109]
ensured effective import of P450scc into the mitochondr-
ial matrix, where the protein could be detected mainly as
aggregates. Processing of the native presequence resulted
in formation of mP450scc and an intermediate form,
iP450scc. Protein Su9(1-112)-mP450scc was transferred
into the mitochondrial matrix, processed, and inserted
into the inner membrane directed by the “re-export” sig-
nal, and this was associated with aggregation of the pro-
tein molecules. It seemed that the complete transfer of
the protein into the matrix resulted in its wrong folding,
and its subsequent insertion into the membrane was not
accompanied by recovery of the correct conformation.
Measurements of the cholesterol hydroxylase/lyase activ-
ity indicated that retention in the inner membrane of
yeast mitochondria of mP450scc and iP450scc molecules
was associated with their complete transformation into
the holo-form. Based on these findings, it was suggested
for the P450scc topogenesis in yeast mitochondria its
“retention” in the inner membrane on translocation from
the cytosol should be crucial. This is illustrated by the
scheme in Fig. 3.

This hypothesis was supported by data on the
expression in yeast of hybrid constructions with other
addressing signals [117]. Activities of the hybrid proteins
(AAC-mP450scc, DLD(1-72)-mP450scc, Bcsl(1-83)-
mP450scc) with a signal for translocation arrest in the
membrane were significantly higher in mitochondrial
fractions than the activity of the protein Su9(1-112)-
mP450scc with the re-export signal; the hybrid Ad-
mP450scc not inserting into the membrane lacked enzy-
matic activity.

One should also know what amounts of imported
heterologous proteins could compete for chaperones and
proteases with natural targets of these proteases. The
hybrid AdR-Ad imported in vivo into the yeast mitochon-
dria matrix in amount up to 0.2% of the total mitochon-
drial protein failed to influence the development of the
respiratory apparatus of the cells. However, AdR-Ad sup-
pressed proteolysis and stimulated aggregation of P450scc
inserted into the same mitochondria [110]. This finding
indicated a limited size of the fund of mitochondrial
chaperones and proteases (Pimlp, YtalOp/Ytal2p,
Ymelp) crucial for formation of respiratory complexes
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Inner membrane

Matrix 2

Fig. 3. Possible pathways of import of P450scc precursors into
yeast mitochondria: 1) cotranslocational insertion into the mem-
brane leading to production of an active protein (supposed path-
way of preP450scc insertion into adrenal cortex mitochondria); 2)
rapid translocation of the major share of preP450scc and
CoxIV(1-25)-mP450scc to the yeast mitochondria matrix where
they aggregate; 3) translocation of Su9(1-112)-mP450scc to the
matrix and insertion into the inner membrane by the re-export
mechanism. TIM23 is the franslocase of inner membrane; PAM
(presequence translocase-associated motor) is a complex of pro-
teins that transfer precursors into the mitochondrial matrix.

and determined certain limits for expression of heterolo-
gous proteins in yeast.

Changing the lipid composition of mitochondrial
membranes was also a pathway for P450scc adaptation in
yeast mitochondria. Aggregation of P450scc in yeast
membranes could not be prevented by substitution of
ergosterol by cholesterol in the mitochondrial mem-
branes and also by chaperone Hsp78 superexpression
[111].

The difference of P450scc topogenesis within yeast
from its topogenesis within natural mitochondria (name-
ly, the faster transfer to the matrix) can be due to different
mechanisms of protein import in these systems. The yeast
protein Tim44 (a component of the PAM-complex
responsible for transfer of protein precursors to the matrix
[118]) is tightly associated with the mitochondrial inner
membrane, whereas the mammalian Tim44 is mainly
localized in the soluble fraction of the matrix. Therefore,
the more passive mtHsp70-dependent mechanism of pre-
cursor transfer to matrix is suggested to be mainly realized
in mammalian mitochondria [119]. Recently a cell line of
human adrenal carcinoma was obtained which retained
the ability to react to adrenocorticotropic hormone [120].
Thus, both topogenesis and fine regulation of P450scc
activity can be studied under conditions most similar to
the natural ones.

Studies on Cytochrome P450scc Topogenesis
Using a Model Prokaryotic System

It was shown in 1991 that expression of the mature
P450scc (mP450scc) in E. coli cells most likely lacking
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proteins and lipids specific for steroidogenic mitochon-
dria was associated with insertion of the newly synthe-
sized protein into the cytoplasmic membrane and mani-
festation of the native P450scc features [121].
Consequently, bacterial cells synthesizing the mam-
malian P450scc can be used as an adequate model for
studies on processes resulting in formation of the mem-
brane holo-form of the protein (insertion into the lipid
bilayer, heme attachment, the mP450scc polypeptide
chain folding to a catalytically active conformation).

Cytochrome P450scc topology. P450scc is formally
an integral membrane protein because it is not washed
from the membrane upon the treatment of mitochondri-
al inner membrane preparations with sodium carbonate
[100] and is solubilized with detergents [28]. However,
analysis of the primary structure of mature P450scc did
not reveal extended regions enriched with nonpolar
amino acid residues that could act as transmembrane
domains [122, 123] retaining the protein within the mem-
brane. The N-terminal part of P450scc is the most tight-
ly bound with the membrane. The C-terminal part (con-
taining the heme and Ad binding sites) is weakly associat-
ed with the matrix surface of the mitochondrial inner
membrane [100], and the substrate-binding site of
P450scc is oriented to the mitochondrial matrix [124].

Based on experiments on binding of individual
regions of the polypeptide with specific antibodies in
mitoplast and submitochondrial particle preparations, a
model was proposed of P450scc consisting of two
domains crossing the mitochondrial inner membrane
[125]. Later, studies on liposome preparations with
inserted P450scc indicated that P450scc was tightly inte-
grated with the membrane without traversing it [126,
127].

The hydrophobicity profile obtained for mitochon-
drial P450scc, P450c11, and P450 27Al1 suggested the
presence in their molecules of regions containing some
hydrophobic amino acids that could be involved in bind-
ing with the membrane without penetrating it [128]. Both
mitochondrial and microsomal P450s were supposed to
associate with the membrane as a result of anchoring into
the lipid bilayer of a large hydrophobic domain produced
by a number of separate regions of the polypeptide chain
[129]. Recent studies on topology of mitochondrial P450s
revealed that an extended F-G loop in the central part of
the polypeptide chain was responsible for interaction with
the membrane [90]. Mutations in the region of the F-G
loop of P450scc, P450 27A1, and P450 7A1 expressed in
E. coli cells decreased the affinity of P450s for the mem-
brane, which was manifested by changes in the subcellu-
lar distribution of the proteins [130-132]. In the case of
P450scc, two amino acids from the F-G loop region (the
sequence Val207-Arg226) were shown to be inserted into
the lipid environment [132]. Moreover, the N-terminal
A’-helix was also supposed to be involved in the binding
of P450scc with the membrane; the removal of this helix
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also decreased the affinity of P450scc for the E. coli mem-
brane [90].

Role of terminal protein sequence regions in protein
structure formation. There are some works concerning the
role of terminal sequences of P450s in the folding of the
protein molecules. In some P450s, the conservative N-ter-
minal proline-rich sequence (the PR-sequence) localized
in the region connecting the addressing sequence and the
catalytic domain plays an important role in formation of
the protein structure [133, 134]. The PR-sequence of
P450scc includes four proline residues (in positions 6, 8,
13, and 15), and proline in the position 13 is crucial for
gaining the native conformation: substitution of this
residue by alanine results in formation of a protein lacking
the specific CO-differential spectrum [134]. But the data
on the role of the PR-sequence are ambiguous. On one
hand, this sequence is said to be necessary not only for cor-
rect folding of the protein, but also for stabilization of its
final conformation through interaction with certain
regions of the molecule [135, 136]. On the other hand, the
PR-sequence of P450c17 was shown to be important only
during the folding of the polypeptide chain, and not being
required for supporting the structure of the folded protein
[133]. The COOH-terminal sequence of P450 46A1 was
also found to possess a proline-enriched region, but as dif-
ferentiated from the PR-sequence, this region did not
influence the polypeptide chain folding but ensured for-
mation of protein dimers [137].

Properties of recombinant cytochrome P450scc syn-
thesized in E. coli cells. Upon expression of cDNA of the
mature form of P450scc from bovine adrenal cortex mito-
chondria (mP450scc) in E. coli cells, an active recombi-
nant protein was detected in both the membrane and sol-
uble fractions prepared by centrifugation of the cell
homogenate under standard conditions [54]. It was
shown by gel-permeation HPLC that the soluble fraction
contained P450scc only inside particles with size above
400 kDa. These data confirmed by results of affinity chro-
matography and kinetic studies suggested that the parti-
cles containing P450scc should be complicated lipopro-
tein structures. No soluble P450scc in E. coli cells was
found; thus, the insertion into the membrane was a nec-
essary stage in formation of the holoenzyme. On insertion
into the bacterial membrane, the protein had the same
orientation as on insertion into the inner membrane of
adrenal cortex mitochondria.

Upon addition of NADPH to a high-speed super-
natant, the P450scc underwent one-electron reduction
and catalyzed the conversion of 22R-hydroxycholesterol
to pregnenolone. As a redox partner for P450scc in E. coli
cells, bacterial ferredoxin [50] could be used, which
resembled Ad in structure [51], and seemed to be reduced
by the NADPH-dependent flavoprotein reductase struc-
turally similar to AdR from adrenals [57]. Thus, a possi-
bility of functional coupling of mammalian P450scc with
the bacterial electron transport system was shown.
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Comparative study on topogenesis of cytochrome
P450scc and its hybrids with adrenodoxin expressed in E.
coli cells. Data on the role of the N- and C-terminal
sequences in folding of P450s were mainly obtained for
proteins with deleted or mutation-carrying terminal
regions [133-137]. Expression in E. coli cells of recombi-
nant cDNASs encoding the hybrid proteins Ad—mP450scc
and mP450scc—Ad was shown in work [138]. These pro-
teins contain the amino acid sequence mP450scc, the N-
or C-terminus of which is fused with a sequence of the
mature form of a small (12 kDa) pronouncedly
hydrophilic protein Ad with overall negative charge [44].
It was supposed that the presence of the Ad domain
retaining features of the native protein [139] and, conse-
quently, localized on the cytoplasmic membrane surface
could produce a conformational tension in the structure
of protein P450scc by fixing the ends of the molecule at
the membrane surface. If the terminal regions of the
P450scc chain were involved in its folding, the attach-
ment of the Ad domain could influence features of
P450scc.

The presence of the Ad sequence on the P450scc-
domain termini did not prevent the binding of the heme
with the protein and protein with the membrane. Similar
results were obtained on the expression in E. coli cells of
other model proteins with modified N-terminus:
although the N-terminus of mP450scc was shielded by an
extended sequence of 52 amino acids (His6preP450scc)
or more than 50 amino acids (A1-53mP450scc) were
removed, both model proteins as well as the unmodified
mP450scc were detected in the cell membrane [140].

Fusion of the P450 N-terminus with Ad did not sig-
nificantly affect the protein folding and induced no struc-
tural deformation of the P450 domain; modification of
the C-terminus was associated with a significant increase
in the protein fraction with incorrectly folded P450
(P450/P420 = 0.2). The specific activity (calculated per
P450-form contents) of mP450scc-Ad was approximate-
ly equal to the activity of the unmodified mP450, and
modification of the P450scc N-terminus in the protein
Ad-mP450scc resulted in 30% decrease in the enzyme
activity. Thus, the COOH-terminal region of the
sequence is more important for the correct folding and
stability of the protein than the NH,-terminal region,
whereas the NH,-terminal region of the P450scc mole-
cule seems to play a role in supporting the structure of the
catalytically active enzyme.

Thus, studies on P450scc topogenesis using model
systems based on yeast and bacterial cells revealed posi-
tive and negative sides of such heterologous models for
expression of P450scc. Insertion of newly synthesized
polypeptide chains of P450scc into the membrane was an
obligatory stage in formation of the holo-form of the
protein. Studies on mP450scc expression in E. coli indi-
cated that characteristics of mP450scc synthesized in the
bacteria corresponded to characteristics of the native
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protein and that mammalian P450scc could act as the
enzyme using the bacterial cell proteins as redox part-
ners. Studies on P450scc import into mitochondria of
the yeast S. cerevisiae revealed the critical stage of this
import and more or less confirmed the tissue specificity
of P450scc, which manifested itself in the yeast at the
stage of processing and intramitochondrial compartmen-
talization.

TRANSGENIC MICROORGANISMS
FOR BIOTECHNOLOGICAL
STEROID PRODUCTION

Transgenic “substrate-specific P450—microorgan-
ism” systems must conform with the following princi-
ples of structural—functional organization of multienzy-
matic systems: (i) high affinity of protein—protein inter-
actions and possibility of substitution in the transgenic
systems of mammalian ETS proteins by the native
microbial proteins capable of more effective use of
reducing equivalents on activation of molecular oxygen
[3]; (ii) maintaining in the transgenic systems of the reg-
ulatory principle of balance between spin forms of P450
as a manifestation of preferential conformations and
redox potentials in interactions of the expressed hemo-
proteins with physiological ligands [141]; (iii) maintain-
ing the affinity in interactions with substrates and inter-
mediates considering the necessity of directed transport
and steric correspondence and in some cases manifesta-
tion of multiple activities by the same form of the
enzyme [142, 143].

Commercial production of steroid hormones and
steroid-derived drugs includes the microbiological
transformation of a natural sterol (cholesterol, ergos-
terol, B-sitosterol) as an initial stage. This is associated
with a complete degradation of the side chain and for-
mation of androgens (androstenedione and androstene-
diendione) converted by subsequent chemical and enzy-
matic reactions to compounds starting the whole spec-
trum of steroid hormones (mineralocorticoids, gluco-
corticoids, sex hormones). Transgenic microorganisms
producing proteins capable of synthesizing steroid hor-
mones are promising for production of pregnanes by
microbiological biotransformation combining several
reactions to a single stage that fundamentally changes
the technology of production of final steroid prepara-
tions. An important prerequisite for choosing an optimal
recipient for molecular cloning is the determination of
basal activity of microorganisms towards steroids and
establishment of composition of microbial protein com-
ponents promising as redox-partners of P450s. And it
must be kept in mind that the presence of the microbe’s
own enzymes capable of modifying steroid substrates
can result in formation of both desired and undesired
byproducts [143, 144].
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Reconstruction of Steroid-Hydroxylating System
of Mammalian Cytochrome P450scc in Microbial Cells

To create recombinant strains of microorganisms for
metabolic transformation of steroids, the recipient cells
need be inserted with some genes encoding proteins of
one or several multicomponent systems. Different
approaches for co-expression of proteins are described in
the literature [145-151].

Construction and expression of fused proteins. Natu-
ral steroid-transforming enzymatic systems have relative-
ly low functional activity: maximal values of the turnover
number for P450scc, P450c11, or P450c17 do not exceed
100. The idea of creating fused monooxygenase systems
combining within the same polypeptide chain all compo-
nents necessary for catalysis appeared after natural
“fused” monooxygenases were found [152, 153], in par-
ticular the bacterial P450-BM3 possessing a very high
catalytic activity (more than 1000 turnovers). The
polypeptide chain of this protein includes two catalytic
domains (one of them contains a P450-like domain and
the other contains binding sites of FAD and FMN simi-
larly to CPR). The detection of the natural prototypes
stimulated creation of two-component (microsomal)
[154-157] and three-component (mitochondrial) [158-
164] fused monooxygenases that were expected to display
more effective electron transfer between partner proteins
within the same molecule. Studies on two-component
fused monooxygenases indicated that the components
could interact more effectively in fused proteins than in
systems with the activity determined by independent
interaction of individual components [165-168].
Maximally active variants of fused proteins could be pre-
pared by changing mutual positions of domains and inter-
domain linkers [155, 167]. However, in some cases activ-
ity of the fused protein increased upon addition of isolat-
ed CPR [169, 170]. Conclusions concerning correlation
of activities of three-component systems and fused
monooxygenases are also different. COS-1 cells express-
ing the fused proteins preP450scc-AdR-Ad [158, 159]
and preP45027A1-AdR-Ad [160] displayed greater corre-
sponding monooxygenase activity than cells co-express-
ing equimolar amounts of preP450scc, AdR, and Ad.
However, on expression in the COS-1 cells of the fused
deoxycortisol hydroxylase (preP450c11-Ad-AdR) the
resulting system was less effective than the P450c11 func-
tioning in combination with co-expressed and even with
endogenous components of the monooxygenase [161].

Three-component monooxygenases containing
prokaryotic P450cam [162] and microsomal P4501A1
[163] isolated after their expression in E. coli cells and
characterized by routine enzymological approaches were
shown to be self-sufficing catalytic units effectively func-
tioning as a result of intramolecular electron transport.
Activity of the isolated protein putidaredoxin reductase-
putidaredoxin-P450cam was comparable with the activi-
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ty of the system reconstructed of the individual proteins
in1:1: 1 stoichiometry.

Interaction of catalytic domains in fused proteins
composed of components of the cholesterol hydroxylase/
lyase system. To increase the activity of the natural
P450scc system, three- and two-component hybrid pro-
teins were constructed composed of P450scc, Ad, and
AdR from adrenal cortex. Then not only catalytic proper-
ties of the fused proteins were studied, but also folding of
individual domains within the common polypeptide
chain, formation of the domain active sites, and interac-
tion between the system components within the fused
protein [139, 164, 171].

Based on the artificial fused ¢cDNA encoding
preP450scc-AdR-Ad [158], cDNAs were constructed
which encoded preP450scc(h)-AdR(h)-Ad(h) (a homol-
ogous variant of preF2(h), “h” signifying human) and
pre-CoxIVP450scc(b)-AdR(h)-Ad(h) (a heterologous
variant of pre F2(b-h) with bovine preP450scc (“b” signi-
fying bovine) with the leading sequence substituted by the
presequence of the subunit IV of the yeast cytochrome ¢
oxidase). Plasmids including these cDNAs provided for
sufficiently effective expression of hybrid proteins in S.
cerevisiae; however, upon the import into mitochondria
the proteins F2(b-h) and F2(h) underwent intensive pro-
teolysis [164]. The low level of active fused proteins in the
yeast mitochondria prevented their more detailed charac-
terization; therefore, the mature proteins F2(h) and
F2(b-h) were expressed in E. coli cells [139]. Moreover,
hybrid protein AdR(h)-Ad(h)-P450scc(h) (AAP) was
constructed, which had a changed order of domain posi-
tions in the polypeptide chain as compared with F2(h)
and the free COOH-terminus functionally important for
the correct folding of P450scc [138]. Thus, replacement
of the P450cam-fragment from the NH,-terminus onto
the COOH-terminus of the hybrid protein increased
threefold the activity of the fused monooxygenase [162].
Studies on triple hybrid proteins gave interesting findings:
(i) a significant fraction of the recombinant proteins was
inserted into the membrane of E. coli cells; (ii) spectra of
the cell homogenate and membrane fraction were not
characteristic for intact P450scc; (iii) the proteins under-
went intracellular proteolysis, and sets of low molecular
weight products immunogenic to antibodies against
P450scc, AdR, and Ad were different for different hybrid
proteins (the major product of F2(b-h) and F2(h) prote-
olysis was a 65-kDa protein, and the major product of
AAP proteolysis was a 33-kDa protein). Therefore, the
above-mentioned proteins were concluded to differ in
structure because of different mutual localization of pro-
tein domains. The effective proteolysis of triple hybrids
suggested that the folding of proteins into a compact
globule was difficult, and they mainly took a conforma-
tion with protease-sensitive regions exposed into the
environment. Attempts to increase the efficiency of pro-
tein compactization were unsuccessful either on the
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hybrid synthesis in Lon protease-deficient strains or on
co-expression of the molecular chaperone GroESL.

Activities of fused three-component cholesterol
hydroxylases were usually lower than the activity of the
system reconstructed from isolated P450scc, AdR, and
Ad (at the ratio of 1 : 1 : 1): specific activities of the pro-
teins F2(b-h) and F2(h) determined in the cell
homogenates were an order of magnitude lower, whereas
the activity of the protein F2(b-h) isolated from lysates of
E. coli cells by affinity chromatography was nearly two
orders of magnitude lower than the activity of the recon-
structed system. Activities of the proteins F2(b-h) and
F2(h) significantly increased in both E. coli homogenates
and lysates of S. cerevisiae mitochondria on addition of
exogenous components of these proteins. Consequently,
in fused proteins synthesized in the bacterial and yeast
cells there were limitations on interactions of the catalyt-
ic domains of P450scc, Ad, and AdR and/or deformation
of their active sites.

According to hypothetical mechanisms of interac-
tion of Ad with AdR and P450scc (see section “The in
vitro Reconstruction of Steroid-Transforming System
from Individual Proteins™), to realize effective intramol-
ecular transport of electrons in the fused cholesterol
hydroxylase/lyase the positions of P450 and AdR
domains should either provide formation of a transient
triple complex with Ad or successively interact with it.
Realization of the “shuttle” mechanism necessitates high
mutual mobility of the domains: the fused molecule has
to have a flexible mobile conformation, which immedi-
ately makes a potential target for intracellular proteases.
A feedback was found between activities of the fused cho-
lesterol hydroxylase/lyases and their resistance to proteo-
lysis [139, 158]. And amounts of the most active polyen-
zymatic systems in the cells were insignificant, whereas
contents of their fragments were high, which correspond-
ed to the “shuttle” mechanism of functioning of the fused
cholesterol hydroxylase/lyase system.

Folding of hybrid proteins was studied using simpli-
fied models, such as the two-component proteins AdR-
Ad, Ad-P450scc, and P450scc-Ad [139]. As differentiat-
ed from triple hybrids, double hybrids were not proteo-
lyzed on expression in E. coli cells. Determination of
activities of hybrid molecules in the presence of exoge-
nous individual proteins that were also their constituents
revealed that each protein had a limiting component: in
the proteins mP450scc-Ad and Ad-mP450scc it was
P450scc and in the protein AdR-Ad it was Ad. Thus,
upon addition of P450scc the activity of the proteins
mP450scc-Ad and Ad-mP450scc increased, respectively,
20 and 10 times. The same domains could be formed dif-
ferently within different hybrid proteins [139].

Thus, on folding of fused proteins constructed from
the cholesterol hydroxylase/lyase system components,
the formation of catalytic domains within the common
polypeptide chain depended on the nature and mutual
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localization of amino acid sequences of the individual
domains, and they were arranged as a result of a coopera-
tive process that determined the nativity of these domains
and the resulting activity of the fused monooxygenases.

Works in order to design a fused cholesterol hydroxy-
lase/lyase system [139] revealed some general problems of
formation and functioning of fused multi-enzymatic sys-
tems (deformation of active sites, structural limitations of
their interactions, sensitivity to proteolysis) [139].

Co-expression of individual components of the choles-
terol hydroxylase/lyase system in E. coli cells. Develop-
ment of bi- and polycistronic systems for co-expression of
proteins facilitated reconstruction of some active
monooxygenase systems in bacterial cells [150, 172-174].

Based on the plasmid pTrc99A/P450scc [121], two
genetic constructs were designed for co-expression of
mature proteins of the cholesterol hydroxylase system.
The first construct was pTrc99A/P450scc/AdR/Ad con-
taining P450scc, AdR, and Ad cDNA within the same
expression cassette. The other construct was pTrc/P450-
AdR.Ad containing P450scc and AdR ¢cDNA within the
same expression cassette, and the gene of Ad was inserted
into the same plasmid within a separate transcription unit
(regulated by its own promoter and terminator) [175]. In
E. coli cells these plasmids directed synthesis of all three
proteins, and their intracellular localization was compat-
ible with localization of the corresponding proteins of the
bovine adrenal cortex. Homogenates of cells cultured
under conditions of induced expression of heterologous
cDNAs demonstrated in vitro the cholesterol hydroxy-
lase/lyase activity due to the presence of catalytically
active forms of all three proteins.

To ensure optimal in vivo functioning of the choles-
terol hydroxylase/lyase system, Ad had to be in excess rel-
ative to the other proteins [176]. The plasmid pTrc/P450-
AdR.Ad was expected to ensure the more effective transla-
tion of Ad from its own short mRNA molecule than the
plasmid pTrc99A/P450scc/AdR/Ad. But determination
of the stoichiometric correlation of the expressed proteins
indicated that using the second construct (pTrc/P450-
AdR.Ad) for co-expression of the proteins did not notice-
ably increase the Ad content relative to contents of the
other components of the cholesterol hydroxylase/lyase
system. The levels of heterologous protein expression in E.
coli cells usually did not correspond to contents of func-
tionally active proteins because some molecules of these
proteins were present as inactive constituents of inclusion
bodies. A significant share of the recombinant proteins of
the P450scc, AdR, and Ad (~50% of the total contents)
also formed inclusion bodies in bacterial cells [175].

Transgenic Microorganisms for Biotechnology

In 1989, P450c17 was heterologously expressed in S.
cerevisiae under the control of the alcohol dehydrogenase
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promoter pADH1 [177]. Afterwards, the substrate speci-
ficity of the recombinant S. cerevisiae GRF18/YEp5117a,
containing the cDNA of P450c17 under the control of
GAL 10 promoter was studied in detail [178-180]. The
constructed yeast catalyzed successive biotransformation
of progesterone to 17a-hydroxyprogesterone and
17a,20a-dihydroxypregn-4-en-3-one. The structure of
these compounds was proved by HPLC, TLC, and mass
spectrometry. The reaction of 17a-hydroxylation was cat-
alyzed as a result of functional coupling of the heterolo-
gously expressed P450c17 and the yeast CPR. The rate of
this reaction decreased in the series of substrates: proges-
terone > 11p-hydroxyprogesterone > 1la-hydroxyprog-
esterone > 19-hydroxyprogesterone. The reaction of 20o.-
reduction recorded upon production of 17a-hydroxy-
progesterone was catalyzed by the yeast orthologous pro-
tein of mammalian 20a-HSD. The rate of this reaction
decreased in the series: 17a-hydroxyprogesterone > 21-
hydroxyprogesterone > 19-hydroxyprogesterone [178-
180].

Screening for functional regions of proteins and
structural homology identified genes corresponding to
the proteins responsible for side reactions: GCY1 (a galac-
tose-induced crystalline-like yeast protein), YPRI (yeast
aldo-keto reductase), and ATF2 (O-acetyltransferase).
Pregn-4-en-20(a,p)-ol-3-ones were converted by
recombinant cells of S. cerevisiae GRF18/YEp5117a as
follows: oxidation of 20(a,p)-dihydro-derivatives of
progesterone to progesterone, 17a-hydroxylation, and
20(a,B)-reduction. 20-Oxidation was caused by the back
reaction catalyzed by the yeast’s own enzyme and also by
the P450c17 oxidase activity [180].

The last stage of glucocorticoid biosynthesis is cat-
alyzed by P450c11. Successful expression of steroid 11(3-
hydroxylase in recombinant yeast is described in [181].
The authors succeeded in co-expression of mitochondri-
al Ad and modified P450c11 with the initial presequence
substituted by the yeast presequence. It was shown that S.
cerevisiae could synthesize its own mitochondrial protein
resembling NADPH-dependent AdR. In S. cerevisiae
with co-expressed P450cl11 and P450scc, P450scc
increased the hydroxylase activity of P450c11 under both
in vivo and in vitro conditions [116].

These studies were continued by reconstructing in .S.
cerevisiae of two initial stages of mammalian steroidogen-
esis catalyzed by the system of cholesterol side chain
cleavage that involved P450scc and 33-HSD [148]. But
using cholesterol as an initial substrate was associated
with the problem of its penetration into the cell. To avoid
this difficulty, the metabolism of S. cerevisiae grown on
glucose- or ethanol-containing medium was changed to
produce a new intermediate, a plant analog of cholesterol
instead of the natural yeast sterol ergosterol. Ergosterol is
distinct from cholesterol by the presence of double bonds
at C-7 and C-22 and a methyl group at C-24, therefore,
the solution of this problem was priced by disrupting one
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yeast gene (encoding A22-desaturase) and expressing of
the A7-reductase gene from Arabidopsis thaliana. The
resulting transgenic strain could synthesize a new inter-
mediate, ergosta-5-enol instead of ergosterol. It was a
great achievement because ergosta-5-enol could support
the vital activity of the microorganisms by substituting for
ergosterol in membranes, and at the same time it could
serve as an initial substrate for the mammalian P450scc
[148].

In [182], the synthesis of cortisol was completely
reconstructed using recombinant S. cerevisiae. Cortisol
was prepared from a simple source of carbon by an eight-
stage process that included just the biosynthesis of yeast
sterols, the stage of recombinant yeast (which used the
plant enzyme), and five additional enzymatic reactions
catalyzed by eight mammalian proteins. Expression of the
plant enzyme A7-reductase resulted in a modified ergo-
sterol biosynthesis, which led to production of the corre-
sponding substrates of P450scc. Additionally, eight mam-
malian proteins (P450scc, P450c11, P450c17, P450c21,
Ad, AdR, CPR, and 3B-HSD) involved in steroid biosyn-
thesis in the adrenal cortex of mammals were expressed.
This work resulted in yeast strains that could synthesize
cortisol as a major steroid upon growth on glucose or
ethanol.

Thus, the most complicated metabolic pathway has
been reconstructed in eukaryotic microorganisms. In
other words, a biosynthetic analog of the mammalian
adrenal cortex has been created. No doubt, this work is an
outstanding achievement in metabolic proteomics [182].
Nevertheless, creation of new even more efficient trans-
genic microorganisms seems possible. Thus, the lines of
searches for recipient microorganisms adapted for trans-
formation of hydrophobic compounds and for simplifica-
tion of gene engineering manipulations are still open.

Alkane-utilizing yeasts (Candida maltosa, C. tropi-
calis, or Yarrowia lipolytica) grow well on hydrophobic
substrates (alkanes, alkenes, fatty acids, oils). These
yeasts utilize hydrophobic substrates using some P450
systems of the CYP52 gene family that are characterized
by very high enzymatic activities with turnover numbers
of 1000-2000 min~! under in vivo conditions. This is due
to the presence of effective systems of substrate transport
(inducible systems of absorption and intracellular trans-
port of hydrophobic compounds), a high level of expres-
sion of the yeast’s own components responsible for elec-
tron transport, and a selective mechanism for excretion of
oxidized products [183-185]. The mechanism of hydro-
carbon utilization by Y. lipolytica cells has been intensive-
ly studied from the middle of the 1980s. The growth of
cells on hydrocarbons is accompanied by induction of a
special highly glycosylated extracellular protein, liposan,
which is an emulsifier [186] facilitating entrance of
hydrophobic substrates into the cell [187].

Expression of P450c17 in the yeast Y. lipolytica was
associated with an active conversion of progesterone into
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17a-hydroxyprogesterone [180, 188, 191, 194], which
suggested an effective interaction between the expressed
P450c17 and the yeast CPR. In addition to 17a-
hydroxy-progesterone, the conversion of progesterone
by the recombinant yeast Y. lipolytica E129A15 express-
ing P450c17 under the control of isocitrate lyase pro-
moter pICL1 was accompanied by production of two
steroid compounds — 17a,20B3- and 17a,20a-dihydrox-
ypregn-4-en-3-ones — the structures of which was
proved by HPLC, TLC, and NMR spectroscopy [180].
The following sequence of transformations of 20a- or
20B-dihydroprogesterones is shown: initial 20(a,[3)-oxi-
dation, the main 17a-hydroxylation and minor 20(a.,3)-
reduction (Fig. 4). Oxidizing of steroid mixtures (17o.-
hydroxy-progesterone, 170,208- and 17a,200-dihy-
droxypregn-4-en-3-one) by chromic acid was accompa-
nied by cleavage of the C17—C20 bond in diols with pro-
duction of androst-4-en-3,17-dione, which is another
product of enzymatic reactions catalyzed by P450c17
[180, 188].

More recently, recombinant strains of Y. lipolytica
were prepared that could express the cholesterol hydroxy-
lase/lyase system proteins (P450scc, AdR, Ad) (Fig. 5)
and also co-express the P450scc-system and P450c17
[189], which promoted coupling of the cholesterol con-
version to pregnenolone (progesterone) with synthesis of
17a-hydroxylated derivatives. On constructing the above-
mentioned recombinant strains of Y. lipolytica, we used a
new approach for inserting some heterologous cDNAs
into the yeast genome. This approach included (i) the co-
integration of multiple copies of various expression cas-
settes in the region of repeated elements of the yeast
genome (rDNA regions or LTR zefa fragments of the
retrotransposon Yltl [190]) and (ii) the construction of
diploid strains using haploid multicopy transformants of
different mating types that allowed us to increase the
quantity and obtain new combinations of expression cas-
settes with different heterologous cDNAs within the same
diploid strain (Fig. 5a).
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Fig. 5. Construction of the recombinant diploid strain DE6 of the
yeast Y. lipolytica co-expressing components of the mammalian
cholesterol hydroxylase/lyase system (P450scc, AdR, and Ad) (a);
Southern hybridization of strain DE6 and the parental haploid
multicopy transformants E150 T9 and E129L T11 of Y. lipolytica
(b). Crossing was used to combine three expression cassettes with
different heterologous cDNAs into the same diploid strain. The
parental strains E150(AdRP450scc) T9 (E150 T9) and
E129L(Ad) T11 (E129L T11) used for the crossing were obtained,
respectively, as a result of strain E129L transformation by the mul-
ticopy plasmid p67Ad (expression cassette for adrenodoxin) and
of simultaneous transformation of E150 by the multicopy plas-
mids p67AdR (for adrenodoxin reductase) and p67P (for P450scc
bovine). The yeast chromosomal DNA (restricted by endonucle-
ase Ncol) was analyzed using as a probe the Sa/l-fragment of the
vector p67AdR (pICL1-AdR), and this allowed detection of frag-
ments of the gene ICL I and expression cassettes with heterologous
cDNAs (due to the presence of pICLI1) contained in the integra-
tive vectors. Preparations of A-DNA restricted by EcoRl/Hindlll
were used as molecular weight markers (M).
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Fig. 4. Enzymatic conversions of pregn-4-en-20f3-ol-3-one (I)
and pregn-4-en-20a.-ol-3-one (II) into progesterone (I11) with its
subsequent transformation to 17c.-hydroxyprogesterone (I1V), and
17a,,20a-dihydroxypregn-4-en-3-one (V) and 17,203-dihydroxy-
pregn-4-en-3-one (VI) by the transgenic yeast Y. lipolytica
E129A15 expressing P450c17 [188].
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Integrative vectors containing cDNAs of mature pro-
teins of the cholesterol-transforming P450scc-system and
P450c17 under control of the strong and regulated pro-
moter and terminator of the isocitrate lyase gene ICLI
(induced by ethanol and alkanes, repressed by glucose
[191-194]) were constructed based on the multicopy inte-
grative plasmids p64PT and p67PT (integration provided
by sequences of rDNA or L'TR zeta of retrotransposon Ylt1,
multicopy selection marker ura3d4, and pICL1-Sphl-
ICLI1t) [189, 194a]. Southern hybridization indicated that
up to three vectors were integrated into the genome along
with concurrent transformation of haploid recipient strains
of Y. lipolytica by a mixture of similar plasmids, which
included pICL1-controlled expressing cassettes with dif-
ferent heterologous cDNAs. Subse-quently, diploid strains
were obtained that contained three to five expression cas-
settes for proteins of the cholesterol hydroxylase/lyase
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P450scc-system and P450c17. The expression of proteins
was proved by Western blotting. Functional expression of
two systems of mammalian P450 in Y. lipolytica was con-
firmed by the ability of the yeast cells to convert choles-
terol into pregnenolone and further into 17a-hydrox-
ypregnenolone and also of progesterone into 17a-hydrox-
yprogesterone ([189], unpublished results). These results
indicated the suitability of the above-described method for
constructing transgenic Y. /lipolytica strains capable of
expressing up to five or six heterologous proteins that, in
particular, is promising for creation of new strains co-
expressing even more proteins involved in steroidogenesis.

The advantage of Y. lipolytica for steroid biotransfor-
mation as compared to S. cerevisiae can be exemplified by
the recombinant strains Y. lipolytica E129A15 (expression
of P450c17), Y. lipolytica DC3, Y. lipolytica DC5, and Y.
lipolytica DE (co-expression of P450c17 and the yeast
CPR) [195]. Similar values of catalytic parameters V,,,,
and K, determined for different recombinant strains of Y.
lipolytica suggested that in various recombinant microor-
ganisms P450c17 was synthesized in its native state.
Additional expression of CPR was accompanied by a
decrease in synthesis of the heterologous P450c17, but by
an increase in the yield of 17a-hydroxyprogesterone.

In the case of Y. lipolytica DC5, 98% of progesterone
was converted into 17a-hydroxyprogesterone as a result
of adapted cultivation and biotransformation conditions
using pICL1-controlled expression of P450c17 and, in
contrast to the transgenic S. cerevisiae [178, 182], this
abolished the necessity to destroy genes encoding the
orthologous proteins 20a- and 20B-HSD. This highly
selective production of 17a-hydroxyprogesterone was
achieved by the selected conditions for P450c17-expres-
sion by the isocitrate lyase promoter and for biotransfor-
mation (absence of galactose-induced protein Gceylp,
which in case of the pGAL10-controlled P450c17 expres-
sion in S. cerevisiae on galactose led to formation of
17a,200-dihydroxypregn-4-en-3-one) and by a rapid
excretion of the desired product 17o-hydroxyproges-
terone by the yeast cells [195].

STEROID-TRANSFORMING TRANSGENIC
MICROORGANISMS FOR STUDIES
IN PHARMACOLOGY

The development of new drugs is now often initiated
by identification of a protein of known structure that is
responsible for the onset or progress of a disease. The next
stage is the search for a ligand (inhibitor, activator, or
modifier), that has the maximally strong and specific
affinity for this protein. The optimal ligand is then direct-
ly synthesized based on parameters of the mutual confor-
mational correlation of functional sites of the protein and
compounds to be synthesized. According to the general
tendency for reducing the number of animals used in pre-
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liminary stages of biomedical testing, the development of
systems for heterologous expression of mammalian
enzymes or enzymatic systems in microbial cells can be
considered as a promising new line that allows metabolic
proteomics approaches to be used in pharmacological
studies. Note that design of selective inhibitors for P450s
is still difficult because no three-dimensional structures of
membrane-bound steroid-synthesizing P450s have been
experimentally prepared to date.

Molecular targets for selective inhibitors that are
being developed and/or used as drugs include the follow-
ing steroid-transforming P450s: P450c17 in the treatment
malignant and benign forms of prostate hyperplasia [196-
203]; P450c19 in the treatment of breast and ovary carci-
nomas [202, 204-206]; P450c18 in the treatment of hyper-
aldosteronism and hyperaldosteronism-mediated hyper-
tension, myocardial ischemia, and fibrosis [196, 207-210].

Various inhibitors of P450c17 were proposed for use
as drugs [197-201]. Many of them are characterized by
selectivity and high affinity for P450c17 (their affinity for
P450c17 can be 10 times or more higher than for other
P450s [199, 200]). The high homology of the pairs
P450c17 and P450c21, and P450c18 and P450cl11 and
also the lyase and hydroxylase reactions catalyzed in the
same active site of P450c17 cause difficulties associated
with concurrent inhibition of pathological and normal
physiological reactions. Nevertheless, in some cases the
concurrent inhibition of P450c17 and other P450s can be
favorable for pharmacology, e.g. inhibition of P450c19 in
the treatment of estrogen-derived diseases [202], of
P450c24 (24-hydroxylase) upon prescription of vitamin
D preparations in the treatment of prostate tumor [203],
and of liver P450 minimizing biodegradation of pre-
scribed drugs [203]. Some of these compounds (inhibitors
of P450c17) can also inhibit the S5c.-steroid reductase
(another key enzyme of androgen biosynthesis) [200] and
act as antagonists of androgen receptors [198].

Inhibitors of P450 involved in biosynthesis of steroid
hormones are considered in several recent reviews [200,
214-217].

The major structural fragments of most of these
inhibitors are (i) a substrate-derived steroid nucleus and
(ii) a heterocycle capable of acting as the sixth ligand of
the P450 heme iron. These two fragments are crucial in
structures of the three main classes of P450 steroidogene-
sis inhibitors: steroidal, heterocyclic non-steroidal, and
heterocyclic steroidal. Heterocyclic inhibitors are prom-
ising for decreasing activities of some other P450s, where-
as steroidal inhibitors can decrease the activity of other
steroidogenic enzymes, in particular those not belonging
to P450s, and also act as agonists or antagonists of steroid
receptors. Note that a heterocyclic ligand and pharma-
cophore responsible for mechanism-dependent inactiva-
tion (see further) is localized in the inhibitor structure
similarly to the site of oxidation of the steroid substrate,
i.e. close to the heme [200, 214, 216].
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Among steroidal inhibitors of P450c17 of the 17-het-
eroaryl androstane class and of some other groups,
3B-hydroxy-5-en-derivatives exhibit higher inhibitory
ability than 3-keto-A*, similarly to P450c17 substrates
progesterone and pregnenolone [200]. Steroidal
inhibitors of P450c19 formestane and exemestane are
also derivatives of the thermodynamically more favorable
substrate androstendione (17-ketone) and not of testo-
sterone (17p3-ol) [215, 216]. An additional insertion of the
A'%-bond increases the inhibitory activity of some
steroidal inhibitors of P450c17 [200]. Steroidal inhibitors
of P450cl17 from 3B-hydroxy-5-en-derivatives of
androstanes containing 17p-(methyl sulfoxide)-, vinyl
fluoride 20-F-A'72°-) and 21,21-F,-A?"*'-20-CH;-
groups, which imitate, respectively, 20-keto-group-,
17,20-, and 20,21-enol tautomers of pregnenolone are
also of interest [200, 201].

In addition to reversible competition with the sub-
strate, steroidal inhibitors of P450 can cause direct or
mechanism-dependent inactivation of P450. Direct inac-
tivation occurs due to the presence of sterically available
electrophilic fragments that can covalently modify
nucleophilic groups of amino acids and N-atoms of the
heme in the active site of a P450 target. This is exempli-
fied by 3,4-diketone (formestane), coupled 1-en-3-one
and 6-methylen-4-en-3-one (exemestane, 6-methylene-
progesterone), and 17-azridin-2-yl and 20-carbaldehyde
structural fragments of P450c17 and P450c¢19 inhibitors.
Mechanism-dependent inactivation occurs in the pres-
ence of fragments whose oxidation by P450s yields inter-
mediates causing inactivation, e.g. 17-O- or 17-N-cyclo-
propyl (P450c17) or ethynyl or vinyl fragments in posi-
tions 17, 18, and 19 (P450c18 and P450c19, respectively)
[18, 196, 200, 216].

Different azolyl, pyridinyl, and pyridine-2,6-dione
fragments are more often used as heterocyclic ligands of
the P450 heme iron. Coordination features of the N-
atom within the same heterocycle can be significantly
changed depending on position and type of substituents
as a result of displacement of electron density and of
steric obstacles. And similarly, in the same type heterocy-
cles (in particular, triazoles) this feature additionally
depends on the mutual position and nature of het-
eroatoms. Thus, the ability of biphenyl derivatives to
inhibit P450c17 was the highest in the case of imidazole,
1,2,4-triazol-1-yl derivatives were less active, whereas
1,2,4-triazol-4-yl virtually did not inhibit P450c17 [218].

Heterocycles combine functions of inhibitor deliv-
ery to the active center of P450 and its inhibition pre-
venting electron transfer from CPR and attachment of O,
to the heme iron. A steroidal or non-steroidal residue of
a heterocyclic inhibitor of P450 participating in steroid
hormone biosynthesis prevents substrate binding and is
responsible for additional interactions in the active site of
a target enzyme determining the selectivity and increas-
ing the stability of the P450—inhibitor complex. Non-
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Fig. 6. Structures of P450c17 and P450c19 inhibitors that are used
as approved drugs (lower row) and of some inhibitors that are most
promising for medicine [198, 215, 216, 222].

steroidal residues of heterocyclic inhibitors of P450 in
most cases are combinations of planar aromatic struc-
tures resembling cycles of the steroid core. Thus, a
biphenyl fragment imitates the system of AC rings; a
naphthalene fragment imitates CD or AB (P450c17); 1-
methylene-1,2,3,4-tetrahydronaphthalene and 1-meth-
ylene-2,3-dihydro-1H-indene fragments imitate AB
(P450c18), a 2-phenylnaphthalene fragment imitates
ABD (P450c17) [219-221]. In the structure of virtually
all inhibitors of P450, the heterocycle is bound with the
aromatic fragment through the carbon atom (a methyl-
ene group). The presence of polar substituents imitating
the 3B-hydroxyl or 3-keto-group, and less frequently the
17a-hydroxyl of steroidal substrates, is also fundamen-
tally important [200, 220]. Additional fragments can be
inserted into inhibitor molecules considering data on
inhibitor docking into active sites of P450 targets in com-
puter-aided models.

At present, the most promising parameters for clini-
cal practice belong to such inhibitors of P450c17 as abi-
raterone, which is now under stage II of clinical testing
[222], and to the steroidal inhibitor 17-/H-benzo[d]imi-
dazole VN/124-1, which acts also as an antagonist of
androgen receptors [198]. Inhibitors of P450c19 anastro-
zole (Arimidex (AstraZeneca)), letrozole (Femara
(Novartis)) (non-steroidal triazoles), and the steroidal
inactivator exemestane (Aromasin (Pfizer)) are approved
drugs [215, 216] (Fig. 6).

Transgenic bacteria and yeast expressing enzymes of
steroid biosynthesis as test systems for primary screening
of potential drugs. Recombinant microorganisms express-
ing in vivo a functionally active P450-target can be used as
test systems for screening of potential inhibitors of the
corresponding P450s [209, 210]. Activity of P450s within
recombinant microorganisms is provided by co-expres-
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sion of proteins of the natural ETS of these P450s or by
the presence of the microbe’s own ETS proteins capable
of supporting activities of heterologous P450s [56, 72,
223]. Some microorganisms are shown to possess func-
tional analogs of mammalian HSDs [178, 224], which are
also considered as pharmacological targets for treatment
of similar diseases [225].

Using recombinant microorganisms for screening of
P450 inhibitors presents an opportunity for evaluation of
general toxic effects of substances under study and also of
the contribution of the substance transport, binding with
proteins, and induction of P450 and other proteins to
inhibition of the P450-target activity [226, 227].

Transgenic E. coli bacteria co-expressing P450c17
and CPR used as a test system demonstrated both 17o.-
hydroxylase and 17,20-lyase activities of P450c17 on
addition of the corresponding steroid substrates to the cell
culture [228].

Recombinant S. cerevisiae yeast expressing P450c17
was also proposed as a test system (Fig. 7). The yeast dis-
played progesterone 17-hydroxylase activity of the het-
erologous P450c17, which functioned in cooperation
with the yeast CPR capable of supporting the activity of
this P450. The yeast was assessed as a possible test system
using five steroidal and two non-steroidal compounds,
including ketoconazole, and also in parallel experiments
with microsomes of the yeast [195, 228-230]. At first, to
justify the use of the recombinant S. cerevisiae
GRFI18/YEp5117a as a pharmacological model, known
drugs modifying biosynthesis of steroids were used. The
effects of some drugs (ketoconazole, metyrapone, dexa-
methasone, mifepristone, danazol, levonorgestrelum) on
the ratio of biosynthetic and inactivating functions of the
recombinant microorganisms were studied (Fig. 7).

(o]

Fig. 7. Enzymatic conversions of progesterone (I) to 17a-
hydroxyprogesterone (II) and 17a,20a-dihydroxypregn-4-en-3-
one (IIT) in the recombinant yeast S. cerevisiae GRFI18/
YEp5117a and structures of some modifiers of steroid hormone
biosynthesis: 1) danazol; 2) levonorgestrelum; 3) mifepristone; 4)
ketoconazole (2R,4R-isomer) [228].
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Values of K,,/V,,.., inhibition constants, and the type of
inhibition of these drugs in reactions of progesterone
17a-hydroxylation were determined.

In the initial stages of biotransformation, the drugs
danazol, mifepristone, and ketoconazole decreased the
production of 17a-hydroxyprogesterone and consump-
tion of progesterone. The decreased conversion of prog-
esterone was a result of two consecutive processes: 17o.-
hydroxylation and 20co.-reduction. At inhibitor/P450c17
ratio 1000 : 1 and inhibitor/progesterone ratio 1 : 1, no
irreversible inhibition of P450c17 was recorded under in
vivo conditions due to covalent binding of danazol or
mifepristone in the active site of the hemoprotein.
Similarly to the product, danazol and mifepristone has a
coupled A*-3-keto-structure and 17-OH group and also
failed to modify the yeast analog 20a-HSD by the struc-
ture-dependent mechanism because in the initial stages
the ratio of 17a-hydroxyprogesterone and 17a.,200.-dihy-
droxypregn-4-en-3-one was the same in the control
experiment and in the presence of the modifiers. The
decreased production of 17a-hydroxyprogesterone under
the influence of ketoconazole in the initial stage of prog-
esterone biotransformation reflected substitution by the
substrate of the imidazole-containing inhibitor ketocona-
zole bound with the P450c17 heme iron, but without its
influence on functional features of the 20a-HSD analog
[195, 228-230].

Recombinant S. pombe yeast expressing P450c18 or
P450c11 (90% homology) was also proposed as a corre-
sponding test system. This yeast displayed activities of
aldosterone synthase and 11B-hydroxylase of the corre-
sponding P450s owing to proteins of its own ETS (see
section “The in vitro Reconstruction of Steroid-
Transforming System from Individual Proteins”). The
test system was assessed using nine non-steroidal azoles
and one steroidal compound, and also by parallel experi-
ments with cultures of mammalian cells (V7I3MZ
(Chinese hamster) and H295R (human adrenal cortex
tumor)) capable of expressing the two P450s [209, 210,
231].

A recombinant S. pombe yeast expressing highly
homologous P450c21 and P450c17 was used for compar-
ative assessment of the influence of P450c17 inhibitors on
P450c21 [232].

To study metabolism and toxicity of drugs and to
analyze the effect of mutations on functional properties
of the enzymes, a new approach is being developed using
transgenic bacterial cells of E. coli and Salmonella
typhimurium co-expressing P450 and CPR [233]. A com-
puterized model of the three-dimensional structure of the
target protein, data on docking of potential ligands, a
directed synthesis, and using the transgenic yeast S. cere-
visiae GRF18/YEp5117a allowed us to establish that 1-
(3-benzyloxyphenyl)-1H-tetrazole could be an inhibitor
of P450c17, which is important in the development of
human prostate tumors [195, 227].
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CONCLUSIONS

Intensive long-term studies on steroidogenic
enzymes have significantly enlarged concepts about the
structure and functions of monooxygenase systems and
steroid hydroxylases involved in the synthesis of steroid
hormones. Successful cloning of cDNA of these enzymes
opened the way for modern molecular-biological studies.

Studies on structural—functional relationships of
steroid-synthesizing P450s and mechanisms of regulation
of steroid hormone biosynthesis are a prerequisite for, on
one hand, elucidation of biochemical bases of different
disorders in steroidogenesis and development of approach-
es for correcting adrenal cortex dysfunction, and, on the
other hand, for constructing biotechnological systems for
directed synthesis of physiologically active steroids.

Conventional methods of steroid hormone produc-
tion (extraction from plants and animal tissues, complete
chemical synthesis, chemoenzymatic synthesis) have
made available for medicine a wide spectrum of drugs,
but at present the potential of these methods is virtually
exhausted from the standpoint of commercial technology.
Application of transgenic microorganisms obtained by
recombinant DNA techniques is a fundamentally new
technology in the synthesis of drug substances. This
approach combines biotechnological advantages of enzy-
matic transformations and the possibility of creation of
analogs imitating pathways of the hormone biosynthesis
in steroidogenic tissues of mammals, including humans.
Constructing such recombinant microorganisms has to be
preceded by studies on expression and features of steroid-
transforming system proteins in different host organisms
in order to assess the ability of the protein to gain native
features in a heterologous medium and to choose the best
recipient microorganism. For this purpose, systems were
used based on bacterial and yeast cells capable of hetero-
logous expression of proteins involved in steroidogenesis
in mammals.

The alkane-utilizing “non-conventional” yeast Y.
lipolytica has an obvious advantage as a system for bio-
transformation of hydrophobic steroids and seems prom-
ising for application in biotechnology. The constructed
“humanized” microorganisms can be also successfully
used for screening and directed synthesis of compounds
that have substrate-specific P450s as molecular targets. It
seems that three-dimensional structures of membrane-
bound steroid-transforming P450s will be established very
soon, and this will facilitate works for creation of effective
new drugs for treatment of diseases associated with disor-
ders in functioning of steroidogenic enzymes.
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