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Abstract—Protein—protein interactions play a significant role in regulation of functional activity of cytochrome P450s. The
aim of the present study was to elucidate the molecular interactions between steroidogenic enzymes CYP17 and CYP21
localized in endoplasmic reticulum membranes of adrenal cortex and involved in biosynthesis of corticosteroid hormones.
In the present work, we demonstrate for the first time the direct interaction at molecular level between highly purified
human recombinant cytochrome P450s in a mixed reconstituted system. The dependence of the interaction between CYP17
and CYP21 on concentration of the redox-partner — NADPH-cytochrome P450 reductase — is demonstrated, and it is
shown that electrostatic interactions play a crucial role in the interaction between CYP17 and CYP21.
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Steroid hormones are important components of the
human hormonal system. Most reactions of steroid hor-
mone biosynthesis are catalyzed by cytochrome P450
(P450, CYP). Cytochrome CYP17 and CYP21 are locat-
ed in the endoplasmic reticulum membranes and catalyze
a number of sequential hydroxylation reactions of the
steroid hormone biosynthesis pathway in mammals (Fig.
1). Abnormalities in the functions of these enzymes result
in serious changes in hormone metabolism and cause
severe disorders in humans [1, 2]. Cytochrome CYP17
(17a-hydroxylase/17,20-lyase) is a key enzyme of steroid
hormone biosynthesis. CYP17 is unique due to its ability
to catalyze two independent reactions in the same active
center, the 17a-hydroxylase and 17,20-lyase reactions.
Furthermore, the ratio of these activities is physiological-
ly important and may direct steroid hormone biosynthe-
sis to the production of either corticoid or sex hormones
[3]. CYP21 (steroid 21-hydroxylase) catalyses reactions
of progesterone (P4) and 17a-hydroxyprogesterone
(170HP4) conversion to 11-deoxycorticosterone (DOC)
and 11-deoxycortisol (DCS), respectively, providing an
important step in aldosterone and cortisol biosynthesis
[4].

* To whom correspondence should be addressed.

There are a number of factors affecting productivity
of steroid hormone biosynthesis: expression level of
enzymes, distribution of steroid hormone biosynthesis
enzymes in organs and tissues, availability of redox part-
ners of enzymes, and presence of protein- and non-pro-
tein effectors of these systems. Change in the level of cat-
alytic activity is one of the methods of fine regulation of
steroid hormone biosynthesis. Thus, CYP17 is one of the
few cytochrome P450s involved in steroid hormone
biosynthesis that are phosphorylated [5]. It is hypothe-
sized that this posttranslational modification may influ-
ence catalysis [6].

Electron transfer from NADPH-cytochrome P450
reductase (CPR) to cytochrome P450 is an important
mechanism of regulation of steroid hormone biosynthesis
[7]. Formation of a functional complex between
cytochrome P450 and CPR is a prerequisite for produc-
tive electron transfer [8]. The availability of electrons sup-
plied by CPR is a rate-limiting factor for most of the reac-
tions catalyzed by microsomal cytochrome P450. The
amount of cytochromes P450 in the liver and steroido-
genic tissues significantly exceeds the amount of CPR
(ratio approximately 20 : 1) [9]. CPR concentration in
adrenal microsomes is 4 times higher than in testicular
microsomes [10]. This favors production of C19-steroids,

585



586 SUSHKO et al.
CH; CHs
I I 0
c=0 c=0
-OH
CYP11A1 .
7-dehydrocholesterol cyp17 Cyp17 - 7-thydrost9r0|ds
(provitamin D3) - — el (equilenin, equilin, etc.)
HO HO ha e
-dehydro-
7-dehydropregnenolone 7-dehydro- ;
17a-hydroxy-pregnenolone dehydroeplandrosterone
7DHCR |
-l) I
CYP11A1
CYP17 C\'Pl?
Cholestero| — —— _'_ 17p-HSD
3|5+|5D
e HO'

Pregnenolone

3p- HSD 3B- HSD

G O

Progesterone

1 1
CYPZli H cw,ni H CYPIBl
H
ESTROGENS

Deoxycorticosterone

MINERALOCORTICOIDS

17a-hydroxypregnenolone

17a-hydroxyprogesterone

Dehydroeplandrosterone ANDROGENS

aﬁ-HSDl
@ 17B-HSD

CYP17
-—

Androstendione
|

11-deoxycortisol

1 1

GLUCOCORTICOIDS

Fig. 1. Scheme of steroid hormone biosynthesis pathway in Chordata.

sex hormone precursors, because increase in CPR con-
centration stimulates mainly the CYP17 17,20-lyase
reaction, but not the 17a-hydroxylation reaction.
Furthermore, cytochrome bs plays an important role
in the intracellular regulation of biosynthesis of andro-
gens at the level of CYP17. It is shown that cytochrome b5
mainly stimulates 17,20-lyase activity of CYP17 (5-10-
fold), but has no effect on the 17a-hydroxylation reaction
[11]. It is hypothesized that cytochrome b; is an allosteric
effector that can facilitate complex formation between
cytochrome P450 and NADPH-cytochrome P450 reduc-
tase. As a result of structural rearrangements, cytochrome
P450 turns to be more accessible for interaction with
CPR [12]. The cytochrome b5 isoform — outer mitochon-
drial membrane cytochrome b5 (OMbs) — was also found
in cells. OMbs; may also influence androgen biosynthesis
[13], but the physiological role of OMbs is not clearly
understood. It is necessary to emphasize the specificity of
interaction between cytochrome CYP17 and cytochrome

bs, because regulatory protein IZA (adrenal inner zone
antigen), that contains heme as a prosthetic group and
has a structural features similar to cytochrome b5, did not
stimulate the catalytic activity of CYP17 [14].
3B-Hydroxysteroid dehydrogenase type 11 (HSD3B2)
influences mineralocorticoid (aldosterone) and glucocorti-
coid (cortisol) biosynthesis by competing with CYP17 for
metabolism of pregnenolone (P5) and 17a-hydroxypreg-
nenolone (170HP5) [15]. High HSD3B2 expression level
combined with low CYP17 catalytic activity turns biosyn-
thesis to aldosterone production. In contrast, low level of
HSD3B2 expression combined with high level of catalytic
activity of CYP17 favors the production of androgens.
Despite the great progress in investigation of enzymat-
ic systems of steroid biosynthesis, the role of protein—pro-
tein interactions between cytochromes P450 involved in
steroid hormone biosynthesis is still not sufficiently studied.
The aim of the present study was to elucidate the
molecular interactions between cytochromes CYP17 and
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CYP21 involved in steroid hormone biosynthesis. In the
present work we demonstrate for the first time the mutu-
al effect of CYP17- and CYP21-monooxygenase systems
involved in human steroid hormone biosynthesis.

MATERIALS AND METHODS

Materials. The following chemicals were used in the
work: P4, 170HP4, PS5, sodium cholate, Triton X-100,
NADPH, phenylmethylsulfonyl fluoride (PMSF), 6-
aminolevulinic acid (ALA), SDS, Coomassie brilliant
blue R-250, Hepes, Tris-buffer, arabinose, ampicillin,
kanamycin, cholesterol oxidase (from Cellulomonas
species) (Sigma, USA); Ni-NTA agarose (Qiagen, USA);
Emulgen 913 (Kao Atlas, Japan); agarose, isopropyl-p-
D-thiogalactopyranoside (IPTG), and dithiothreitol
(DTT) (Gibco BRL, USA); Bacto-Tryptone, Bacto-
Peptone, and Bacto-Yeast extract (Difco Laboratories,
USA); Bio-Gel HTP (Bio-Rad, USA); methylene chlo-
ride (Ekos-1, Russia). Restriction enzymes and other
enzymes for DNA modification were from New England
Biolabs (USA) and Promega (USA).

Expression of human CYP17 and CYP21. Escherichia
coli JIM109 competent cells were transformed with corre-
sponding plasmids containing human CYP17 or CYP21
and molecular chaperones GroES-GroEL [16, 17]. The
transformed cells were screened on Petri dishes with LB-
agar containing ampicillin (100 pg/ml) and kanamycin
(40 pg/ml). A 0.5-liter portion of TB-medium containing
100 mM potassium-phosphate buffer, pH 7.4, rare salt
solution, ampicillin (100 pg/ml), and kanamycin (40 pg/
ml) was inoculated with 3 ml of overnight culture, and the
mixture was incubated in thermostatic orbital shaker at
37°C and 180 rpm. After reaching absorbance A, ~ 0.4,
protein expression was stimulated by adding IPTG
(0.5 mM), also adding ALA (0.65 mM), arabinose (4 mg/
ml), ampicillin (100 pg/ml), and kanamycin (40 pg/ml).
After 48 h of incubation in the thermostatic orbital shak-
er at 26°C and 140 rpm, the cells were cooled for 1 h and
collected by centrifugation at 3000 rpm for 10 min. The
pellet was suspended in buffer A (50 mM Tris-HCI buffer,
pH 7.4, 20% glycerol, 0.3 M NaCl) containing 0.5 mM
PMSF and 50 uM P4 (1 volume of cells/4 volumes of
buffer). The cells were frozen at temperature —73°C.

Isolation and purification of recombinant proteins.
Cells were thawed and treated using Emulsiflex C5
(Avestin, Canada). Recombinant cytochrome P450 was
solubilized from membranes by adding drops of Emulgen
913 to final concentration 1% (3 mg detergent per mg
protein) under continuous mixing for 1 h. The suspension
was centrifuged 1 h at 22,000 rpm to remove non-solubi-
lized membrane structures. The supernatant was applied
to a Ni-NTA-agarose column equilibrated with buffer A.
The column was washed with 2-3 volumes of buffer A
containing 0.2% Emulgen 913 and then with 10 volumes
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of buffer A containing 0.2% Emulgen 913 and 100 mM
glycine (buffer B). The proteins were eluted from the col-
umn with buffer B containing 50 mM histidine and 0.2%
Emulgen 913 (0.5% for CYP21). Fractions containing
CYP17 or CYP21 were pooled and applied to a column
with hydroxyapatite equilibrated with 10 mM potassium
phosphate buffer, pH 7.4. The column was washed with
10 volumes of 50 mM potassium phosphate buffer,
pH 7.4, containing 20% glycerol, 50 uM progesterone,
0.2% Emulgen 913 (0.5% for CYP21), and 0.1 mM DTT.
The proteins were eluted from the column with 0.3 M
potassium-phosphate buffer, pH 7.4, containing 20%
glycerol, 50 uM progesterone, 0.2% Emulgen 913 (0.5%
for CYP21), and 0.1 mM DTT. The highly purified heme
proteins were stored at temperature —73°C.

Highly purified recombinant rat NADPH-
cytochrome P450 reductase was purified as previously
described [18].

Analytical methods. Cytochrome P450 concentration
was determined spectrophotometrically using coefficient
€450.490 = 91 mM~'-cm™' for absorbance of the complex of
the reduced heme protein with CO [19]. CPR concentra-
tion was assigned from the absorbance spectrum using
molar extinction coefficient g,5s = 21.4 mM~-cm™! [20].
Protein homogeneity was determined by SDS-PAGE.

Determination of CYP17 17a-hydroxylase activity.
The 17a-hydroxylase activity of recombinant CYP17 was
determined in a reconstituted system containing CYP17
and CPR and in mixed system containing CYP17,
CYP21 (or CYP2C19), and CPR at 37°C in 50 mM
potassium-phosphate buffer, pH 7.2. Aliquots of the con-
centrated proteins (0.5 uM P450 and 1 uM CPR, if not
mentioned otherwise) were mixed and incubated at room
temperature for 5 min. P5 dissolved in ethanol was added
to the reaction mixture to final concentration 50 uM and
incubated 10 min at 37°C. The reaction was started by
adding NADPH to final concentration 0.25 mM.
Aliquots (0.5 ml) were taken from the incubation mixture
at definite time intervals. The reaction was stopped by
boiling. Cholesterol oxidase was added to the mixture
and incubated for an additional 30 min at 37°C. The
reaction was stopped by adding 5 ml of methylene chlo-
ride. The mixture was vigorously shaken, and the layers
were separated by centrifugation at 3000 rpm for 10 min.
The aqueous layer was carefully removed, and the organ-
ic layer was dried under a flow of argon. Steroids were
solved in 100 pl of methanol and analyzed by HPLC
(Hewlett Packard HP 1090 series 1I/L, equipped with a
pu-Bondapak Cl18-column (3.9 x 300 mm) and a diode
array detector).

Determination of CYP21 catalytic activity. CYP21
activity was determined in a reconstituted system contain-
ing CYP21 and CPR and in a mixed system containing
CYP21, CYP17, and CPR at 37°C in 50 mM potassium
phosphate buffer, pH 7.2. Activity was measured as
described for CYP17 in the system containing 0.05 uM
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cytochrome P450 and 0.1 uM CPR (if not mentioned oth-
erwise). 170HP4 was added to final concentration 50 uM.

Determination of CYP17 and CYP21 catalytic activity
at physiological ratios of the proteins. CYP17 activity was
determined in a reconstituted system containing CYP17
and CPR (25 : 1) based on data obtained about CYP17,
CYP21, and CPR expression levels in adrenal cortex [21].
P5 was added to final concentration 50 uM. CYP21 activ-
ity was determined in a reconstituted system containing
CYP21 and CPR (5 : 1), and 170HP4 was added to final
concentration 50 uM. Interaction between CYP17 and
CYP21 was estimated in a mixed reconstituted system
containing CYP17, CYP21,and CPR (25:5:1).

All experiments were performed at least twice, and
the averaged data are presented.

Modeling of tertiary structure of CYP17. The tertiary
structure of CYP17 was modeled using the crystal struc-
ture of CYP1A2 as a template as described previously [22].

RESULTS

Influence of CYP17 on catalytic activity of CYP21 in
a reconstituted system. To elucidate the influence of the
interaction between CYP17 and CYP21 on the catalytic
activity, the proteins were studied in a mixed reconstitut-
ed system containing CYP17, CYP21, and CPR in differ-
ent proportions (Table 1). To prevent competition for
substrate between CYP17 and CYP21, we used 170HP4
as substrate for CYP21 in this experimental series,
because human CYP17 is highly specific to A’-type
steroids (170HP4 is not a substrate for the 17,20-lyase
reaction). It is shown that CYP21 catalytic activity with
170HP4 as substrate decreases after addition of CYP17 in
the reconstituted system containing CYP21 and CPR.

SUSHKO et al.

The inhibitory effect of CYP17 addition depends on
[cytochrome P450]/[reductase] ratio. At limiting reduc-
tase amount ([cytochrome P450]/[reductase] = 1 : 0.5),
42% inhibition of CYP21 catalytic activity occurs. At the
ratio of concentrations 1 : 1, CYP21 activity decreases by
23%, and increase in CPR concentration (ratio 1 : 2)
causes practically complete recovery of CYP21 catalytic
activity (8% decrease in activity). The inhibitory effect of
CYP17 addition could be explained by competition of
CYP17 and CYP21 for interaction with CPR, i.e. for sup-
ply of electrons from the flavoprotein.

Influence of CYP21 on catalytic activity of CYP17 in
the reconstituted system. The addition of CYP2I in the
reconstituted system containing CYP17 and CPR caused
more evident decrease in CYP17 catalytic activity (Table
1). To prevent competition for substrate between CYP17
and CYP21, we used PS5 as a substrate for CYP17 in this
experimental series since human CYP21 uses predomi-
nantly A*-steroids as substrates. Analogously, inhibitory
effect of CYP21 addition on CYP17 activity depends on
the ratio [cytochrome P450]/[NADPH-cytochrome
P450 reductase]. At limiting CPR amount ([cytochrome
P450]/[NADPH-cytochrome P450 reductase] =1 : 0.5),
53% inhibition of CYP17 catalytic activity occurs. At the
ratio 1 : 1, CYP17 activity decreases by 40%. In contrast
to the system described above, increase in concentration
ratio to 1 : 2 does not lead to recovery in CYP17 catalytic
activity (35% decrease in activity at ratio 1 : 2). In this
case decrease in CYP17 catalytic activity after CYP21
addition could not be explained only by competition for
interaction with CPR. The results suggest the formation
of an enzymatic complex where CYP17 has lower affinity
to CPR compared with the reconstituted system contain-
ing only one cytochrome P450, or CYP21 may inhibit
CYP17 activity directly.

Table 1. CYP17 and CYP21 catalytic activity in simple and mixed reconstituted systems

P450/CPR ratio
Protein

1/0.5 1/1 1/2
CYP17 0.38 £ 0.01 1.22 £ 0.07 1.33 £ 0.07
CYPI17 + CYP21 0.18 £0.03 0.73 £ 0.06 0.87 £ 0.05
% of reaction compared with system containing only 47 60 65
CYP17 and CPR
CYP21 31.27 £ 3.16 49.70 £ 3.90 53.57 £ 0.87
CYP21 + CYP17 18.00 = 1.70 38.10 £ 3.12 49.02 £ 0.71
% of reaction compared with system containing only 58 77 92
CYP21 and CPR

Note: CYP17 catalytic activity (min~') was measured by formation of 170OHPS5 from P5; CYP21 catalytic activity (min~') was measured by forma-

tion of DCS from17P4 as described in “Materials and Methods”.
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Fig. 2. Effect of ionic strength on formation of DCS from 170HP4 catalyzed by CYP21 (a) and 170OHPS5 from PS5 catalyzed by CYP17 (b) in

simple and mixed reconstituted systems.

Influence of ionic strength on CYP17 and CYP21 activ-
ity. To clarify the mechanism of interaction between
cytochromes P450, the effect of ionic strength on catalytic
activity was studied. Catalytic activity of CYP17 and
CYP21 was measured in a mixed reconstituted system con-
taining CYP17 and CYP21 at different NaCl concentra-
tions (Fig. 2). CYP17 activity in the binary system increas-
es with an increase in ionic strength reaching a maximum
at 100 mM; further increase in NaCl concentration leads to
decrease in CYP17 activity. Analogously, CYP17 has maxi-
mal activity at 100 mM NaCl in the mixed system, and fur-
ther increase in NaCl concentration leads to decrease in
CYP17 activity. The inhibitory effect of CYP21 addition is
decreased with increase in ionic strength from 0 to
200 mM. The inhibitory effect increases at 300 mM NaCl.

Similarly, it was shown that CYP21 activity in the
binary system increases with increase in ionic strength
with maximal effect at 100 mM, while further increase in
NaCl concentration leads to decrease in CYP21 activity.
CYP21 has maximal activity at 100 mM NaCl in the
mixed system, and further increase in NaCl concentra-
tion leads to decrease in CYP21 activity. The inhibitory
effect of CYP17 addition is decreased with increase in
ionic strength from 0 to 200 mM. The inhibitory effect
increases at 300 mM NacCl.

The data indicate that electrostatic interactions play
a significant role in the interaction between CYP17,
CYP21, and NADPH-cytochrome P450 reductase.
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It is important to note that neither presence of addi-
tional enzyme nor alteration of ionic strength influence
stereoselectivity of the steroid hydroxylation (Fig. 3).

Specificity of interaction between CYP17 and CYP21.
To confirm the specificity of interaction between CYP17
and CYP21, the interaction between CYP17 and microso-
mal cytochrome CYP2C19 was studied. CYP2C19 was
chosen because of significant homology between CYP17,
CYP21 and the CYP2 family; the proteins have similar
folding and use CPR as the electron donor. However,
CYP2C19 and CYP17 have different expression localiza-
tion. CYP2C19 is mainly expressed in liver and metabo-
lizes xenobiotics [23]. CYP2C19 effectively metabolizes
tricyclic antidepressants (amitriptyline, clomipramine, and
imipramine), anticonvulsants and anti-epileptics (dia-
zepam, primidone, phenytoin, phenobarbital, and nor-
dazepam), proton pump inhibitors (omeprazole, pantora-
zole, lansoprazole, rabeprazole, and esomeprozole), anti-
malarial drug proguanil, nonsteroidal antiinflammatory
drugs (diclofenac and indomethacin) as well as warfarin,
clopidogrel, nelfinavir, and voriconazole [24]. It is reason-
able to suppose that interactions between cytochrome
CYP17 and CYP2C19 are not specific, due to the different
localization and substrate specificity of these enzymes.
Indeed we found that addition of CYP2CI19 to the recon-
stituted system containing CYP17 and CPR in different
proportions does not significantly change CYP17 catalytic
activity, as was observed after CYP21 addition (Table 2).
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Fig. 3. HPLC profile of products formed during metabolism of: A) P5 by cytochrome CYP17 (a) or by mixture of cytochrome CYP17 and
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317; 3) DCS, m/z 347; 4) 170HP4, m/z 331.

The data confirm the high specificity of interaction
between CYP17 and CYP21. We did not study interaction
between CYP2C19 and CYP21 because inhibitory effect of
CYP17 on CYP21 is nonspecific and could be explained by
competition for interaction with the redox partner.
Interaction between CYP17 and CYP21 at naturally
occurring protein ratio. Using data concerning CYP17,
CYP21, and CPR expression level in adrenal cortex [21],

Table 2. Interaction of CYP17 and CYP2C19

the interaction between CYP17 and CYP21 at physiolog-
ical protein ratio was examined. The interaction was esti-
mated in a reconstituted system containing CYP17,
CYP21, CPR at the protein ratio of 25 : 5 : 1. It demon-
strated that addition of CYP17 to the reconstituted sys-
tem containing CYP21 decreases CYP21 activity more
than 4-fold. However, addition of CYP21 to a reconsti-
tuted system containing CYP17 leads to 55% decrease in

P450/CPR ratio
Protein
1/0.5 1/1 1/2
CYP17 0.47 £ 0.01 0.67 £ 0.04 0.98 = 0.04
CYP17 + CYP2CI19 0.55 +0.02 0.70 £ 0.06 0.93 +£0.05
% of reaction occurs compared with system containing only 117 104 95
CYP17 and CPR

Note: CYP17 catalytic activity (min~"') was measured by formation of 17OHPS from P5, as described in “Materials and Methods”.

BIOCHEMISTRY (Moscow) Vol. 77 No. 6 2012



INTERMOLECULAR INTERACTIONS OF MICROSOMAL CYP17 AND CYP21

CYP17 catalytic activity. This means that in vitro exami-
nation of catalytic activity of the enzymes involved in
steroid biosynthesis in binary reconstituted systems at the
equimolar ratio not always reflects the real processes tak-
ing place in the cell. It is necessary to carry out addition-
al studies of P450—P450 interactions of the components
of the steroid biosynthesis system.

DISCUSSION

Cytochromes P450 represent a large superfamily of
monooxygenases involved in metabolism of a variety of
endogenous (steroids, bile acids, fatty acids,
prostaglandins, leukotrienes, and biogenic amines) and
exogenous (xenobiotics) substances. NADPH-cytochrome
P450 reductase serves as a universal redox partner for
microsomal cytochrome P450. Considerable quantitative
predominance of microsomal cytochrome P450 compared
to CPR is important feature of cytochrome P450-depend-
ent systems. It is supposed that aggregation of cytochrome
P450, i.e. various availability to redox partner, could mini-
mize the effect of NADPH-cytochrome P450 reductase
insufficiency on catalytic activity of cytochrome P450.
Formation during catalysis of multienzyme complexes sug-
gested the presence of multiple protein—protein interac-
tions via multiple binding sites. Indeed, it is demonstrated
for a number of microsomal cytochromes P450 involved in
drug metabolism that catalytic activity of one cytochrome
P450 isoform can be affected by the presence of another
cytochrome P450 isoform in a reconstituted system as a
result of heteromeric complex formation. Existence of pro-
tein—protein interactions between different cytochrome
P450 isoforms was shown for the pairs of human
cytochrome P450 CYP2C9-CYP2C19 [27] and
CYP2A6—CYP2E1 [28], rabbit CYP1A2—CYP2B4 [26]
and CYPIA2—CYP2EI [29], human CYP3A4—CYPIA2
[30], and human CYP2C9—CYP2D6 [31]. There are a
number of factors that cause the changes in catalytic activ-
ity of cytochrome P450 in the presence of other heme pro-
tein isoforms. Competition for the interaction with CPR
plays a significant role, but it is not the only mechanism.
Ionic interactions, conformational changes of the
cytochrome P450 structure, changes in substrate-binding
site and CPR-binding site, competition for substrate, and
formation of heteromeric complexes exhibiting activity
that differs from the monomers are considered as potential
mechanisms of protein—protein interactions between vari-
ous cytochrome P450 isoforms [25].

In the present study we attempted to elucidate the
molecular interactions between cytochromes CYP17 and
CYP21 located in the endoplasmic reticulum of adrenal
cortex and involved in corticoid hormone biosynthesis.
This work is important due to the absence of reliable data
about molecular interactions between microsomal
cytochromes P450 involved in steroid hormone biosynthe-
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sis in endoplasmic reticulum membranes. Moreover, study
of protein—protein interactions between microsomal
cytochromes P450 involved in steroid hormone biosynthe-
sis gives the possibility to carry out complex assessment of
drug influence on enzymatic systems, including the enzy-
matic systems involved in steroid hormone biosynthesis.

We have shown for the first time that addition of
CYP17 to the reconstituted system causes a 23% decrease
in CYP21 catalytic activity, while CYP21 addition to
reconstituted system leads to 40% decrease in CYP17 cat-
alytic activity at equimolar ratio of proteins in the reac-
tion mixture. If CPR concentration was reduced to the
ratio 1 : 0.5 (against cytochrome P450), the presence of
CYP17 caused 42% decrease in CYP21 activity, while the
presence of CYP21 caused 54% decrease in CYP17 activ-
ity. Almost no inhibitory effect of CYP17 on CYP21 cat-
alytic activity was observed when CPR concentration was
raised to the ratio 1 : 2, but such effect was not noted for
CYP17 (35% decrease in activity).

Thus, specific interaction at the molecular level and
interference between CYP17 and CYP21 was demon-
strated for the first time. Dependence of the protein effect
on catalytic activity on concentration of redox partner —
NADPH-cytochrome P450 reductase — was also shown.

The effect of solution ionic strength on proteins
interaction was analyzed. Increase in ionic strength
decreased the inhibitory effect. This fact indicates a sig-
nificant role of electrostatic forces in the interaction
between the proteins. The interaction was also studied at
the physiologic ratio of the proteins.

Molecular modeling of CYP17 three dimensional
structure and analysis of the recently obtained CYP21
crystal structure [32] makes it possible to elucidate struc-
tural elements involved in the interaction between these
proteins. It can be hypothesized, based on analysis of the
distribution of amino acid residues on the surface of the
proteins, that positively charged amino acids of a-helices
B and C of CYP17 and negatively charged amino acids of
a-helices F, G, I and DE loop of CYP21 are involved in
interaction, as well as negatively charged amino acids of
the BC-loop and P3-sheet of CYP17 and positively
charged amino acids of a.-helices F and G of CYP21 (Fig.
4; see color insert). It should be mentioned that CYP17
and CPR interaction region [33-35], located at the proxi-
mal surface of CYP17, and the region of interaction
between CYP17 and CYP21 are partly overlapping (in the
region of a-helix C). The CYP21 and CYP17 interaction
region, located on the distal surface of CYP21, does not
overlap with the redox partner interaction region [32, 36].
This can explain significant decrease in CYP17 catalytic
activity in the presence of CYP21. The crystal structure of
CYP17 is not available, so the models used are not precise
enough and there is no possibility to study the energy of the
complex and to model docking. It is necessary to get more
data based on crystal structures and results of site-directed
mutagenesis of amino acids involved in the interaction.
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Protein—protein interactions between CYP17 and
CYP21 are an additional mechanism of fine regulation of
corticoid hormone biosynthesis. CYP17 is a unique
enzyme due to its ability to catalyze two different types of
reactions using the same active site. CYP17 may direct
steroid hormone biosynthesis pathways either to the pro-
duction of mineralocorticoids, glucocorticoids, or sex
hormones. One of the possible assumptions explaining
functional importance of the dependence of catalytic
activity of CYP17 on the presence of CYP21 is that
CYP21 may regulate production of corticoid hormones
and could impede sex hormone biosynthesis when coex-
pressed with CYP17 in adrenal cortex. Adrenal cortex is
morpho-functionally divided for three layers: zona
glomerulosa (produces mineralocorticoids), zona fascic-
ulata (produces glucocorticoids), and zona reticularis
(produces sex hormones). There is a minimal concentra-
tion of CYP17 in zona glomerulosa. Inhibition of CYP17
activity in the presence of CYP21 may redirect the hor-
mone biosynthesis pathway to mineralocorticoid produc-
tion. Co-expression of CYP17 and CYP21 is observed in
zona fasciculata. The 17a-hydroxylase activity dominates
in the absence of cytochrome bs;, and sex hormones are
produced in negligible amounts. Inhibition of CYP17
activity in the presence of CYP21 favors the maximal pre-
domination of glucocorticoid synthesis. CYP21 is not
expressed in zona reticularis, so 17,20-lyase activity of
CYP17 dominates. CYP17 17,20-lyase activity is stimu-
lated in the presence of cytochrome bs. In addition, the
17,20-lyase activity can be regulated by the available CPR
concentration [37].

In summary, a balanced system regulating adrenal
cortex hormones biosynthesis is formed. Taking into
account the importance of these enzymes in steroid hor-
mone biosynthesis, further studies on the effect of pro-
tein- and non-protein effectors, including specific
CYP17 inhibitors used as therapeutics, on the given
enzyme complexes are needed.

This work was done under Grant X11M-119 of the
Belarusian Republican Fund for Fundamental Research.
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