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NADPH-dependent cytochrome P450 reductase (CPR) and adrenodoxin (Adx). Comparative analysis of the
affinity, thermodynamics, enzymatic activity and the ability for one-electron reduction has been carried out.
The study of protein-protein interactions to determine the equilibrium dissociation constants (Kd) was
performed using surface plasmon resonance (SPR) biosensor Biacore 3000. We demonstrated that CPR and
Adx interacted with both, micCYPs and mitCYPs, with different affinities (Kd values ranged from 0.01 to
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Optical biosensor 2 uM). All complexes of microsomal (micCYP) and mitochondrial (mitCYP) cytochrome P450 with redox
Thermodynamics partners can be divided into three groups depending on the prevalent role of either enthalpy or entropy
Protein-protein interactions contribution. About 90% of CYP/redox partner complexes were entropy-driven, while the contribution of

enthalpy and entropy differed significantly in case of mitCYP/Adx complexes. The CYP11A1/Adx complex was
enthalpy-driven, while CYP11B1/Adx and CYP11B2/Adx complexes were entropy-driven. Thermodynamic
discrimination of mitCYPs/Adx complexes is likely associated with the different functional impact of CYP11A1
and CYP11B. The exception was the enthalpy-entropy-driven (mixed type) CYP21A2/Adx complex. CPR and
Adx were able to transfer the first electron to micCYPs while mitCYPs demonstrated high specificity to Adx.
Productive catalysis for mitCYPs observed only in the presence of Adx/AdR pair, while in case of steroidogenic
micCYPs (CYP17A1, CYP19A1, and CYP21A2) it was found either in the presence of a CPR or an Adx/AdR pair.
From the evolutionary point of view, the type 1 electron transport system (mitCYPs, Adx and NADPH-
dependent adrenodoxin reductase (AdR)) increased the specialization of protein-protein interactions (PPI)
significantly, which was accompanied by an increase in the specificity of electron transfer. In contrast, the
evolution of the type 2 electron transport system (micCYPs and CPR) led to an increase in versatility of PPI as
demonstrated for steroidogenic microsomal cytochrome P450s. Our data enhance the current understanding
of molecular recognition and summarize qualitative and thermodynamic characteristics of protein-protein

interactions in the P450-dependent mitochondrial and microsomal monooxygenase systems.
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1. Introduction

Cytochrome P450s (CYPs) are a large superfamily of mono-
oxygenases that being found in all domains of living systems
including prokaryotes and eukaryotes. Mammalian CYPs are
membrane-bound proteins; the human genome contains 57 genes
encoding different CYP isozymes [1]. They are found in all tissues
and responsible for a variety of physiological processes. CYPs
participate in the metabolism of a wide range of endogenous and
exogenous substrates, including biotransformation of drugs and
toxins, biosynthesis and catabolism of cholesterol, vitamin D3,
steroid hormones, bile acids, and prostaglandins. The most com-
mon CYP reaction is monooxygenation where one atom of molec-
ular oxygen is activated by two electrons supplied by NADPH
(NADH), while the other one is reduced to the water molecule [2,3].
CYP acquires electrons from [2Fe—2S] protein adrenodoxin (Adx),
which receives them from NADPH through FAD-containing adre-
nodoxin reductase (AdR) [4] or NADPH-dependent cytochrome
P450 reductase (CPR) containing FAD- and FMN-domains [5,6]. The
study of affinity and thermodynamics of protein-protein in-
teractions (PPI) in the P450-dependent monooxygenases is of
fundamental importance for a better understanding of structural
and functional relationships between the components of this sys-
tem and identification of the discrimination of enthalpy and en-
tropy contributions to complex formation [7—9]. This work was
aimed at establishing the thermodynamic and functional differ-
ences in protein-protein interactions between the components of
the P450-dependent mitochondrial and microsomal mono-
oxygenase systems using twelve different isoforms of cytochrome
P450s and two redox partners CPR and Adx. It's worth mentioning
that current study was a continuation of our previous research on
characterization of the affinity and thermodynamics of molecular
complexes formed by nine different isoforms of mammalian CYPs
and two isoforms of human cytochrome b5 (CYB5) using a surface
plasmon resonance (SPR) optical biosensor [10]. In the present
study we carried out SPR experiments under similar experimental
conditions but using broader spectrum of CYP/RP complexes
studied, so it gave the possibility of comparing the kinetic, equi-
librium and thermodynamic parameters obtained. Application of
SPR biosensors for the analysis of protein-protein interactions was
demonstrated in previous studies [11—13] and discussed in reviews
[14—16]. In particular, SPR has been shown useful for monitoring
the protein-protein interactions in the P450-dependent systems
[17]. Earlier studies with CYPs reported that this technology can be
used to calculate ligand binding parameters [18] and is effective in
measuring the interactions between CYPs and redox partners
[19—-22].

Here, for the first time, we apply the SPR technology to identify
the affinity and thermodynamic parameters of 24 protein-protein
interactions (PPI) between three mitochondrial cytochromes P450
(mitCYP) and nine microsomal CYPs (micCYP) and their redox
partners - CPR and Adx. The functional significance of PPIs was
characterized by a single-electron reduction method and enzyme
activity assays. The equilibrium dissociation constants (Kd) of the
complexes as well as the changes in the Gibbs free energy (AG),
enthalpy (AH) and entropy (-TAS) were calculated for 24 pairs of
proteins (CYP/CPR and CYP/Adx) in total.

2. Materials and methods
2.1. Equipment

Real-time measurements of PPIs were performed on a Biacore

3000 SPR biosensor (GE Healthcare, USA) in a temperature range
from 10 to 40 °C using CM5 optical chips coated with a layer of
carboxymethylated dextran. The sensorgrams of PPIs were regis-
tered as a continuous record of the biosensor signal changes
expressed in resonance units, RU. 1 RU is approximately equal to the
binding of 1 pg of protein per 1 mm? of the chip surface. Proteins
purification procedures were performed using the chromato-
graphic system Akta Purifier (GE Healthcare, USA). Spectrophoto-
metric measurements were performed using Shimadzu UV-3000
spectrophotometer (Shimadzu, Japan) and Cary UV—Vis—NIR
(Agilent, USA).

Analysis of the product of reactions catalyzed by mic- and
mitCYPs was carried out using HPLC Hewlett Packard HP 1090 se-
ries II/L (Hewlett Packard, USA) equipped with C18-column p-
Bondapak (3.9 x 300 mm) and a diode array detector or Agilent
1200 Series L equipped with chromatography column Eclipse Plus
C18 (4.6 x 250 mm, particle size 5 pum) and a diode array detector
(Agilent, USA).

2.2. Chemicals

The following reagents were used: progesterone, 11-
deoxycorticosterone, testosterone, lanosterol, 7-
dehydrocholesterol, diclofenac, cymal-5, CHAPS, NADPH, HEPES,
Tris, DLPC, EDTA (Sigma-Aldrich, USA); Ni-NTA-Agarose (Qiagen,
USA); Emulgen 913 (Kao Atlas, Japan); dithiothreitol (Gibco BRL,
USA). Restrictases and DNA modifying enzymes were purchased
from New England Biolabs and Promega, USA.

Special reagents for biosensor measurements were obtained
from GE Healthcare (GE Healthcare, USA): HBS-EP + buffer
(150 mM Nacl, 10 mM HEPES, 3 mM EDTA, 0.05% P-20 surfactant,
pH 7.4), HBS-N buffer (150 mM Nacl, 10 mM HEPES, pH 7.4), 50 mM
NaOH solution, 70% glycerol solution, 10 mM acetate buffer (pH
4.5), the amino-coupling kit for covalent immobilization of proteins
on the CM5 optical chip: 1-ethyl-3- (3-dimethylaminopropyl)
carbodiimide-HCl (EDC), N-hydroxysuccinimide (NHS), 1 M
ethanolamine-HCl (pH 8.5). Other reagents of analytical purity
were obtained from local suppliers.

2.3. Proteins

In the current study, 12 recombinant highly purified (>95% by
SDS-PAGE) mammalian CYPs isoforms were used (human CYP2C9,
CYP21A2, CYP19A1, CYP1B1, CYP2C19, CYP51A1, CYP3A4, CYP3AS5;
horse CYP17A1; bovine CYP11A1 and human CYP11B1, CYP11B2), as
well as CPR, Adx and AdR. The methods for purification and func-
tional activity assays of recombinant CYPs have been described
previously: CYP3A4 and CYP3A5 [23], CYP17A1 [24], CYP51A1 [25],
CYP11A1 [26], CYP11B1 and CYP11B2 [27], CYP2C9 [28]. CYP1B1
was purified according to Refs. [23—28]. Recombinant Adx, AdR,
CPR were purified as described earlier [23,29,30]. Human CYP5A1
[31] and hemoglobin were used as a negative control for specificity
of PPIs. Human hemoglobin was isolated from lysed red blood cells
and purified by anion-exchange chromatography as described in
Ref. [32].

2.4. One-electron reduction of CYPs

In order to find out if transfer of the first electron from NADPH to
the mit/micP450 heme iron is possible, electron transport was
analyzed using P450 redox system containing CPR or Adx and
different CYPs. One-electron reduction of CYPs was performed at
25°C in 50 mM Tris-HCl buffer, pH 7.4 containing CYP: AdR: Adx at
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a molar ratio of 1:0.5:2 respectively in the case of mitochondrial
electron donors or CYP: CPR at a molar ratio 1:2 respectively in the
case of microsomal electron donors. Mixture was saturated with CO
by extensive bubbling with the gas in a quartz cuvette. NADPH was
added to the final concentration 250 uM. The reduced form of CYPs
was detected as a peak at 450 nm by recording a characteristic CO-
difference spectrum. Spectra (250—800 nm) were recorded regu-
larly until no further change was detected. The kinetics of complex
formation were determined by plotting extent of the reduced
complex formation against reaction time and fitting the resultant
data using Origin software. To control the efficiency of the first
electron transfer, sodium dithionite was used for chemical reduc-
tion [33]. Reaction conditions were the same as described above,
sodium dithionite has been added to final concentration 1 mg/ml
instead of NADPH. The amount of reduced form of CYPs was
detected as a peak at 450 nm. Efficiency of enzymatic reduction was
estimated as a percentage of chemical reduction with sodium
dithionite.

2.5. Estimation of CYPs enzymatic activity

Enzymatic activity of CYPs with microsomal electron donors
was measured in the reconstituted system as described previously
[25—28,34—37]. Briefly, aliquots of concentrated recombinant
proteins (0.5 pM micCYP and 1 pM CPR or 0.5 pM mitCYP, 0.5 uM
Adx and 0.25 uM AdR) were mixed and preincubated for 5 min at
room temperature. Substrates diluted in ethanol (testosterone for
CYP3A4 and CYP3AD5, lanosterol for CYP51A1, 7-dehydrocholesterol
for CYP11A1, diclofenac for CYP2C9, omeprazole for CYP2C19,
progesterone for CYP17A1, CYP1B1 and CYP21A1, androstenedione
for CYP19A1, 11-deoxycortisol for CYP11B1, CYP11B2) were added
to the reaction mixture at a final concentration of 100 uM. After
preincubation at 37°C for 10 min, the reaction was started by
adding NADPH at a final concentration of 0.25mM. Aliquots
(0.5 ml) were taken from incubation mixture at chosen time in-
tervals. Reaction was stopped by addition of 5ml of methylene
chloride, vortex mixed, and then centrifuged at 10,000 rpm for
10 min. The organic layer was carefully removed and dried under
argon flow. Hundred microliters of methanol was added to the
pellet and steroids were analyzed. The concentrations of the me-
tabolites were measured by HPLC and UV detection methods.

2.6. Immobilization of CPR and Adx on the CM5 optical chip

The CPR and Adx were covalently immobilized on the surface of
the CM5 chip according to the standard amino-coupling protocol.
The carboxyl groups of dextran were activated by injecting a
mixture of 0.4 M EDC and 0.1 M NHS for 7 min at a flow rate of 5 pl/
min. The protein sample diluted to 15 pg/ml in 10 mM sodium ac-
etate (pH 4.5) was injected for 10 min at a flow rate of 2 ul/min.
Finally, ethanolamine-HCI (1.0 M) solution was injected for 1 min at
a flow rate of 5 pl/min to block the unreacted carboxyl groups of
dextran. The amount of CPR and Adx immobilized on the chip
surface were approximately 100 fmol and 150 fmol, respectively.

2.7. SPR analysis of PPIs between CYPs and immobilized CPR and
Adx

The interactions of twelve different CYP isoforms with immo-
bilized CPR and Adx were measured in a concentration range from
10 to 5000 nM (CYP samples were diluted with HBS-EP + buffer)
and in the temperature range from 10 to 40 °C. The analyzed CYP
was injected through the control (without immobilized proteins)
and working channels of the optical biosensor for 7 min at a flow
rate of 5 pl/min. To check the specificity of PPI, hemoglobin (50 pM)

and CYP5A1 (10 uM) were injected for 7 min at a flow rate of 5 pl/
min too.

The resulting sensorgrams were obtained by subtracting the
control channel signals from the working channel ones. Regener-
ation of the optical chip surface was performed after each protein
injection using a buffer containing 10 mM HEPES (pH 7.4),1 M NaCl
and 0.2% CHAPS for 1 min at a flow rate of 50 pl/min. The data were
fitted using Biacore BlAevaluation software v. 4.1 (GE Healthcare,
USA) to obtain the association and dissociation rate constants (Ko
and koff, respectively) as well as the equilibrium dissociation con-
stant of the complexes (Kd).

The Gibbs free energy (AG) was calculated from the equation
using the Kd value obtained.

4G = RT InKd (1)

where T is the absolute temperature (K), R - universal gas constant
(kcal-mol~'-K™1), Kd - equilibrium dissociation constant of the
protein-protein complex (M).

Enthalpy change (AH) was determined by plotting InKd versus
1000/T according to the equation

AH 1000 A4S
— & — _
Ian_(R>( T) (R) (2)
using the slope of the linear regression line (AH/R).

The entropy change (AS) was calculated from the van't Hoff
equation

AG = AH —T4S (3)

3. Results

3.1. Affinity and functional characterization of CYP/RP interactions
by SPR

Affinity characterization of complex formation between twelve
CYPs with CPR and Adx is presented in Table 1, and some typical
examples of SPR sensorgrams are shown in Fig. 1. The data in
Table 1 demonstrate that CPR and Adx interact with both, micCYPs
and mitCYPs, with different affinities. CYP5A1 (or thromboxane
synthase) used as a negative control did not interact with any redox
partners. From the one hand, it is to be noted that the affinity of
micCYPs 2C19, 19A1, 17A1, 3A4, and mitCYPs 11A1, 11B1, 11B2 was
4—30 times higher toward Adx compared with CPR. From the other
hand, the Kd value of CYP2C9/CPR was 7 times lower than CYP2C9/
Adx. The study of CYP-containing systems requires a combination
of methods that enable both to evaluate the interactions between
CYPs and their RP and to give insight into functional characteristics
of these interactions. For this purpose, we carried out two func-
tional activity tests of CYPs (Table 1). To activate molecular oxygen,
CYP requires two electrons provided by RP. When transferring the
first electron, the heme iron is reduced, and the complex with ox-
ygen (or CO) can be formed. The study of CYP enzymatic reduction
(the first electron transfer) demonstrated that both CPR and
mitochondrial pair Adx/AdR could serve as an electron donor to
micCYPs CYP2C9, CYP2C19, CYP1B1, CYP3A4, CYP3A5, CYP19A1,
CYP21A2, CYP17A1 (Table 1). In this case, the effective transfer of
the first electron does not always means the possibility of pro-
ductive catalysis. Interestingly, microsomal steroidogenic CYP17A1,
CYP21A2 and CYP19A1 were able to catalyze reactions using both
CPR and the mitochondrial pair Adx/AdR as electron donors
(Table 1). Other micCYPs did not show enzymatic activity with Adx/
AdR. We found that CYP51A1 couldn't be reduced efficiently using
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Table 1

Equilibrium dissociation constants (Kd) for CYPs/redox partners interactions and functional evaluation of CYPs.

Equilibrium dissociation constants (Kd), uM

First electron transfer

Catalytic activity Substrate for catalytic

activity assay

Cytochrome P450 Adx CPR Adx/AdR CPR Adx/AdR, min~! CPR, min~"

Microsomal CYPs

CYP3A4 0.25+0.01 1.50 + 0,04 + + — 4.25 [36] testosterone
CYP3A5 0.55+0.03 0.70 +0.04 + + — 0.30 testosterone
CYP51 0.45+0.03 0.30+0.05 - + - 0.01 [25] lanosterol
CYP2C9 0.70 + 0.05 0.10+0.02 + + — 5.25 [76] diclofenac
CYP17A1 0.010 + 0.003 1.80 +0.06 + + 0.30 1.70 [34] progesterone
CYP1B1 0.010 +0.003 0.020 + 0,005 + + - 0.05 [37] progesterone
CYP19A1 0.020 + 0.001 0.11+£0.02 + + 0.07 4.23 [34] androstenedione
CYP21A2 0.10+0.02 0.090 + 0.002 + + 39.6 18.60 [34] progesterone
CYP2C19 0.030 + 0.004 0.25+0.03 + + - 4.70 [28] omeprazole
Mitochondrial CYPs

CYP11A1 0.010+0.001 0.30+0,02 + — 3.26 [35] — 7-dehydrocholesterol
CYP11B1 0.080 + 0.004 0.30+0.01 + - 4.00 [35] - 11-deoxycortisol
CYP11B2 0.040 + 0.004 0.50+0,03 + — 2.76 [35] — 11-deoxycortisol
Negative control

CYP5A1 no no n/d n/d n/d n/d n/d

“no” — complex formation was not observed ** “n/d” - not determined.
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Fig. 1. SPR sensorgrams for micCYP (1—-2) and mitCYP (3—4) interaction with immo-
bilized CPR (1, 3) and Adx (2, 4) at 25 °C in HBS-EP + buffer. 1. CYP1B1/CPR a — 10nM, b
—25nM, c—50nM,d — 75nM, e — 100 nM, f — 250 nM. 2. CYP1B1/Adx a — 10nM, b —
25nM, ¢ — 50nM, d — 75nM, e — 100 nM, f — 250 nM. 3. CYP11A1/CPR a — 75nM, b —
100 nM, ¢ — 200 nM, d — 500 nM, e — 1000 nM 4. CYP11A1/Adx a — 10 nM, b — 30 nM, ¢
—50nM, d — 75nM, e — 100 nM.

the mitochondrial pair Adx/AdR (Fig. 2) while having almost equal
affinity toward Adx and CPR (see Table 1).

It should be noted that positive results of complex formation
between mitCYPs (CYP11A1, CYP11B1, CYP11B2) and CPR
(Kd ~0.3—0.5 uM) were not accompanied by a productive electron
transfer and catalytic activity using the standard CYP's substrates
(Table 1), thereby demonstrating the functional selectivity of
protein-protein interactions in the P450-dependent mitochondrial
monooxygenase system.

3.2. Thermodynamic characterization of CYP/RP interactions by SPR

SPR analysis of CYP/RPs complex formation was performed at a
temperature range from 10 to 40 °C, and sensorgrams are shown in
Figs. 3.1-3.3 (as examples). The Van't Hoff plots were generated
(Fig. 3.4) and thermodynamic parameters (AG, AH, -TAS) of

interaction between CYPs and their RPs were calculated (Table 2).
All complexes of micCYPs/RPs and mitCYPs/PRs can be divided into
three groups depending on the prevalent role of either enthalpy or
entropy contribution. From Fig. 3.5 it follows that most complexes
(about 90%) are entropy-driven, while the contribution of enthalpy
and entropy differs significantly in the case of mitCYP/Adx com-
plexes. The CYP11A1/Adx complex is enthalpy-driven, while
CYP11B1/Adx and CYP11B2/Adx complexes are entropy-driven. The
exception is the enthalpy/entropy-driven (mixed type) CYP21A2/
Adx complex. Besides, there was no thermodynamic discrimination
between the mitCYPs/CPR and micCYPs/CPR complexes (Table 2).

4. Discussion

4.1. Affinity and functional characterization of CYP/RP interactions
by SPR

We have shown that the Kd values for the studied PPIs varied
from 0.01 to 2 uM (Table 1) and this range is in accordance with the
affinity data obtained for other CYP/CPR complexes:
Kd ~0.2—0.3 uM for CYP2B4/CPR [19], Kd ~ 0,07 uM for CYP2B4/CPR
and Kd ~0,1 uM for CYP2B1/CPR [7], Kd ~0.03—0.14 uM [38], and
~0,03 uM for CYP2C9/CYB5A [39]. It should be mentioned that the
results obtained in this work are comparable with those from other
studies describing the formation of P450 complex with RP and
demonstrating the validity and reproducibility of the method used.
The protein-protein interactions including those with RP are
important for modulation of the CYP activity. Many studies have
been performed in this field. It seems difficult to compare the pa-
rameters of the CYP-RP complex formation for many CYP isoforms
because of different experimental conditions and methods used to
study PPI. Also interactions of CYPs with RPs could be modulated by
the presence of substrates and/or inhibitors, as well as by CYP/CYP
interactions [8,40]. It should be noticed that Kd values for com-
plexes of all three RPs (Adx, CPR, CYB5) with microsomal CYP3A4,
CYP3AS5, CYP51, CYP17A1 and all mitCYPs differed significantly and
only for CYP1B1/Adx and CYP1B1/CYB5A [10] complexes Kd values
(~0.01 uM) were identical.

It can be speculated that CYP51/CPR complex having Kd values
comparable with other micCYP/CPR complexes (Table 1) but a
rather low affinity (Kd~70—10 uM) of CYP51 towards CYB5A (or
CYB5B) [10] would mean that cytochrome b5 is not necessary for
electron transfer in the CYP51 cycle. The study with purified CYP51
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Fig. 2. Single-electron enzymatic reduction (solid line) of CYP51A1 (1 — with CPR, 2 —
with Adx/AdR) and CYP17A1 (3 - with Adx/AdR). The dashed line represents a chemical
reduction of CYP51A1 and CYP17A1 using sodium dithionite.

did not indicate on the CYP5A involvement in lanosterol deme-
thylation [41]. However more recent work [42] has proven the
ability of four different forms (coretail, the soluble core, signal-core,

and the signal-coretail) of genetically engineered CYB5A to support
the CYP51-mediated sterol 14a-demethylation reaction involving
the hydroxylation and lyase activities. According to the dendro-
gram (Fig. 4.1), these results can also be due to the low similarity of
CYP51 comparing with the other CYPs.

Otherwise, in our experiments, mitCYPs were able to receive the
first electron only from the mitochondrial Adx/AdR pair and cata-
lyzed the enzymatic reactions only in the presence of Adx/AdR
(Table 1) indicating on high specificity towards Adx. Multiple
sequence alignment of the mic- and mitCYPs (Fig. 4.3) revealed
common features in the distribution of amino acids responsible for
the interaction with electron donor proteins on the surface of
micCYPs and mitCYPs [27,34]. The amino acids involved in the
interaction with RP are located on the proximal surface of the
protein which is opposite to the substrate-binding site
(Figs. 4.2—4.3). Several overlaps are observed for the regions
involved in the interaction with different electron-transfer proteins
[6,34,35,43]. The ability of micCYP to interact with Adx is explained
by the general structure of these regions, characteristic of all CYPs.

4.2. Entropy-driven complexes of micCYP/CPR

The formation of entropy-driven complexes micCYPs/CPRs
(Table 2, Fig. 3.5) can be explained by the fact that a CPR molecule
consists of two domains connected by a flexible linker, so it can
exist in two conformations, “closed” and “open” [44]. When
interacting with RPs (heme oxygenase and cytochrome c), the
conformational transitions of CPR may occur from the “closed” to
the “open” one [45,46]. The dynamic nature of interactions be-
tween CYPs and their electron transfer partners is hypothesized to
be based on both a functional standpoint as well as a structural one
[8]. Separate from its function as an electron transfer partner, CPR
may also act as an allosteric effector to induce conformational
changes in CYPs that modulate the rate of electron transfer. For
bacterial CYP101, significant structural perturbations were
observed by NMR upon complex formation with electron donor
putidaredoxin [47,48]. Conformational plasticity may be one of the
mechanisms by which the binding affinity of a CYP and its RP is
modulated [49]. Thus, the CPR molecule undergoes significant
structural rearrangements during the formation of the complex
with CYP, which is associated with the negative value of -TAS. The
positive AH values of CYP/CPR complexes might be associated with
the disruption of intramolecular hydrogen bonds and salt bridges
occurring upon reductase conformational changes. In addition to
conformational rearrangements, hydrophobic interactions be-
tween CYP and CPR membrane domains contribute to the entropy
component AG [6,23,50]. In this work, we used truncated CYP19A1
and CYP21A2 lacking the membrane-anchoring domain. Therefore,
it is possible that the hydrophobic domain of CPR interacts with
other hydrophobic regions located on the CYP surface. The disso-
ciation of complexes CYP/RPs (where RP means “redox partner”)
was observed only in a high ionic strength solution containing
detergents. Neither detergent nor high ionic strength separately
caused the dissociation of CYP/RP complexes.

It should be noted that positive results of complex formation
between mitCYPs (CYP11A1, CYP11B1, CYP11B2) and CPR
(Kd ~0.3—0.5 uM) were not accompanied by a productive electron
transfer and catalytic activity using the standard CYP's substrates
(Table 1), thereby demonstrating the functional selectivity of
protein-protein interactions in the P450 - dependent mitochondrial
monooxygenase system. Besides, there was no thermodynamic
discrimination between the mitCYPs/CPR and micCYPs/CPR com-
plexes (Table 2).
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Fig. 3. Entropy-dependent, enthalpy-dependent, mixed PPI and calculation of their thermodynamic parameters. 1 — Sensorgrams of the entropy-driven interaction between
immobilized CPR and CYP3A4 (1 uM) taken at different temperatures: a, b, and ¢ — 10°C, 25 °C, and 40 °C, respectively. 2 - Sensorgrams of the enthalpy-entropy-driven interaction
between immobilized Adx and CYP11B2 (100 nM) taken at different temperatures: a, b, and ¢ — 10°C, 25°C, and 40 °C, respectively. 3 - Sensorgrams of the enthalpy-driven
interaction between immobilized Adx and CYP11A1 (100 nM) taken at different temperatures: a, b, and ¢ — 10°C, 25°C, and 40 °C respectively. 4 — The van't Hoff plots for
CYP3A4/CPR (squares), CYP11A1/Adx (rhombuses) and CYP11B2/Adx (triangles). 5 - Distribution of CYP/RP complexes into groups depending on the values of enthalpic (AH) and
entropic (-TAS) terms. CYP11A1/Adx — a, CYP21A2/Adx — b, CYP11B2/Adx — ¢, CYP11B1/Adx — d.

Table 2
Values of AG, AH and -TAS for protein-protein complexes of cytochrome P450s with
CPR and Adx.

Protein pair (analyte/ligand) AG (kcal/mol) AH (kcal/mol) -TAS (kcal/mol)

CYP3A4/CPR —-7.9+0.2 27+3 —34+5
CYP3A5/CPR -84+02 45+5 —-53+8
CYP51A1/CPR —-8.8+0.7 26+3 -35+5
CYP17A1/CPR -7.8+03 38+3 -46+6
CYP2C9/CPR -93+0.5 42+4 —51+7
CYP2C19/CPR 9.0+0.8 16+2 —-25+3
CYP19A1/CPR -9.5+0.7 26+3 —-36+4
CYP21A2/CPR -9.6+04 11+1 —21+2.
CYP1B1/CPR -10.5+0.9 39+4 —49+5
CYP11A1/CPR -8.9+0.8 49+ 6 —-58+7
CYP11B2/CPR -8.6+04 24+4 -33+3
CYP11B1/CPR -89+03 18+3 —-27+3
CYP3A4/Adx -9.1+03 22+3 —-31+£5
CYP3A5/Adx -85+04 25+3 -33+5
CYP51A1/Adx —-8.7+0.3 34+4 —-43+6
CYP17A1/Adx —-10.8+0.9 12+1 —-23+3
CYP2C9/Adx -8.1+0.5 48 +5 -56+8
CYP2C19/Adx -103+2 186+2 —-29+4
CYP19A1/Adx —-104+1.2 151+14 —-25+2
CYP21A2/Adx -95+0.8 -7.6+0.6 —1.90 +£0.02
CYP1B1/Adx —-10.8+0.8 46 +5 —-57+6
CYP11A1/Adx —-10.8+0.7 —-22+3 11+1
CYP11B2/Adx —-103+£0.5 -3.7+04 —-6.6+0.7
CYP11B1/Adx -9.6+04 —-19+0.2 -7.8+0.8

Data represent mean + SD of three independent experiments.

4.3. The entropy-driven complexes of micCYP/Adx

According to the data presented in Table 2 and Fig. 3.5, Adx
forms the entropy-driven complexes with most micCYPs, excluding
a mixed-type complex CYP21A2/Adx. The negative AH value of
CYP21A2/Adx complex can be explained by the electrostatic in-
teractions of the positively charged amino acids of CYP with the
negatively charged amino acids of Adx. The negative -TAS value of
CYP21A2/Adx complex is probably due to the hydrophobic bonds
formation. In general, the mechanism and the role of micCYP/Adx
interactions are poorly described in the literature. Therefore, it is
difficult to discuss the structural basis of the thermodynamic pa-
rameters obtained for those complexes formation. To summarize,
no differentiation of the thermodynamic parameters was detected
for the micCYP/RP complex formation.

4.4. Enthalpy-driven and mixed-type complexes of mitCYP/Adx

Enthalpy contribution to the mitCYP/Adx complex formation
(Table 2 and Fig. 3.5) indicates that hydrogen and electrostatic
bonds should be formed between interacting protein molecules.
The crystal structure of CYP11A1/Adx complex is thoroughly
described in Ref. [27] (Fig. 4.2). Briefly, it has been shown that the
negatively charged amino acids of Adx (Asp72 and Asp76) form salt
bridges with the positively charged amino acids (Lys339 and
Lys343) of K-helix located on the surface of CYP11Al. The
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Fig. 4. The structural commonality of the CYPs under study and the principle of CYP/RP complex formation. 1. The dendrogram shows CYPs studied in the present work. The genetic
distance is marked horizontally. The evolutionary analysis was performed using the MEGA7 program [75]. 2. Distribution of charged amino acid residues on the surface of human
CYP11A1 and Adx [27]. Positively charged amino acids are highlighted in blue, negatively — in red. 3. Multiple sequence alignment of the mic- and mitCYPs studied in the present
work. The amino acids involved in the interaction with RP are underlined. We didn't use CYP2B4 in the current work; it is included in the alignment to demonstrate the amino acids
involved in the interaction with redox partners [66]. hum- Homo sapiens; bov - Bos taurus, hor - Equus caballus, rab - Oryctolagus cuniculus.

importance of these electrostatic interactions has been previously
experimentally confirmed [26,51,52]. It seems that the amino acid
residue Asp79 of Adx affects the catalytic activity of CYP11A1 and
interaction with the RPs, so this residue can interact with Lys404,
Lys406 or Arg411 of CYP11A1 under conformational changes of the
meander region (a loop on the proximal surface of the CYP mole-
cule located close to the heme-binding region) [27]. For the
CYP11B/Adx complexes, the negative AH and -TAS values are
typical, indicating the electrostatic and hydrophobic bonds for-
mation. So far, there is no structural information available on the
complexes of CYP11B1 and CYP11B2 with Adx. Nevertheless, mul-
tiple alignments of mitCYP sequences from different species [27,53]
and an analysis of the crystal structure of CYP11B2 [35] reveal the
charged amino acids Arg366, Lys370, Arg453, Lys357 of CYP11B1
and CYP11B2 involved in the interaction with Asp72, Asp76, and
Asp79 of Adx [53]. The hydrophobic amino acids surrounding
Asp80 of Adx could also play an important role in the interaction,
which is in a good agreement with published data [54]. It was
demonstrated that the substitution of Tyr82 of Adx with a more
hydrophobic amino acid (Phe or Leu) resulted in a significant in-
crease in the affinity of Adx to CYP11B1, but this mutation did not
change the affinity to CYP11A1 [54]. The substitution of His56 of
Adx with a more hydrophilic or polar amino acid (Thr, Gln, Arg) led
to a more considerable change in the affinity of Adx to CYP11B1
comparing with the substitution of Asp76 [54]. The substitution of
His56 and Tyr82 did not seriously affect the affinity of Adx to
CYP11A1. Thus, we can conclude that the hydrophobic amino acids
located between the iron-sulfur cluster and the region on the Adx

surface containing negatively charged amino acids are crucial for
the formation of the CYP11B1/Adx complex.

Based on the Kd values and the involvement of hydrophobic
contacts in the interaction (-TAS <0), the mitCYP/Adx complexes
can be ranked as follows: CYP11B1> CYP11B2> CYP11A1 (Fig. 5.1).
Interestingly, the difference in the -TAS values for CYP11B1/Adx and
CYP11B2/Adx complexes is not statistically significant, whereas the
AH values for all mitCYP/Adx complexes differ markedly (Fig. 5.1).
The following factors may influence either separately or simulta-
neously: a decrease in the number of electrostatic contacts and the
formation of hydrophobic bonds to compensate for this decrease
and/or the hydrophobic contacts preventing the occurrence of
electrostatic bonds. To understand how the hydrophobic contacts
affect Kd of mitCYP/Adx complexes, the association (Kon) and
dissociation rate constants (koff) of these complexes were analyzed
(Fig. 5.2). It was shown that the ke values were identical, while
significant differences were recorded in the ko, values. Thus,
CYP11A1/Adx is the most rapidly forming complex compared to
other micCYPs/Adx complexes, while the CYP11B1/Adx complex
has the lowest kqp, value. This finding is consistent with the fact that
CYP11A1 and CYP11B2 catalyze multistep reactions, whereas
CYP11B1 catalyzes a one-step reaction. CYP11A1 catalyzes the key
reaction in the biosynthesis of pregnenolone, which serves as a
“raw material” for the production of steroid hormones. The high-
affinity CYP11A1/Adx complex (Kd ~ 10 nM, see Table 1) provides
a continuous supply of electrons for three-step oxidation of
cholesterol to pregnenolone. Besides, higher ko, value of the
CYP11A1/Adx compared to that of CYP11B/Adx reflects the priority
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Fig. 5. The pattern characteristic of the mitCYP/Adx complex formation. 1. The mitCYP/
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drophobic contacts increases and the mitCYP/Adx complex becomes less stable. 2. The
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formation differ significantly. The higher the Kd values, the less the ko, values.

of the usage of a common pool of mitochondrial Adx. It is possible
that additional hydrophobic interactions may decrease the rate of
CYP11B/Adx complex formation and therefore reduce the compe-
tition between CYP11B and CYP11A1 for Adx. However, the mech-
anism of this effect is unclear, because there is no data on the
structure of CYP11B/Adx complex. The competition between
CYP11B1 and CYP11B2 for Adx is not taking place since these pro-
teins are localized in different zones of the adrenal cortex. The Kd
values of CYP11B1/Adx and CYP11A1/Adx complexes are in accor-
dance with data of other authors [55—57].

4.5. A specific functional way of steroidogenic microsomal CYPs

As for microsomal steroidogenic micCYPs, it was previously
shown [34] that the first electron to truncated CYP17A1 may be
supplied not only from CPR, but also a mitochondrial pair of elec-
tron donors support enzymatic reaction. In the present work, we
have shown that the catalytic activity of a full-length CYP17A1 and
CYP19A1 is considerably lower with Adx compared to CPR. How-
ever, CYP17A1/Adx and CYP19A1/Adx complexes have more than
five times higher affinity compared to CYP17A1/CPR and CYP19A1/
CPR (Table 1). Unexpectedly, the activity of CYP21A2 in the pres-
ence of Adx/AdR was 2-fold higher than in the presence of CPR, but
the affinity of CYP21A2/CPR and CYP21A2/Adx complexes was not
significantly differ (Table 1). This finding is consistent with the non-
typical thermodynamics of the interaction between CYP21A2 and
Adx which is similar to that for complex formation between CYP11B
and Adx. Based on these results we suggested that there is a

possibility of efficient electron transfer to CYP21A2 from ferre-
doxins. To test this hypothesis, we measured the activity of
CYP21A1 in a reconstituted system with plant redox donor proteins
(yeast Arh1 and ferredoxin 1 from spinach). We showed for the first
time that different redox proteins, e.g., spinach ferredoxin could
support the enzymatic activity of CYP21A2 (unpublished data).

Thus, CYP21A2 is a more universal electron acceptor than other
micCYPs. This feature of CYP21A2 may be related to its key role in
the biosynthesis of adrenal cortex hormones, which was also
confirmed by the highest efficiency (kc,/Km ratio) of the catalyzed
reactions among mammalian CYPs [58]. Such high efficacy can also
be the result of CYP21A2's convergent evolution aimed at
increasing the number of RPs of this crucial enzyme since CYP21A1
deficiency is associated with severe clinical phenotypes [59].
However, the possibility that the mitochondrial electron donors
support enzymatic reactions catalyzed by some micCYP has been
reported earlier [34,60]. That phenomenon could be explained by
the hypothesis assuming the origin of mitCYP from micCYP as
proposed by Tsuneo Omura [61]. According to this hypothesis, CYPs
are likely to diverge from a common ancestor gene, and therefore
some of the CYPs may exhibit specificity with respect to different
electron donor proteins. In other words, a significant similarity in
the topology of regions involved in the interaction with redox
partner provides the possibility of electron transfer and catalysis
using different types of electron donors. Besides, the ability of
mitochondrial pair Adx/AdR to support the catalytic activity of
steroidogenic micCYP may be related to its crucial role in many
biochemical pathways. Based on the observation that animals with
a CPR gene knockout had the basal activity of several CYPs [62,63],
it is likely that Adx/AdR could maintain the micCYP's activity
in vivo. Also, patients with Antley-Bixler syndrome (CPR gene
deficiency) were shown to have a basal CYPs activity [64]. CYP17A1
is a key enzyme of steroid hormone biosynthesis and also plays an
important role in meiosis [65]. In contrast to drug-metabolizing
CYPs, deficiency of this enzyme can be fatal for the organism.

We have also found that microsomal CYP/CPR complexes
(including steroidogenic CYP17A1/CPR and CYP19A1/CPR) had
slightly lower affinity compared to CYP/AdXx, except for CYP2C9/CPR
and CYP51/CPR complexes (Table 1). This fact most likely due to the
adaptive universal role of CPR (less specific than Adx) in the elec-
tron transfer not only to micCYPs but to a number of proteins not
belonging to the CYP superfamily: heme-oxygenase catalyzing the
initial stages of heme biodegradation [66]; squalene mono-
oxygenase participating in the synthesis of cholesterol [67]; CYB5A
acting as an effector in a number of reactions catalyzed by micCYP
and involved in the elongation of fatty acids [68].

4.6. Thermodynamic and functional characterization of CYP/RP
complexes from evolutionary aspects of micCYPs and mitCYPs
divergence

The P450-dependent electron transfer systems (ETS) can be
categorized into ten classes [3] according to the topology and
cellular localization of the protein components involved in electron
transfer to CYPs. The main classes are ETS-1 (mitochondrial CYPs
acquire electrons from Adx/AdR) and ETS-2 (microsomal CYPs ac-
quire electrons from CPR). ETS-2 and ETS-1 evolved from a common
ancestor [69]. In the present work, we have demonstrated that the
intermolecular recognition between RP and mit-, micCYPs differs
significantly and some characteristic features of the divergence of
ETS-1 and ETS-2 should be highlighted:

(i) During the evolution mitCYPs underwent significant changes
in the electron transport system increasing their specificity
for RP. Such changes could be explained by the existence of
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many other ETSs in mitochondria [70]. High specificity of
mitCYP to RP prevents the “unauthorized” transfer of elec-
trons from non-monooxygenase ETSs. This specificity could
result from the structural rearrangement of mitCYP during
the interaction with Adx (but not with CPR).

(ii) The versatility of ETS-2 may be necessary since dozens of
micCYPs with different functional roles, catalyzing numerous
chemical reactions and possessing wide substrate specificity,
receive electrons from CPR as a single “supplier”. Perhaps,
this feature prevents the differentiation of micCYP/RP in-
teractions. Therefore, the regulation of ETS-2 activity in-
volves alternative electron acceptors [8], of which CYB5A is
the most known. This hemoprotein is capable of modulating
the activity of some micCYPs [36,71]. A CYP/CYP interaction
is another mechanism of regulation [31,72,73]. Also, micCYPs
can interact with other proteins, for example, the receptor of
progesterone PGRMC1 [71]. Therefore, a large number of
factors ensuring the versatility of ETS-2 ultimately contribute
to the overall adaptation of an organism to the constantly
changing environmental conditions.

(iii) A high degree of mitCYP specialization may be associated
with their narrow substrate specificity. In the present study,
we observed a specific correlation between the changes in
the entropy component (-TAS) and Kkon for mitCYP/Adx
complexes. The rate of electron transfer depends on the rate
of CYP/RP complex formation. Thus, the mechanism of
electron transfer to mitCYP can be considered as a regulating
factor in the overall catalysis performed by mitCYPs.

To summarize, from the evolution point of view, the speciali-
zation of PPIs, accompanied by an increase in the specificity of
electron transfer significantly increased for ETS-1. Unlike ETS-1, the
evolution of ETS-2 leads to an increase in versatility as demon-
strated for steroidogenic microsomal CYP17A1, CYP19A1, and
CYP21A2.

5. Conclusion

A large-scale comparative study of the affinity and thermody-
namic parameters of interactions of 12 different cytochrome CYPs
(20% of all known human CYPs from 9 out of 18 families [74]) and
their RP (Adx, CPR) has been performed. We have observed ther-
modynamic discrimination for interactions of mitCYPs with Adx
associated with the different functional impact of CYP11A1 and
CYP11B. Besides, the formation of mitCYP/Adx complex was regu-
lated by changing the association rate constant. The main driving
force in the formation of CYP/Adx and CYP/CPR complexes is the
entropy contribution, which may be critical for productive electron
transfer. We have also shown that there is a differentiation of
enthalpy-driven complexes depending on CYP's redox partner. For
example, in the present study CYP11A1/Adx complex was only
enthalpy-driven, CYP21A2 - enthalpy/entropy-driven (mixed type).
From the evolutionary point of view, mitCYPs significantly
increased the specialization of PPIs, which was accompanied by an
increase in the specificity of electron transfer. Unlike mitCYPs, the
evolution of micCYPs leads to an increase in versatility as demon-
strated for steroidogenic CYP17A1, CYP19A1, and CYP21A2.
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