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Abstract  

Cytochromes P450 (CYPs) play an important role in the metabolism of xenobiotics and 

various endogenous substrates. Being a crucial component of the microsomal 

monooxygenase system, CYPs are involved in numerous protein-protein interactions. 

However, mechanisms underlying molecular interactions between components of the 

monooxygenase system still need better characterization. In this study thermodynamic 

parameters of paired interactions between mammalian CYPs and cytochromes b5 (CYB5) 

have been evaluated using a Surface Plasmon Resonance (SPR) based biosensor Biacore 

3000. Analysis of 18 pairs of CYB5-CYP complexes formed by nine different isoforms of 

mammalian CYPs and two isoforms of human CYB5 has shown that thermodynamically 

these complexes can be subdivided into enthalpy-driven and entropy-driven groups. 

Formation of the enthalpy-driven complexes was observed in the case of microsomal CYPs 

allosterically regulated by CYB5 (CYB5A-CYP3A4, CYB5A-CYP3A5, CYB5A-

CYP17A1). The entropy-driven complexes were formed when CYB5 had no effect on the 

CYP activity (CYB5A-CYP51A1, CYB5A-CYP1B1, CYB5B-CYP11A1). Results of this 

study suggest that such interactions determining protein clustering are indirectly linked to the 

monooxygenase functioning. Positive ∆H values typical for such interactions may be 

associated with displacement of the solvation shells of proteins upon clustering. CYB5-CYP 

complex formation accompanied by allosteric regulation of CYP activity by CYB5 is 

enthalpy-dependent. 

 

Keywords: 

Cytochrome P450, Cytochrome b5, SPR, Optical biosensor, Thermodynamics, Protein-

protein interactions 
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1. Introduction 

Cytochromes P450 (CYPs) form a superfamily of monooxygenases, widely represented in 

living organisms. The cytochrome P450-dependent monooxygenase systems are present in 

practically all living organisms. Protein components of these systems are structurally 

conserved as shown by experiments on chimeric complexes formation between proteins 

isolated from different species of living organisms [1-3]. This is due to the fact that in spite of 

some species differences in the structure of protein partners, regions which are responsible 

for the intermolecular interaction have a similar structure. 

In humans, more than fifty CYPs have been identified [4]; they are involved in various 

biochemical processes such as metabolism of xenobiotics (CYP3A4, CYP3A5, CYP2C9 and 

CYP1B1 [5- 8]), including metabolism of more than 50% of all known drugs, and activation 

of many pro-carcinogens (CYP1B1 [9]) as well as biosynthesis of steroid hormones and 

cholesterol (CYP51A1 [10], CYP11A1 [11], CYP17A1 [12], CYP11B1 and CYP11B2 [13]). 

A small hemoprotein, cytochrome b5 (CYB5), is often involved in the CYP 

monooxygenase systems as an effector [14-19]. In humans two major isoforms of membrane 

bound CYB5 have been found; they are localized in the endoplasmic reticulum (type 

CYB5A) and in the outer mitochondrial membrane (type CYB5B) [20]. In erythrocytes a 

soluble splice variant of CYB5A has been also found [21]. 

At present the molecular mechanisms of protein-protein interactions in P450 

monooxygenase systems are not well understood, mainly due to difficulties in experimental 

investigation of such membrane proteins. Therefore, researchers often use computer-aided 

molecular modeling allowing to build simplified models of complex formation between 

protein partners of interest and to estimate the energy of its formation (mainly enthalpy 

component in relative units) [22, 23]. The reliability of such computer models depends on 

available experimental results used as input data for modeling and choice of computational 
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methods and algorithms. In addition, a serious disadvantage of this approach is the almost 

complete lack of evaluation of the entropy component [24]. Such models of molecular 

complexes represent only hypotheses that need experimental verification including obtaining 

data on the affinity and thermodynamics of intermolecular interactions.  

Recent progress in understanding of principles of protein-protein interactions is associated 

with employment of new molecular techniques. In the context of the microsomal 

monooxygenase system, complex formation by its constituents has been successfully studied 

by means of optical biosensors using surface plasmon resonance (SPR) [25]. This resulted in 

real time recording of intermolecular interactions and characterization of their equilibrium, 

kinetic and thermodynamic parameters. 

The aim of this study was comparative analysis of thermodynamic parameters of the 

interaction of 9 different isoforms of mammalian CYPs with two isoforms of human CYB5 

(CYB5A and CYB5B). For 18 different CYB5-CYP complexes the values of equilibrium 

dissociation constants (Kd), changes of the Gibbs free energy (∆G), enthalpy (∆H) and 

entropy (-T∆S) were calculated. Analysis of obtained data showed that all examined CYB5-

CYP complexes can be classified into two groups: (1) the enthalpy-dependent complexes of 

CYB5 with microsomal CYPs, which are regulated allosterically by CYB5; (2) entropy-

dependent complexes of CYB5 with CYPs, which are insensitive to allosteric regulation by 

CYB5. Obtained data expand fundamental knowledge of protein-protein interactions in P450 

monooxygenase systems. 

 

2. Materials and Methods 

2.1 Proteins 

Nine different isoforms of recombinant mammalian CYPs (bovine CYP11A1; horse 

CYP17A1; human CYP2C9, CYP1B1, CYP51A1, CYP3A4, CYP3A5, CYP11B1, 
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CYP11B2) and two isoforms of human CYB5 (CYB5B and CYB5A) of high purity (> 95% 

by SDS-PAGE) have been used in this study. Methods of their expression in E. coli cells as 

hexahistidine tagged proteins, isolation, puirification, and functional analysis have been 

described earlier [19, 26-31]. Table 1 shows the differences between CYP sequences used by 

us and canonical deposited in Uniprot database. Before SPR-based experiments all proteins 

stored at -70ºC were functionally active.  

[Table 1 should be here] 

2.2 Reagents 

Special reagents for the biosensor measurements were obtained from GE Healthcare 

(USA). These included buffer HBS-EP+ (150 mM NaCl, 3 mM EDTA, 0.05% surfactant P-

20, 10 mM HEPES, 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 and 5.0), reagent kit for 

the covalent immobilization of proteins on the surface of the optical chip: 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide-HCl (EDC), N-hydroxysuccinimide (NHS), 1M 

ethanolamine-HCl (pH 8.5). Other reagents of analytical grade were obtained from local 

suppliers. 

2.3 Equipment 

The study of protein-protein interactions was performed on a SPR biosensor Biacore 3000 

(GE Healthcare, USA) in the temperature range from 10°C to 40°C using standard CM5 

chips coated with the carboxylated dextran layer. Real-time registration of intermolecular 

interactions was carried out in the form sensorgrams representing biosensor signal record in 

time (in resonance units, RU, 1 RU = 1 pg of protein; see below). 

2.4 Immobilization of CYB5 on surface of the optical chip & SPR analysis of CYB5-CYP 

interactions 

Both isoforms CYB5 (CYB5A and CYB5B) were immobilized by forming a covalent 
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bond between the carboxyl groups of carboxymethyl dextran on the surface of the optical 

chip and accessible amino groups of the hemeprotein. The immobilization procedure was 

performed using HBS-N as working buffer 1. The chip surface was initially washed with 

working buffer for 10 min at a flow rate 5 µl/min followed by short injection of 10 mM 

NaOH (for 1 min at at a flow rate 50 µl/min). Carboxyl groups of the dextran chip were 

activated by injecting a mixture of 0.2 M EDC and 0.05 M NHS for 7 min at a flow rate 50 

µl/min. Immobilization of CYB5 was performed by injecting freshly prepared solution of this 

protein (20-40 µg) in immobilization buffer (10 mM sodium acetate, pH 4.5) for 10 min at a 

flow rate 2 µl/min. Unreacted carboxyl groups were then deactivated by injecting 1 M 

ethanolamine (pH 8.5) for 0.5 min at a flow rate 10 µl/min. The amount of the immobilized 

CYB5 estimated by the biosensor signal was in the range of 3-8 ng (300 - 500 fmol).  

The interaction of nine different isoforms of CYPs with immobilized CYB5A or CYB5B 

was investigated in the concentration range from 50 nM to 5 µM and in the temperature range 

from 10°C to 40°C using HBS-EP+ as working buffer 2. Solutions containing increased CYP 

concentrations were sequentially injected into all biosensor channels. A SPR signal from the 

first channel (without immobilized CYB5) was subtracted from SPR signals obtained from 

channels with immobilized proteins. After injection of analytes (solutions of proteins of 

interest) for 7-10 min at a flow rate 5 µl/min, the chip surface was washed with working 

buffer 2 for 5-10 min at a flow rate 5 µl/min for registration of dissociation of protein 

complexes formed. After sensorgram registration the chip surface was recovered by injecting 

regeneration buffer (1 M NaCl, 0.2% CHAPS, 10 mM HEPES, pH 7.4) for 1 min at a flow 

rate of 50 µl/min. After injection of regeneration buffer the chip surface was washed with 

working buffer 2 for 15 min at a flow rate 5 µl/min. Nonspecific adsorption was evaluated by 

injecting 15 µM solutions of albumin and hemoglobin for 15 min at a flow rate 5 µl/min. 

These experiments demonstrated lack of interaction of albumin and hemoglobin with 
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immobilized CYB5B. The lack of interaction between immobilized CYB5 with injected 

hemoglobin suggests that the immobilized CYB5 exists mainly as a holo-protein as the apo-

CYB5 can bind heme of hemoglobin [26]. As an example, Fig. 1 shows a typical series of 

sensorgrams of CYP3A4 interaction with immobilized CYB5A at 25°C. Calculation of 

kinetic parameters (rate constants of complex association and dissociation) and the 

equilibrium dissociation constant (Kd) was performed using BIAevaluation v. 4.1 software 

(GE Healthcare, USA). 

[Fig. 1 should be here] 

The Kd values were calculated for each temperature tested. Using temperature dependence 

of Kd values obtained for protein-protein complexes (Fig. 2) it is possible to generate Vant-

Hoff plots (equations 1 and 2) as dependences of lnKd versus 1000/T, 


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        (1) 

KdRTG ln=∆            (2), 
 

where Kd is equilibrium dissociation constant, T is absolute temperature, ∆Н is enthalpy 

change, ∆S is entropy change, R – the Boltzmann gas constant.  

Enthalpy changes (∆Н) were calculated by multiplying the R constant for the angle 

coefficient of the straight line equation approximating the Vant-Hoff plot (correlation 

coefficient r2 ≥0.93). 

[Fig. 2 should be here] 

Changes on Gibbs free energy (∆G) were calculated using equation (2), where Kd is 

equilibrium dissociation constant at 298°K. The -T∆S value was calculated using equation 

(3):  

STHG ∆−∆=∆            (3). 
 

Typically, each experiment for each analyzed pair of proteins was repeated three times using 

newly prepared chips with freshly immobilized ligands.  
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3. Results  

Table 2 summarizes results of SPR measurements of interactions between nine different 

isoforms of CYPs with two isoforms of CYB5. Comparative analysis of the obtained 

thermodynamic parameters of the protein-protein interactions revealed existence of two 

groups of CYB5-CYP complexes: enthalpy-driven and entropy-driven complexes (Fig. 3).  

[Table 2 should be here] 

The enthalpy-driven complexes were formed during interaction of microsomal CYP3A4, 

CYP3A5 and CYP17A1 with both CYB5 isoforms (CYB5A or CYB5B). These complexes 

were characterized by negative values of the enthalpic term and positive values of the 

entropic term of ∆G (∆H <0, -T∆S> 0). Obviously, a significant change in ∆H may be 

attributed to the electrostatic interactions, formation of salt bridges and hydrogen bonds [32]. 

It is known that CYB5 is an allosteric effector exactly for these CYPs and for this action 

electrostatic interactions are critical [33, 34]. In this case the entropic term of the Gibbs free 

energy change (∆G) is positive (-T∆S> 0). This means that the complex formation probably 

involves polar groups for desolvation during displacement of water molecules from the 

contact area of proteins [35]. 

[Fig. 3 should be here] 

The formation of entropy-driven complexes was observed in the case of CYB5 interaction 

with other examined CYPs (mitochondrial CYP11A1, CYP11B1, CYP11B2 and microsomal 

CYP1B1 and CYP51A1). Formation of these complexes was characterized by negative 

values of the entropic term (-T∆S <0); this may be attributed to hydrophobic interactions and 

desolvation of the hydrophobic regions in the contact area [32, 35]. In this context, positive 

values of the enthalpic term (∆H> 0) can be determined by conformational changes in both 

CYP and CYB5 molecules [32].  

Table 2 also shows that microsomal CYP1B1 and CYP51A1 form entropy-driven 
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complexes with both isoforms of CYB5 (CYB5A and CYB5B). At the same time, it is known 

that CYB5 has no effect on the activity CYP1B1 and CYP51A1 [36, 37], and the fact of their 

interaction without affecting the function of CYPs remains unclear. It can be assumed that 

such non-functional complexes are formed due to the interaction of hydrophobic parts of 

these CYPs with the hydrophobic membrane domain of CYB5. As opposed to previous 

observations, we have not detected the formation of complexes between microsomal 

CYP2C9 and CYB5 (Table 2). At the same time, several studies have shown a stimulating 

effect of CYB5A on the activity of CYP2C9 [36, 38]. It is possible that CYB5 transfers 

electrons to CYP2C9 via a shuttle mechanism with the formation of short-lived protein-

protein complexes with dissociation rate constant > 1 s-1 [39]. 

 

4. Discussion  

SPR analysis of 18 CYB5-CYP pairs performed in this work, allowed us to obtain the 

values of the equilibrium dissociation constants simultaneously with the values characterizing 

changes in enthalpy and entropy.  

Comparative thermodynamic analysis of binary interactions between the components of 

mammalian monooxygenase systems (nine isoforms of CYP and two isoforms of CYB5) 

showed that the resulting CYB5-CYP complexes could be divided into two groups: the 

enthalpy-driven and entropy-driven complexes. Enthalpy-driven complexes are characteristic 

of the microsomal CYPs (CYP3A4, CYP3A5 and CYP17A1), which are allosterically 

regulated by CYB5. This allosteric regulation results in enhanced activity of CYP3A4, 

CYP3A5 towards selective substrates (e.g. testosterone, estrone, nifedipine, midazolam, 

amitriptyline, еllipticine) [15, 40-43] and it switches CYP17A1 17α-hydroxylase activity to 

17/20-lyase [12, 44, 45]. Thus, the enthalpy-driven interactions of CYPs with CYB5 play a 

crucial role in the regulation of xenobiotic metabolism and androgen synthesis [44, 45].  
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The entropy-driven complexes of CYB5 with different CYPs (both microsomal and 

mitochondrial) are formed when CYB5 has no effect on the catalytic activity of CYP. In vitro 

interaction of proteins, located in different intracellular compartments (microsomal CYP and 

mitochondrial CYB5), may be attributed to conserved amino acid sequences typical for the 

monooxygenase CYP-dependent systems. For example, mitochondrial and microsomal 

CYB5 share structural similarity in their hydrophilic domains; they are also characterized by 

conserved residues required for interaction with CYPs [31]. The phenomenon of the entropy-

driven complex formation can be explained on the structural basis of the monooxygenase 

systems, which generally include several protein components (cytochrome P450, cytochrome 

b5, NADPH-cytochrome b5 reductase, NADPH-cytochrome P450 reductase, adrenodoxin 

reductase and adrenodoxin or any other ferredoxin). Most of these proteins have hydrophobic 

loci needed for their interaction with the membrane [46]. Diffusion of membrane proteins is 

limited by the membrane plane and functioning of multienzyme complexes requires 

controlled lateral diffusion. Hydrophobic loci of protein components of the monooxygenase 

systems are able to interact not only with the membrane, but also with each other thus 

causing formation of protein clusters [46].  

Since our experiments have been carried out in solution, direct interaction between 

CYPs and CYB5 reported here, raised several important questions: (i) how will the 

interactions be different when they have place in the EPR (endoplasmic reticulum) 

membrane; (ii) will the Kd values be affected? (iii) whether behavior of interacting proteins 

in 3D-space in solution will be as in (largely) 2-dimensional interactions in the membrane? 

(iv) will other membrane components influence the interactions recognized in this study? 

Although direct answer to these issues requires employment of additional experimental 

approaches, certain evidence exists in the literature that knockout of hepatic CYB5A from 

mice expressing CYP3A4 resulted in a decrease in the clearance of several substrates [47]. 
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This suggests importance of the enthalpy driven allosteric interaction between CYB5A and 

CYP3A4, recognized in this study. 

 

5. Conclusion 

Results of this study suggest that protein-protein interactions determining protein 

clustering are indirectly linked to the monooxygenase functioning. Positive ∆H values typical 

for such interactions may be associated with displacement of the solvation shells of proteins 

upon clustering. CYB5-CYP complex formation accompanied by allosteric regulation of 

CYP activity by CYB5 is enthalpy-dependent.  
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Figure/Table Legends  

Fig. 1. An example of sensorgrams set of CYP3A4 interaction with immobilized CYB5A 

at 25°C. 1 – 3.3 µM, 2 – 2.0 µM, 3 – 1.0 µM, 4 – 0.75 µM, 5 – 0.5 µM, 6 – 0.35 µM, 7 – 0.2 

µM. 

 

Fig. 2. A – Sensorgrams of the enthalpy-driven interaction between immobilized CYB5B 

and CYP3A4, concentration of CYP3A4 was 0.5 µM; 1, 2, 3 – interactions at 10ºC, 25ºC, and 

40ºC respectively. B - Sensorgrams of the entropy-driven interaction between immobilized 

CYB5B and CYP51A1, concentration of CYP51A1 was 0.5 µM; 1, 2, 3 – interactions at 

10ºC, 25ºC, and 40ºC respectively. C – Vant-Hoff plots for CYB5B-CYP3A4 (a) and 

CYB5B- CYP51A1 (b). 

 

Fig. 3. Allocation of CYB5-CYP complexes into groups, depending on the values of 

enthalpic (∆H) and entropic (-T∆S) terms. Group of enthalpy-driven complexes of CYB5 

with microsomal CYPs (CYP17A1, CYP3A4 and CYP3A5) is marked by oval. 

 

Table 1. The entire of modification all sequence modifications is shown in the table 

below. Canonical sequences (full-length mature type) are shown in Uniprot database. All 

CYP’s contain 6 his-tag, added at C-tail. 

 

Table 2. The values of equilibrium dissociation constants (Kd, at 25°C), changing in 

Gibbs free energy (∆G), enthalpy (∆H) and entropy (-T∆S) during complex formation of nine 

isoforms of mammalians CYPs with two isoforms of human CYB5. 

*”no” – Complex formation was not observed.  
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Figures/Tables  

 

Fig. 1. [single-column] 

 

Fig. 2. [double-column] 
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Fig. 3. [single-column] 
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Table 1. The entire of modification all sequence modifications is shown in the table below. 

Canonical sequences (full-length mature type) are shown in Uniprot database. All CYP’s 

contain 6 his-tag, added at C-tail. 

 

Isoform of 
cytochrome 

Sequence modifications 

CYP11A1  
bovine 

Full-length mature type 

CYP17A1 
horse 

The part of N-terminal transmembrane anchor domain (residues 2–17) 
was deleted. The resulting second codon was replaced by GCT (Ala).  

CYP2C9 
 human 

The N-terminal transmembrane anchor domain (residues 1–23) was 
replaced with MAKKT-sequence. 

CYP1B1 
human 

The part of N-terminal transmembrane anchor domain (residues 1–27) 
was replaced with MAKKTSS sequence. 

CYP51A1 
human 

The N-terminal transmembrane anchor domain (residues 1–53) was 
replaced with MAKKT sequence. 

CYP3A4 
human 

The part of N-terminal transmembrane anchor domain (residues 1–18) 
was replaced with MALLLAVF sequence.  

CYP3A5 
human 

The part of N-terminal transmembrane anchor domain (residues 1–18) 
was replaced with MALLLAVF sequence.  

CYP11B1 
human 

Full-length mature type  

CYP11B2 
human 

Full-length mature type  

CYB5B 
human 

Full-length mature type  

CYB5A 
human 

Full-length mature type  
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Table 2. The values of equilibrium dissociation constants (Kd, at 25°C), changes in Gibbs 

free energy (∆G), enthalpy (∆H) and entropy (-T∆S) during complex formation between nine 

isoforms of mammalians CYPs with two isoforms of human CYB5. 

Complex 

CYB5-CYP 
Kd (µM) 

∆G  

(kcal/mol) 

∆H  

(kcal/mol) 

-T∆S  

(kcal/mol) 

CYB5A-CYP3A4 0.35±0.04 -8.8±0.6 -39.7±4.0 30.7±4.6 

CYB5B-CYP3A4 0.30±0.03 -8.9±0.8 -30.7±3.8 21.3±3.2 

CYB5A-CYP3A5 4.8±0.4 -7.2±0.2 -27.0±1.8 19.8±2.9 

CYB5B-CYP3A5 0.50±0.04 -8.6±0.2 -17.3±1.8 8.7±1.3 

CYB5A-CYP51A1 75.3±6.8 -5.6±0.8 76.6±9.5 -82.3±12.3 

CYB5B-CYP51A1 103.0±18.7 -5.4±0.8 32.1±3.8 -37.6±5.6 

CYB5A-CYP2C9 no* no no no 

CYB5B-CYP2C9 no no no no 

CYB5A-CYP17A1 0.4±0.03 -8.8±0.7 -15.3±2.5 6.5±0.8 

CYB5B-CYP17A1 no no no no 

CYB5A-CYP11A1 no no no no 

CYB5B-CYP11A1 0.50±0.02 -8.5±0.5 38.2±4.3 -46.7±5.8 

CYB5A-CYP11B1 no no no no 

CYB5B-CYP11B1 0.5±0.03 -8.6±0.3 9.6±1.4 -18.1±3.2 

CYB5A-CYP11B2 no no no no 

CYB5B-CYP11B2 0.19±0.003 -9.2±0.4 61.3±6.4 -70.5±6.7 

CYB5A-CYP1B1 0.01±0.001 -10.8±1.2 8.9±0.9 -19.7±2.2 

CYB5B-CYP1B1 0.04±0.005 -10.0±1.1 16.6±1.9 -26.6±2.3 

Data represent mean ± SEM of three independent experiments.  

*”no” – Complex formation was not observed. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 
 
 
Recombinant Cytochromes P450 (CYP) form complexes with cytochrome b5 (CYB5). 
 
There are enthropy- and enthalpy-driven paired CYP-CYB5 complexes. 
 
In enthalpy-driven complexes CYB5 acts as an allosteric regulator. 
 


