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Abstract OBJECTIVES: The mammalian mixed function oxidase (MFO) system participates 
in hydroxylation of many hydrophobic endogenous compounds as well as xeno-
biotics such as drugs and carcinogens. This biotransformation system, located 
in a membrane of endoplasmic reticulum, consists of cytochrome P-450 (P450), 
NADPH:P450 oxidoreductase and a facultative component, cytochrome b5. The 
knowledge of the interactions among the individual components of the MFO 
system is essential to understand the relationships between the structure and 
function of this system that finally dictate a qualitative and quantitative pattern of 
produced metabolites (e.g. detoxified xenobiotics and/or activated carcinogens). 
To elucidate the quantitative aspects of the interactions within the MFO system 
we acquired the photo-initiated cross-linking approach.
METHODS: The photo-initiated cross-linking employing cytochrome b5 as a 
protein nanoprobe [an amino acid analogue of methionine (pMet) was incorpo-
rated into cytochrome b5 sequence during recombinant expression] was used to 
quantify its interaction with P450 2B4 in a functional membrane complex. The 
cross-linking was initiated by UV-irradiation that formed from a pMet photo-
labile diazirine group highly reactive carbene biradical. This biradical is able to 
covalently bind amino acids in the close proximity and to form cross-link. The 
Met 96 of cytochrome b5 is situated in a linker region between its catalytic and 
membrane domains, while Met 126 and 131 are located in its membrane domain. 
The combination of several methods (electrophoresis in polyacrylamide gel, iso-
electric focusing, Edman N-terminal degradation and amino acid analysis) was 
employed to characterize the molar ratio of P450 2B4 to cytochrome b5 in formed 
covalent cross-links to quantify their transient interactions.
RESULTS: The successfully produced cytochrome b5 nanoprobe (with confirmed 
pMet incorporation by mass spectrometry) stimulates the catalytical activity 
of P450 2B4 when reconstituted with NADPH:P450 oxidoreductase in vitro in 
dilauroylphosphatidylcholine (DLPC) vesicles. The cross-linking was carried 
out in similar reconstituted system without NADPH:P450 oxidoreductase, 
and at least three products were separated on 1D SDS-PAGE. The molar ratio
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of P450 to cytochrome b5 in each complex was estimated 
using the above-mentioned combination of methods as 
1:1, 1:2 and 2:1.
CONCLUSIONS: The results demonstrate the utility of 
cytochrome b5 nanoprobe to study the interactions in 
MFO system. Using this nanoprobe, heterodimer with 
P450 2B4 and in addition also heterooligomers were 
identified, suggesting rather complex interactions of 
both proteins in this system that suppose the forma-
tion of such multimeric structures in the membrane of 
endoplasmic reticulum.

Abbreviations:
DLPC  - dilauroylphosphatidylcholine 
DMEM-LM  - Dulbecco’s Modified Eagle Medium with absence of
  methionine and leucine
EDC  - 1-ethyl-3-[3-dimethyl(aminopropyl)]carbodiimide
  hydrochloride 
EDTA  - ethylendiaminetetraacetic acid
m.u.  - mass unit
MS  - mass spectrometry
m/z  - mass/charge
MFO  - mixed function oxidase 
NADPH  - nicotinamide adenine dinucleotide phosphate (reduced)
OD600nm  - optical density at wavelength 600 nm
P450  - cytochrome P450
SDS-PAGE  - sodium dodecyl sulfate polyacrylamide gel electrophoresis
TCEP  - Tris(2-carboxyethyl) phosphine hydrochloride

InTRoDucTIon

The photo-initiated cross-linking of protein nanoprobe 
is a “zero length cross-linking” experimental technique 
suitable for the determination of the assembly of vari-
ous protein complexes in their native states (Ptáčková 
et al. 2014). A reasonable time-scales and consumption 
of relatively small quantities of protein are two major 
advantages of this approach that is an alternative to 
chemical cross-linking method (Sinz 2006). To deter-
mine structural information of the studied protein 
complexes, both cross-linking methods are usually 
combined with mass spectrometry (MS). When both 
cross-linking approaches are compared, the photo-ini-
tiated method is more powerful one due to the absence 
of limitations in reaction specificity and of restrictions 
of reaction conditions that are inherent to chemical 
cross-linkers (Ptáčková et al. 2014). To prepare the pro-
tein nanoprobe suitable for photo-initiated cross-link-
ing, the selected amino acid residues from the sequence 
of protein of interest (e.g. Met or Leu) should be at least 
partially exchanged to respective analogues containing 
a photo-labile group (Suchanek et al. 2005). In the next 
step, the recombinant photo-labile protein nanoprobe 
has to be produced in a suitable expression system. The 
reconstitution, incubation and photo-activation of the 
studied proteins thereafter produce a mixture of cova-
lently cross-linked oligomers. The abundance of cross-
linked species, their ratio in these particular complexes 
and diverse protein orientations statistically depends on 
the incidence of corresponding transient interactions 

in the reaction mixture. The applied UV-irradiation 
decomposes the diazirine functional group in the photo 
amino acid analogue and generates the highly reactive 
carbene biradical. It is able to bind to any amino acid 
residues within distances below 5 Å similarly to a “zero 
length chemical cross-linker” (Kalkhof et al. 2005). In 
the case of protein-protein interaction mapping, the 
next necessary steps are the separation of monomers 
and oligomers (e.g. by one dimensional sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (1D SDS-
PAGE)), and their further characterization (e.g. by MS 
analysis).

The two membrane hemoproteins were studied, 
cytochrome P-450 (P450) and cytochrome b5, are 
together with a flavoprotein NADPH:P450 reductase 
components of a mixed function oxidase (MFO) system 
located in the membrane of endoplasmic reticulum 
(Coon 1978). The hydroxylation of numerous hydro-
phobic compounds, the crucial function of the MFO 
system, results in: (i) detoxification of xenobiotics, (ii) 
metabolism of hydrophobic endogenous substrates, 
and/or (iii) activation of a variety of chemical carcino-
gens leading to formation of more toxic/carcinogenic 
metabolites that are able to modify biomolecules such 
as DNA, RNA and proteins (Guengerich 2005; Stibo-
rova et al. 2013). During the P450-mediated monooxy-
genation reaction, the oxygen molecule is activated in 
the P450 active center by a transfer of two electrons 
from NADPH and/or NADH molecules catalyzed by 
NADPH:P450 reductase and/or NADH:cytochrome b5 
reductase with cytochrome b5, respectively. While the 
transfer of electrons to P450 through NADPH:P450 
reductase is supposed to be essential for a P450 reac-
tion cycle, the role of cytochrome b5 in this process 
is still rather enigmatic. The cytochrome b5 has been 
suggested to act either as a mediator of electron flow 
to oxyferrous P450 (Bonfils et al. 1981) or as an allo-
steric modifier of the P450 system (Hlavica 1984). 
During its action, the P450 reaction rate can be influ-
enced (stimulated, inhibited and not affected) by cyto-
chrome b5 (Schenkman & Jansson 2003; Kotrbova et al. 
2009) and, moreover, even the pattern of metabolites 
produced by P450 might be modified by this protein 
(Kotrbova et al. 2011). The P450 2B4 enzyme studied in 
this work is a rabbit orthologue of human P450 2B6 that 
is involved in oxidation of a number of structurally dif-
ferent carcinogens (e.g. nicotine, aflatoxin B1, styrene, 
and aminochrysene) and drugs (e.g. diazepam, cyclo-
phosphamide, iphosphamide, tamoxifen, antipyrine, 
and lidocaine) (for references see Stiborova et al. 2002). 

Here we present an application of photo-initiated 
cross-linking in reconstituted systems assembled from 
the purified proteins (P450 2B4 and cytochrome b5) 
in vitro incorporated into the artificial membrane of 
dilauroylphosphatidylcholine (DLPC)-mediated lipo-
somes. The cytochrome b5, which was used as a protein 
photo-initiated cross-linking nanoprobe, contains three 
methionines in its amino acid sequence. They were par-
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tially substituted by a methionine analogue containing 
a photo-labile diazirine functional group (Suchanek et 
al. 2005). These methionine residues are found at posi-
tion 96 that is located in linker domain and at the posi-
tions 126 and 131, which are situated within C-terminal 
transmembrane domain (Koberova et al. 2012). Using 
the combination of several techniques, the quantifica-
tion of both enzymes, ratio of cytochrome b5 and P450 
2B4, participating in formation of oligomeric structures 
was determined.

MATeRIAl AnD MeTHoDS
Chemicals
Amino acids and reagents for Dulbecco’s Modified 
Eagle Medium with absence of methionine and leu-
cine (DMEM-LM), bovine serum albumin, dithiotreitol 
(DTT), isopropyl β-d-1-thiogalactopyranoside (IPTG), 
acrylamide, bis-acrylamide, sodium dodecyl sulphate, 
trifluoroacetic acid, 7-pentoxyresorufin (7-pentyl-7-
hydroxy-3-H-phenoxazin-3-one), and resorufin pur-
chased from Sigma Chemical Co. (St. Louis, USA). 
Coomassie Brilliant Blue R-250, dilauroylphosphati-
dylcholine (DLPC), EDTA sodium salt, iodoacetamide, 
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), 
and potassium phosphates were from Fluka Chemi-
cal Co. (St. Louis, MO, USA). Bicinchoninic acid and 
photo-methionine (L-2-amino-5,5-azi-hexanoic acid, 
pMet) were from Pierce (Rockford, IL, USA), aceto-
nitrile and water of LiChrosolv quality from Merck 
(Darmstadt, Germany), DEAE-Sepharose CL4B from 
GE Healthcare (Pittsburgh, PA, USA), OligoTM R3 
Bulk Media from Applied Biosystems by Life Tech-
nologies (Grand Island, NY, USA), trypsin and chymo-
trypsin from Promega (Madison, WI, USA). All other 
chemicals were of analytical grade or better.

Purification of P450 2B4 (CP2B4_RABIT), cytochrome 
b5 (CYB5_RABIT) and NADPH:P450 reductase 
(NCPR_RABIT) and their characterization
All proteins were prepared and purified by procedures 
described previously (Sulc et al. 2010). Each protein was 
characterized by combination of 1D SDS-PAGE with 
mass spectrometry (MS) after trypsin (for rabbit P450 
2B4 and NADPH:P450 reductase) or chymotrypsin (for 
cytochrome b5 after recombinant expression) digestion 
to confirm sequences of all pure proteins (Sulc et al. 
2009). The total P450 content was measured as the com-
plex of reduced P450 with carbon monoxide (Omura & 
Sato 1964), the total contents of NADPH:P450 reduc-
tase or cytochrome b5 were determined using absor-
bance of the purified protein at 455 nm or at 412 nm, 
respectively (Vermilion & Coon 1978). Protein con-
centrations were assessed using bicinchoninic acid and 
bovine serum albumin as a standard (Wiechelman et 
al. 1988). The preparation of reconstituted system in 
DLPC vesicles as well as estimation of an optimal ratio 

of P450 2B4, cytochrome b5 and NADPH:P450 reduc-
tase were described previously (Sulc et al. 2012).

Recombinant expression and purification of cytochrome 
b5 protein nanoprobe
The recombinant protein expression was carried out 
in E. coli BL21-GOLD (DE-3) [genotype E. coli B 
F-ompT hsdS(rB-mB-)dcm+Tetr galλ (DE3) endA Hte] 
transformed with the expression vector pET22b. After 
growth at 37 °C in LB-medium till OD600nm value 
approximately 0.6 and rigorous washing by sterile 10 
mM phosphate buffer (pH 7.4, at 6 °C), the cells´ cul-
tivation continued over 1 hr at 37 °C in DMEM-LM 
supplemented with photo-methionine analog (pMet, 
Pierce) and L-leucine after induction of cytochrome b5 
expression by isopropyl β-D-1-thiogalactopyranoside 
(1 mM final concentration) was added prior to the 
(Koberova et al. 2012). The cells were harvested by 
centrifugation, and lysed using sonication, the content 
of prostetic groups was boosted by hemine donation 
and microsomal fraction was solubilised by detergent. 
The protein was prepared by the combination of ion-
exchange chromatography using the gradient of KCl 
concentrations for elution of proteins (DEAE-Sepha-
rose, GE Healthcare). Finally, rechromatography of the 
cytochrome b5 nanoprobe for detergent substitution 
was performed as described previously (Kotrbova et al. 
2009).

Photo-initiated cross-linking, separation, proteolysis of 
cross-linked products and MS analysis
The cross-linking reaction was carried out with 2 µM 
P450 2B4 and 8 µM cytochrome b5 in a reconstituted 
system containing 0.3 mM DLPC and 50 mM phos-
phate buffer (pH 7.4). After DLPC vesicles preparation 
(sonication of DLPC film in a tube with buffer till clear 
solution using probe, 60 W) the both proteins were 
added and pre-incubated for 1 hr at 6 °C in final volume 
of 20 µl. The photo cross-linking was carried out at 
ambient temperature by UV-irradiation for 195 sec in a 
quartz tube (Oriel photolyser equipped with the Hg-Arc 
lamp emitting at 254 nm). The cross-linking reaction 
was quenched by 2-mercaptoethanol present in the 
electrophoresis sample buffer, and after boiling and 
centrifugation the sample was loaded on SDS-PAGE. 
The electrophoretically separated protein bands were 
visualized using silver staining. The distance between 
a center of each analysed protein band and front was 
determined by micrometry meter and obtained values 
were used for MW estimation after gel calibration 
using the determined mobilities of MW standards. The 
protein spots excised from the gel were de-stained, all 
cysteine residues in protein were modified using TCEP 
and iodoacetamide, and processed for MALDI-TOF 
mass spectrometry by in-gel digestion with trypsin as 
described previously (Sulc et al. 2012). To remove any 
salts and buffer components, the mixture of extracted 
peptides was applied on a peptide micro-trap microcol-
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umn (Michrom Bioresources, Auburn, CA, USA) prior 
to MS analysis together with the process of MS analysis 
as was described previously (Haladova et al. 2012). 

Cytochrome b5 nanoprobe-P450 cross-links quantifica-
tion: 1D/2D-electrophoresis, N-terminal Edman degra-
dation, amino acid composition analysis
The products of cross-linking reaction were separated 
employing 1D SDS-PAGE using 12% polyacrylamide 
gel or 2D SDS-PAGE combining 3-10NL IPG strip 
(13 cm, GE Healthcare, USA) with 10% polyacrylamide 
gel. For 1D SDS-PAGE, the gel was loaded with 20 µl 
of the cross-linking reaction mixture. In the case of 2D 
SDS-PAGE, 80 µl of cross-linking reaction mixture was 
precipitated with 500 µl of cold acetonitrile at –20 °C, 
and after centrifugation the whole pellet was dissolved 
in loading buffer. The both electrophoretic gels were 
visualized using silver staining. The N-terminal Edman 
degradation was performed with protein bands electro-
blotted onto the PVDF membrane at PROCISE 491 
instrument (Applied Biosystems, Grand Island, NY, 
USA) according to instruction manual. The amino acid 
composition analysis was performed using hydrolysis 
by 4.7 N HCl at 110 °C for 24 hrs in a sealed glass tube 
for both samples of protein bands, pieces of destained 
polyacrylamide gel or incised PVDF membrane of elec-
tro-blotted proteins visualized with Ponceau-Red (1% 
in water (w/v)). The hydrolyzed mixture of amino acids 
from proteins excised from a PVDF membrane was 
dried on Jouan RC 10.10. SpeedVac and reconstituted 
by vortexing in 20 µl of 20 mM constant-boiling HCl. 
After the reconstitution step, 60 µl AccQ Fluor Borate 
buffer and 20 µl AccQ Fluor reagent (Waters Corpora-
tion, MA, USA) were added and the amino acids were 
incubated at 55 °C for 10 min. A mixture of the derived 
amino acids was analyzed using Waters AccQ Tag 
column on Beckman Coulter HPLC Gold chromato-
graph with Merck-Hitachi F-1080 fluorescence detec-
tor (excitation 250 nm, emission 395 nm). Data were 
collected and evaluated employing Data Apex CSW32 
chromatography software. 

ReSulTS AnD DIScuSSIon

The photo-initiated cross-linking was used for the 
mapping and quantification of protein-protein oligo-
mers formed between two membrane proteins, P450 
2B4 and cytochrome b5. The in vitro reconstitution of 
highly purified and well characterized proteins (P450 
2B4, cytochrome b5 and for metabolic activity mea-
surements also NADPH:P450 reductase) was used to 
accomplish our goal.

The recombinant cytochrome b5 nanoprobe (protein 
concentration of 3.4 mg/ml, specific content of 66 nmol/
mg of protein) was prepared from E. coli and electro-
phoretically homogenous protein was carried out (see 
Figure 1A). This final preparation of cytochrome b5 was 
additionally characterized by its UV-VIS spectrum (see 

Figure 1B). The characteristic absorbance maximum 
at 412 nm was used to determine its molar concentra-
tion. The decrease in absorbance at 280 nm was used to 
monitor elimination of the detergent. To confirm the 
identities and purity of all protein preparations, they 
were characterized by MS analysis (data not shown). 
In the case of recombinantly expressed cytochrome b5, 
amount of incorporated pMet in all sites in the protein 
sequence was also determined comparing intensity of 
both peptides, with or without incorporated pMet (it was 
approximately 50%, see Figure 1C). The electrophoreti-
cally homogenous NADPH:P450 reductase and P450 
2B4 (protein concentration 4.5 mg/ml, specific content 
1.8 nmol/mg) were prepared as described previously 
(Sulc et al. 2012). All purified proteins in the reconsti-
tuted system were fully enzymatically active (measured 
as the P450 2B4 selective O-depentylation of 7-pent-
oxyresorufin), having activity of 33.9±1.9 nmol resoru-
fin/min.nmol P450 (the value used as the control, 100% 
P450 2B4 activity) in the system without presence of 
cytochrome b5 in 50 mM phosphate buffer (pH 7.4). 
The effect of added cytochrome b5 to the system on 
P450 2B4 enzyme activity was also analyzed; three 
molar ratios of P450 2B4:cytochrome b5, 1:1, 1:2 or 1:4, 
disclosed 182%, 265%, or 204% of P450 2B4 activity, 
respectively. This corresponds to the results reported by 
Im et al. (2011), the stimulation of the P450 2B4 activ-
ity by increased concentration of cytochrome b5 was 
observed, demonstrating the full biological functional-
ity of the nanoprobe. 

The activity experiments in the above mentioned 
system underlines the advantages of photo-initiated 
cross-linking compare to the chemical cross-linking 
(Sulc et al. 2012). The conditions used previously 
for chemical cross-linking experiments dictated by 
optimal pH value for EDC chemistry (1-ethyl-3-[3-
dimethyl(aminopropyl)]carbodiimide hydrochloride, 
pyridine buffer, pH 6.5) decreased the enzyme activity 
to 67% of P450 2B4 control activity due to presence of 
pyridine buffer or lower pH value (Sulc et al. 2012). 
Another advantage of the photo-initiated cross-linking 
in addition to its compatibility with physiological con-
ditions consists in shorter total time of the cross-linking 
reaction (in range of minutes instead of hours). Finally, 
an important advantage of the photo-initiated cross-
linking is the unselective reactivity of the highly reac-
tive carbene biradical and the resulting non-specific 
covalent bond cross-linking. In contrast, for chemical 
cross-linkers the formation of a new bond is directed by 
the chemically determined specificity of the used cross-
linker (e.g. EDC forms neutral linkage between amino 
and carboxylic groups). Both these features make it pos-
sible to use the photo-initiated cross-linking even for 
fixation of the non-covalent transient protein-protein 
complexes within the membrane of the MFO system. 

The photolysis of pre-incubated vesicles containing 
P450 2B4 enzyme with cytochrome b5 protein nano-
probe produced a mixture of covalently cross-linked 
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oligomers. It most probably intercept the distribution 
of their different ratios and novel covalent junctions 
between both proteins. The proportion of the orienta-
tions statistically depends on the presence of each spe-
cies in the reaction mixture. The electrophoresis (1D 

SDS-PAGE) of the photolytic product has shown, in 
addition to the bands of both monomers (cytochrome 
b5 and P450 2B4), three newly formed protein bands 
with lower mobility (see Figure 2A). The peptide mass 
fingerprinting approach revealed the presence of m/z 

(A) (B)

(C)

Fig. 1. The characterization of the cytochrome b5 photo-initiated cross-linking nanoprobe using: (A) 1D SDS-PAGE electrophoresis (15%, 
CBB R-250 staining, Sigma wide-range molecular weight standards in line 1) – purification process is illustrated in lines 2–8 (2 – E.coli 
lysate, 3 – supernatant after 100 000 × g ultracentrifugation, 4 – pellet after same ultracentrifugation, 5 – supernatant after protein 
solubilisation with detergent, 6 – pellet from the same sample like in line 5, 7 – collected fractions after the first DEAE-Sepharose CL4B, 
8 – final preparation), (B) UV-VIS spectrum of 20 times diluted final preparation in range 240–500 nm loaded in cm–1 mode, or (C) MALDI-
TOF MS of digested protein band from 1D SDS-PAGE using chymotrypsin (the selected m/z signals 2081.98 or 3256.61 correspond to 
peptides containing the Met96, Ser93-Trp110 or Ile80-Trp110, respectively. A circle labels the signal of peptide with Met and a square 
marks corresponding signal of same peptide with incorporated pMet with mass difference – 19.972 m.u.). 

(A) (B)

Fig. 2. Monitoring of the cytochrome b5:P450 2B4 heterooligomers formation using photo-initiated cross-linking on (A) 12% 1D SDS-
PAGE electrophoresis (silver staining, Sigma wide-range molecular weight standards). Arrow labels the heterooligomeric product 
and asterisk marks both monomers (cytochrome b5 theoretical MW of 15 kDa and P450 2B4 theoretical MW of 56 kDa), or (B) 10% 2D 
SDS-PAGE electrophoresis (pI range from 5.5 to 8.5, silver staining, Sigma wide-range molecular weight standards). Arrow labels the 
heterooligomeric product; both monomers are not present (out of pI range of used IPG strip).
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values corresponding to peptides generated by trypsin 
digestion from both proteins in all three bands (data 
not shown), thus confirming that they correspond to 
heteromeric complexes. 

However, the question remains concerning the molar 
ratio of both proteins in each of the cross-linked species 
to suppose the situation how the both enzymes of the 
MFO system might be organized in the membrane in 
organisms.

As the first clue, we may use the deduced molecu-
lar weights (MW) of each protein band detected using 
1D SDS-PAGE which are 68±5 kDa, 88±5 kDa and 
125±5 kDa. We may calculate the expected values for 
observed complexes on the basis of MW of individual 
constituents – 15 kDa for cytochrome b5 and 56 kDa for 
P450 2B4. The first and the second observed value can 
be thus easily and rather unequivocally interpreted as 

P450 2B4:cytochrome b5 complexes with molar ratios 
of 1:1 (expected MW of 71 kDa) and 1:2 (expected 
MW of 86 kDa), respectively. Alas, the third deduced 
MW value of 125 kDa cannot be easily interpreted. It 
can correspond to several different heterooligomers; 
the P450 2B4:cytochrome b5 complex with molar ratio 
2:1 (expected MW of 127 kDa), 1:4 (theoretical MW 
of 117 kDa), or perhaps even 1:5 (theoretical MW of 
132 kDa). However, we cannot completely exclude 
the theoretical possible complex with molar ratio 1:3 
(expected MW of 102 kDa), because the cross-linked 
species may display aberrant mobility in 1D SDS-PAGE.

Therefore, to distinguish between the possible com-
plexes discussed above, 2D SDS-PAGE was employed 
(see Figure 2B). This method allows to determine not 
only MW of protein band, but also the value of its iso-
electric point (pI). These isoelectric points should differ 
for each complex, reflecting their different composition. 
The theoretical values of MW and pI were calculated 
using Expasy tools Compute pI/Mw (Bjellqvist et al. 
1993). The P450 2B4:cytochrome b5 complex with molar 
ratio 2:1 has the theoretical pI 8.19, the complex with 
molar ratio 1:3 the theoretical pI 5.94, for complex 1:4 
the value of theoretical pI is 5.79, and for molar ratio of 
1:5 the pI value is theoretically 5.69. Although the 4 times 
higher amount of cross-linked reaction was used for 2D 
SDS-PAGE than was applied at 1D SDS-PAGE, only 
silver staining was able to visualized four protein spots 
of the oligomeric complexes (see arrows in Figure 2B). 
The loss of material was probably caused during ace-
tonitrile precipitation or insufficient adsorption of 
sample into IPG. Unfortunately, the higher amount of 
cross-linking mixture used for acetonitrile precipitation 
revealed very low resolution of electro-focusing pro-
cess at 2D SDS-PAGE, and therefore could not be used.

Examining the results of 2D SDS-PAGE depicted 
at Figure 2B, we should start with the fact that both 
monomers are not visible in the gel, because their pI 
values are out of the separation range (P450 2B4 theo-
retical pI 9.01, cytochrome b5 theoretical pI 5.14). The 
most intense broad band with MW corresponding to 
68±5 kDa has estimated pI 6.5–6.7±0.5, confirming 
its P450 2B4:cytochrome b5 molar ratio 1:1 (theoreti-
cal pI 6.74). The two addtional spots with similar MW 
(90±5 kDa and 93±5 kDa) correspond to the second 
band in 1D SDS-PAGE and have estimated pI values 
of 5.9±0.5 and 6.1±0.5, respectively. Therefore, these 
two species probably may be ascribed to different ori-
entations of the covalent complex containing P450 
2B4:cytochrome b5 in the molar ratio 1:2 (theoretical 
pI 6.18, MW 86 kDa). The small apparent differences 
are likely to reflect the aberrant behavior of large com-
plexes in SDS electrophoresis. The proteolysis of these 
three cross-linked species to peptides using trypsin and 
the following MALDI-TOF MS analysis of the result-
ing peptide mixtures confirmed the presence of both 
P450 2B4 and cytochrome b5 (detected m/z values cor-
responding to peptides generated by trypsin from both 

(A)

(B)

Fig. 3. The HPLC chromatogram displaying the quantities of 
modified amino acid. (A) The separation of (i) equimolar 
standard mixture of amino acids and (ii) directly proteolyzed 
protein band (cytochrome b5:P450 2B4 heterodimer in 1:1 molar 
ratio) excised from 12% SDS-PAGE polyacrylamide gel (the HPLC 
chromatogram is shifted 2 V units to the top). (B) The separation 
of mixtures of amino acids from protein bands corresponding to 
heterooligomeric cytochrome b5:P450 2B4 complexes electro-
blotted at a PVDF after 1D SDS-PAGE electrophoresis: protein 
band with MW of (i) 68±5 kDa, (ii) 88±5 kDa, and (iii) 125±5 kDa 
(the HPLC chromatograms marked (ii) and (iii) are shifted 0.4 V 
or 0.8 V units to the top, respectively). The one letter amino acid 
abbreviation or NH3 for ammonia labels corresponding elution 
peak (below each peak) on the bottom of each picture. 
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proteins, data not shown). Unfortunately, the last spot 
(corresponding to the highest molecular weight band 
in 1D electrophoresis) has very low intensity. Nonethe-
less, the estimated pI value of 7.9–8.0±0.5 and MW of 
125±5 kDa match the values for the complex with P450 
2B4:cytochrome b5 molar ratio 2:1 (theoretical pI 8.19 
and MW 127 kDa), but the lower quality of these data 
with very low intensity and quality of corresponding 
MS signals (no detectable m/z signal of peptide gener-
ated from both protein) dictates certain restrain.

To quantify the composition of oligomeric P450 
2B4:cytochrome b5 covalent complexes, the determi-
nation of amino acid in one cycle during the N-ter-
minal Edman analysis was employed. Although the 8 
times higher amount of cross-linking reaction mixture 
(compared to 1D-SDS-PAGE) was used for the electro-
blotted protein bands with following Edman analysis, 
no positive result was obtained for any of the analyzed 
species as the analyzed amounts were under sensitiv-
ity limits of this methodology approach. To increase 
intensity of signal and overcome the low detection limit 
of N-terminal Edman degradation (only the amount of 
one amino acid corresponding to a molar amount of 
total protein is detected during one cycle), total hydro-
lysis of protein bands separated by 1D SDS-PAGE with 
following amino acid modification and HPLC sepa-
ration was employed. As it is shown in Figure 3A(i), 
almost all amino acid species from the used standard 
mixture were separated with base-line resolution. The 
proteolysis of polyacrylamide gel pieces containing pro-
tein by hydrochloric acid resulted in a production of a 
high amount of ammonia from polyacrylamide that is 
in extreme over-abundance to amino acids of protein 
sample and therefore interfered during separation and 
dramatically decrease the sensitivity of applied HPLC 
method. To eliminate this interference, the total prote-
olysis of electro-blotted protein band at a PVDF mem-
brane was used and HPLC chromatograms of all three 
oligomeric complexes are shown in Figure 3B [species 
having MW of (i) 68±5 kDa, (ii) 88±5 kDa, and (iii) 
125±5 kDa]. In each analyzed protein band a total area 
under curve (AUC) was determined for each amino 
acid. Every value of AUC was normalized using calcu-
lated number of particular residues of corresponding 
amino acid present in proposed specie. To calibrate the 
method for each individual amino acid, the standardiza-
tion of its normalized AUC area in complex using deter-
mined normalized AUC area for the same amino acid 
in one of the analyzed monomer with known number 
of amino acid residues (X for cytochrome b5 or Z for 
P450 2B4) was performed. The value of this standard-
ized ratio determined by this method should be stable 
for any heterooligomeric complex properly assessed 
stechiometry of two proteins with known sequence 
(amino acid composition). As shown in Table 1, only 
expecting the molar ratio of P450 2B4:cytochrome b5 
2:1, we obtained the correct values for both calibrations, 
X or Z values, for all tested amino acids. This observa-

tion significantly supports the proposed composition of 
the P450 2B4:cytochrome b5 heterooligomeric complex 
with MW of 125±5 kDa, establishing its molar ratio as 
2:1. Other proposed compositions significantly differ 
in one or more determined values of X or Z (shown as 
bold numbers in Table 1) and thus might be excluded.

The question, however, is how to interpret the 
obtained results. Can we extract any information from 
heterooligomer complex formation? Although much 
information was previously described, the structural 
details and functional relevance of the P450-membrane 
and a mutual protein-protein interaction within the 
MFO system are not fully understood. It is well known 
that both cytochromes are tightly anchored in the 
membrane bilayer by a single transmembrane helix (the 
first 66 amino acids from N-termini together with this 
N-terminal alpha helix of the hydrophobic F–G loop 
for P450 (Nelson & Strobel 1988, Pernecky et al. 1993), 
and cytochrome b5 C-terminal transmembrane domain 
that contains two methionine residues at position 126 
and 131. Recently, the distortion of transmembrane ori-
entation for both proteins was determined using solid-
state NMR (for P450 17° and for cytochrome b5 14° tilt 
from the lipid bilayer normal) (Yamamoto et al. 2013a). 
This tilted orientation of both transmembrane domains 
in the lipid bilayer probably allows the interaction 
between them neither significantly altered the helical 
structure of the transmembrane domain of cytochrome 
b5 nor does it alter its geometry. This interaction and 
potential co-operativity was also support by different 
observation of the motion restriction (Yamamoto et al. 
2013b, Stier et al. 1991). Therefore, for the MFO system 
some sort of molecular organization and regulation, if 
it is to function properly, could be proposed.

Taking all our data together, the presented results 
demonstrate the capability of the photo-initiated 
cross-linking approach to study interactions of pro-
teins within membrane environment. The used 
methodology reveals the formation of not only the 
P450 and cytochrome b5 heterodimeric complex, 
but also the multimeric complexes within the mem-
brane. These multimeres preserve the symmetric total 
P450:cytochrome b5 molar ratio of 1:1 and probably at 
least two mutual orientations could be suggested (exis-
tence both heterooligomeric species P450:cytochrome 
b5, the molar ratio 1:2 and 2:1, were determined at 1D 
SDS-PAGE). The similar protein band pattern was also 
detected using chemical cross-linking that in combina-
tion with MS analysis revealed two mutual orientations 
between P450 and cytochrome b5 (Sulc et al. 2012). 
Therefore, the formation of such multimeric structures 
could be also expected within the MFO system located 
in the endoplasmic membrane bilayer. The prepared 
cytochrome b5 nanoprobe combined with photo-initi-
ated cross-linking should be a challenging tool to study 
such structures not only in the reconstituted artificial 
proteo-liposomes as shown here, but also in the natural 
liver microsomal membranes.
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Tab. 1. The values of determined ratios of the P450 2B4:cytochrome b5 complexes after processing of AUC HPLC amino acid analysis data 
(area under curve).

Determined 
aminoacid Value of

Complex P450:cytochrome b5 in molar ratio 
Average S.D.

1:1 1:2 2:1 1:3 1:4 1:5

R theor. q. 42 46 80 50 54 58

X 0.21 0.22 0.25 0.4 0.37 0.35 0.23 0.02

Z 1.4 1.42 1.64 2.63 2.43 2.26 1.49 0.13

V theor. q. 37 44 67 51 58 65

X 0.31 0.28 0.31 0.41 0.35 0.32 0.30 0.02

Z 1.69 1.46 1.64 2.16 1.89 1.69 1.60 0.12

L theor. q. 77 90 141 103 116 129

X 0.37 0.35 0.34 0.46 0.41 0.37 0.35 0.02

Z 1.16 1.11 1.06 1.45 1.29 1.16 1.11 0.05

E (+Q) theor. q. 58 72 102 86 90 104

X 0.42 0.44 0.41 0.49 0.47 0.41 0.42 0.02

Z 1.27 1.3 1.23 1.46 1.39 1.21 1.27 0.04

G theor. q. 41 47 76 53 59 65

X 0.33 0.34 0.29 0.42 0.37 0.34 0.32 0.03

Z 1.53 1.59 1.4 1.86 1.67 1.52 1.51 0.12

F. theor. q. 44 47 85 50 53 56

X 0.19 0.21 0.17 0.28 0.27 0.25 0.19 0.02

Z 1.11 1.19 0.96 1.61 1.53 1.44 1.09 0.12

I theor. q. 35 43 62 51 59 67

X 0.58 0.56 0.54 0.64 0.56 0.49 0.56 0.02

Z 1.26 1.2 1.14 1.39 1.20 1.06 1.20 0.06

T theor. q. 36 46 62 56 66 76

X 0.47 0.48 0.38 0.42 0.36 0.31 0.44 0.06

Z 1.26 0.91 1.03 1.14 0.97 0.84 1.07 0.18

D (+N) theor. q. 54 69 93 84 99 114

X 0.4 0.47 0.42 0.47 0.40 0.35 0.43 0.04

Z 1.05 1.23 1.11 1.23 1.04 0.90 1.13 0.09

K theor. q. 30 40 50 50 60 70

X 0.55 0.52 0.57 0.57 0.83 0.71 0.55 0.03

Z 0.88 0.87 0.92 0.92 1.31 1.15 0.89 0.03

Legend: single letter amino acid abbreviations are used for each amino acid {aa} and its theoretical quantity (theor.q.) in protein band is 
shown, in both values X and Z the area under curve (corresponding to chromatographic peak) of each determined amino acid is used, 
the used formulas for calculation of values X and Z are X=area{aa}complex/[theor.q.{aa}complex*(area{aa}b5/theor.q.{aa}b5)], Z= area{aa}
complex/[theor.q.{aa}complex*(area{aa}P450/theor.q.{aa}P450)], average and S.D. is calculated from three values of P450:cytochrome b5 
complexes in molar ratio 1:1, 1:2, and 2:1, bolded number of X or Z values marks significant difference from its proper value. 

AcKnowleDgMenT

This work was supported by the Grant Agency of 
Czech Republic (P207/12/0627), and the Charles 
University in Prague (UNCE204025/2012). The 

equipment of the “Prague Infrastructure for Struc-
ture Biology and Metabolomics” which has been 
built up by financial support of the Operational 
Program Prague – Competitiveness (Project No.: 
CZ.2.16/3.1.00/24023) was used.



122 Copyright © 2014 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Tomáš Ječmen, Renata Ptáčková, Daniel Kavan, Věra Černá, Petr Hodek, Marie Stiborová, Jiří Hudeček, Miroslav Šulc

REFERENCES

1  Bjellqvist B, Hughes GJ, Pasquali Ch, Paquet N, Ravier F, Sanchez 
J-Ch, Frutiger S, Hochstrasser DF (1993). The focusing positions 
of polypeptides in immobilized pH gradients can be predicted 
from their amino acid sequences. Electrophoresis 14: 1023–1031. 
(http://www.expasy.org/tools/pi_tool.html, 29th September 
2014).

2  Bonfils C, Balny C, Maurel P (1981). Direct evidence for electron 
transfer from ferrous cytochrome b5 to the oxyferrous interme-
diate of liver microsomal cytochrome P-450 LM2. J Biol Chem. 
256: 9457–9465.

3  Coon MJ (1978). Oxygen activation in the metabolism of lipids, 
drugs and carcinogens. Nutr Rev. 36: 319–328.

4  Guengerich FP (2005). Human cytochrome P450 enzymes. In: Ortiz 
de Montellano PR, editor. Cytochrome P450: Structure, Mecha-
nism, and Biochemistry. New York: Kluwer Press. p. 377–531.

5  Hlavica P (1984). On the function of cytochrome b5 in the cyto-
chrome P-450-dependent oxygenase system. Arch Biochem 
Biophys. 228: 600–608. 

6  Haladova K, Mrazek H, Jecmen T, Halada P, Man P, Novak P, Chme-
lik J, Obsil T, Sulc M (2012). The combination of hydrogen/deute-
rium exchange or chemical cross-linking techniques with mass 
spectrometry: Mapping of human 14-3-3ζ homodimer interface. 
J Struct Biol. 179: 10–17.

7  Im SC, Waskell L (2011). The interaction of microsomal cyto-
chrome P450 2B4 with its redox partners, cytochrome P450 
reductase and cytochrome b5. Arch Biochem Biophys. 507: 
144–153. 

8  Kalkhof S, Ihling C, Mechtler K, Sinz A (2005). Chemical cross-
linking and high-performance Fourier transform ion cyclotron 
resonance mass spectrometry for protein interaction analysis: 
application to a calmodulin/target peptide complex. Anal Chem. 
77: 495–503.

9  Koberova M, Jecmen T, Sulc M, Cerna V, Kizek R, Hudecek J, Sti-
borova M, Hodek P (2013). Photo-cytochrome b5 – A New Tool 
to Study the Cytochrome P450 Electron-transport Chain. Int. J. 
Electrochem. Sci. 8: 125–134.

10  Kotrbova V, Aimova D, Ingr M, Borek-Dohalska L, Martinek V, 
Stiborova M (2009). Preparation of a biologically active apo-
cytochrome b5 via heterologous expression in Escherichia coli. 
Protein Expr. Purif. 66: 203–209.

11  Kotrbova V, Mrazova B, Moserova M, Martinek V, Hodek P, Hude-
cek J, Frei E, Stiborova M (2011). Cytochrome b(5) shifts oxida-
tion of the anticancer drug ellipticine by cytochromes P450 1A1 
and 1A2 from its detoxication to activation, thereby modulating 
its pharmacological efficacy. Biochem Pharmacol. 82: 669–80.

12  Nelson RD, Strobel HW (1988). On the Membrane Topology 
of Vertebrate Cytochrome P-450 Proteins. J Biol Chem. 263: 
6038–6050.

13  Omura T, Sato R (1964). The carbon monoxide-binding pigment 
of liver microsomes. I. Evidence for its hemoprotein nature. J Biol 
Chem. 239: 2370–2378.

14  Pernecky SJ, Larson JR, Philpot RM, Coon MJ (1993). Expression 
of truncated forms of liver microsomal P450 cytochromes 2B4 
and 2E1 in Escherichia coli: influence of NH2-terminal region on 
localization in cytosol andmembranes. Proc. Natl. Acad. Sci. U. S. 
A. 90: 2651–2655. 

15  Ptačkova R, Ječmen T, Novák P, Hudeček J, Stiborová M, Šulc 
M (2014). The Application of an Emerging Technique for Pro-
tein–Protein Interaction Interface Mapping: The Combination 
of Photo-Initiated Cross-Linking Protein Nanoprobes with Mass 
Spectrometry. Int. J. Mol. Sci. 15: 9224–9241.

16  Schenkman JB, Jansson I (2003). The many roles of cytochrome 
b5. Pharmacol. Ther. 97: 139–152.

17  Sinz A (2006). Chemical cross-linking and mass spectrometry to 
map three-dimensional protein structures and protein-protein 
interactions. Mass Spectrom Rev. 25: 663–682.

18  Stiborová M, Borek-Dohalská L, Hodek P, Mráz J, Frei E (2002). 
New selective inhibitors of cytochromes P450 2B and their appli-
cation to antimutagenesis of tamoxifen. Arch Biochem Biophys. 
403: 41–49. 

19  Stiborova M, Cerna V, Moserova M, Arlt VM and Frei E (2013) The 
effect of benzo[a]pyrene on metabolic activation of anticancer 
drug ellipticine in mice. Neuro Endocrinol Lett. 34(Suppl 2): 
43–54.

20  Stier A, Kruger V, Eisbein T, Finch SAE (1991). Membrane topol-
ogy of cytochrome P-450: oligoomers and cooperativity. in 
Molecular Aspects of Monooxygenases and Bioactivation of 
Toxic Compounds. Arinç, Emel, Schenkman, John B., Hodgson, 
Ernest (Eds.), Plenum Press, NY, Nato Science Series A. 202: 
115–121.

21  Suchanek M, A. Radzikowska A, Thiele C (2005). Photo-leucine 
and photo-methionine allow identification of protein-protein 
interactions. Nat. Methods 2(4): 261–267. 

22  Sulc M, Kubickova B, Maslova V, Hodek P (2004). Rabbit Liver 
Microsomal System: Study of Interaction with Two Model 
N-Nitrosamines and Their Metabolism. Gen Physiol Biophys. 23: 
423–433.

23  Sulc M, Hodek P, Stiborova M (2010). The binding affinity of car-
cinogenic N-nitrosodimethylamine and N-nitrosomethylaniline 
to cytochromes P450 2B4, 2E1 and 3A6 does not dictate the rate 
of their enzymatic N-demethylation. Gen Physiol Biophys. 29: 
175–185.

24  Sulc M, Jecmen T, Ptackova R, Novak P, Martinek V, Hodek P, 
Stiborova M, Hudecek J (2012). Mapping of interaction between 
cytochrome P450 2B4 and cytochrome b5: the first evidence of 
two mutual orientations. Neuro Endocrinol Lett. 33: 41–47. 

25  Vermilion JL, Coon MJ (1978). Purified liver microsomal NADPH-
cytochrome P-450 reductase. Spectral characterization of oxida-
tion-reduction states. J Biol Chem. 253: 2694–2704.

26  Weichelman KJ, Braun RD, Fitzpatrick JD (1988). Investigation of 
the bicinchoninic acid protein assay: identification of the groups 
responsible for color formation. Anal Biochem. 175: 231–237.

27  Yamamoto K, Durr UHN, Xu J, Im S-Ch, Pearcy P, Waskell L. Rama-
moorthy A (2013). Dynamic Interaction Between Membrane-
Bound Full-Length Cytochrome P450 and Cytochrome b5 
Observed by Solid-State NMR Spectroscopy. Sci Rep. 3(2538): 
1–5.

28  Yamamoto K, Gildenberg M, Ahuja S, Im S-Ch, Pearcy P, Waskell L. 
Ramamoorthy A (2013). Probing the Transmembrane Structure 
and Topology of Microsomal Cytochrome-P450 by Solid-State 
NMR on Temperature-Resistant Bicelles. Sci Rep. 3(2556): 1–6.


