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Abstract: Cytochrome P450 17α-hydroxylase, 17,20-lyase (P450c17) is a key enzyme in the synthesis 
of cortisol in the zona fascicula of the adrenal cortex, and the synthesis of androgen precursors in the 
adrenal zona reticularis and the gonads. Each of these reactions require electrons transferred by the elec-
tron donor cytochrome P450 oxidoreductase. The 17α-hydroxylation of its substrate occurs in all cells 
where P450c17 is expressed. Remarkably, a second, subsequent reaction, namely the 17,20-lyase activ-
ity, only occurs in the zona reticularis and gonads. The specificity of the second reaction is due to the 
interaction with the haem-protein cytochrome b5. Surprisingly, cytochrome b5 and cytochrome P450 
oxidoreductase have overlapping sites of interaction on the surface of P450c17. This poses the question 
as to how cytochrome b5 and cytochrome P450 oxidoreductase interact with P450c17 structurally, func-
tionally and physiologically? This conundrum can be resolved based on the observation that P450c17 
can homo-dimerise. A homodimer would allow cytochrome P450 oxidoreductase to bind to one 
P450c17 monomer of the P450c17 homodimer whilst cytochrome b5 could bind to the other P450c17 
monomer simultaneously at the surfaces distal to the dimer interface. This structure is likely to be dy-
namic in vivo. Our modelling predicts that the proteins can assemble as a stable tetramer and is fully 
consistent with extensive experimental data that have been published over the last two decades. Predic-
tions derived from this structural model are currently being tested by a range of in vitro and in vivo ex-
perimental approaches. 

Keywords: Cytochrome P450c17 (P450 17A1, CYP17A1), homo-dimerisation, protein-protein interaction, FRET, cytochrome 
b5, cytochrome P450 oxidoreductase. 

MULTIFUNCTIONAL CYTOCHROME P450 EN-
ZYMES 

Cytochrome P450 enzymes (P450s) are abundant in na-
ture, having been identified in species ranging from bacteria 
through to mammals [1]. There are 57 types of P450s ex-
pressed in humans and they contribute to several types of 
reactions [2]. To date, the majority of mechanistic investiga-
tions have focused on the hepatic endoplasmic reticulum 
P450s that perform mono-hydroxylation of numerous sub-
strates, endogenous and xenobiotic. However, an important 
subgroup of P450s are the steroidogenic P450s that appear to 
be functionally distinctive. Four of the six P450s required for  
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the biosynthesis of steroid hormones possess multi-
functional activity. These P450s have a special capacity to 
carry out two or three hydroxylation reactions in series, 
transforming a specific substrate into another product [3]. 
Some steroidogenic P450s are found in mitochondria and 
some in the endoplasmic reticulum, whereas the drug me-
tabolising P450s are located in the endoplasmic reticulum. 
These microsomal steroidogenic P450s are primarily ex-
pressed in the adrenal cortex and the gonads [3] whereas, the 
mono-hydroxylating P450s that function in detoxification 
pathways [4] are predominantly found in the liver. There are 
several additional and important points of difference between 
these two classes of microsomal cytochrome P450s. Firstly, 
the steroidogenic P450s show a high specificity towards their 
steroidal substrates. Available crystallographic data indicate 
that the active sites for the steroidogenic P450s accommo-
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date substrates snuggly within the very small volumes of 
their active site pockets [5]. In contrast, the hepatic P450s 
are promiscuous towards substrates and have large active site 
pockets that can accommodate a wide variety of molecules. 
A second important difference lies in the ratio of P450 to 
cytochrome P450 oxidoreductase (CPR) in their respective 
tissues (Supplementary Information). The concentration of 
CPR in steroidogenic tissues is significantly higher than the 
concentration of P450s, whereas the liver is dominated by 
the amount of P450 relative to that of CPR. This is based on 
data (Supp. Info. S1) for mammalian liver compared to tis-
sues obtained from the placenta, ovaries and testes. Interest-
ingly, data from the guinea pig adrenal, do not agree, pre-
sumably a reflection of the greater conversion of the proges-
terone to androstenedione, via the Δ4 pathway, not utilised 
significantly in primates. In both classes of microsomal 
P450, CPR delivers reducing electrons, received from 
NADPH, to the endoplasmic reticulum anchored P450s in 
their electron transfer pathway and this difference in the ra-
tios of P450 to CPR between these two classes of P450 has 
not been satisfactorily addressed in the literature to date.  

CYTOCHROME P450 17α-HYDROXYLASE, 17,20 
LYASE ACTIVITY (P450c17) 

The microsomal steroidogenic P450c17 enzyme is ex-
pressed in the adrenal cortex and the gonad [3]. In the adre-
nal cortex P450c17 is located in the zona fasciculata where it 
converts pregnenolone into 17α-hydroxy-pregnenolone, 
which is an essential precursor for cortisol synthesis. How-
ever, P450c17 is also located in the zona reticularis where its 
enzymatic product is predominately the androgen precursor, 
dehydroepiandrosterone (DHEA), a result of the second hy-
droxylation reaction on the 17α-hydroxy-pregnenolone in-
termediate. The first hydroxylation by P450c17 is called the 
17α-hydroxylase reaction and the second subsequent reac-
tion is called the 17,20-lyase activity. Thus, P450c17 lies at a 
branch point in the steroidogenic pathway, in which the 17α-
hydroxy-pregnenolone intermediate can be used to synthe-
sise glucocorticoids or alternatively, precursors for androgen 
synthesis (Fig. 1). In the gonads P450c17 carries out both 
activities required for the synthesis of DHEA, although it 
remains unclear whether the intermediate, 17α-hydroxy-
pregnenolone, leaves the active site before the subsequent 
hydroxylation. CPR is the electron donor protein in all these 
reactions of P450c17 in the zona fasciculata and zona reticu-
laris, and in the gonads [3]. 

REGULATION OF THE TWO ENZYMATIC ACTIVI-
TIES OF P450c17 

A small redox-active haem-protein cytochrome b5 (mi-
crosomal cyt b5 or simply cyt b5) also co-localises with 
P450c17 in the zona reticularis and in the gonads. It has been 
identified as the protein that allows P450c17 to carry out the 
additional 17,20-lyase reaction required for synthesis of an-
drogen precursors. But exactly how the cyt b5 regulates the 
activity of P450c17 has been an unresolved issue for many 
decades. Earlier studies suggested that cyt b5 was redox ac-
tive [6] but criticism of this conclusion soon followed [7]. 
Subsequently studies by Miller and Auchus, [3] showed that 
the apo-cyt b5 lacking the haem group could still affect the 
17,20-lyase activity, indicating that cyt b5 is not needed as 
an electron donor [8].  However, very recent studies in which 
the iron in the haem group of cyt b5 was substituted with 
manganese porphyrin suggest that maybe the action of the 
haem in cyt b5 is indeed required [9].  Thus clearly this area 
remains unresolved and no doubt will produce more contro-
versies. 

Regardless of these controversies, apo-cyt b5 can affect 
the 17,20 lyase activity and thus in this case the 17,20-lyase 
activity must utilise the native electron transfer pathway to 
P450c17, originating with NADPH, via the flavoprotein 
CPR, but is effected by an allosteric rather than the redox 
activity of the cyt b5 [10]. Auchus et al. mutated residues 
postulated to be involved in the interaction at the 
P450c17:cyt b5 interface. Using microsomes transfected 
with CPR:P450c17 in a 1:1 ratio, these mutant cyt b5 pro-
teins were included as either a 0.1, 1.0 or 10 fold ratio to the 
other two proteins and the extent of 17,20-lyase activity ac-
cessed [8]. The double mutation E48,49G on the cyt b5 
clearly identified cyt b5 as essential for 17,20-lyase activity, 
and inferred that E48 and E49 are key residues in cyt b5 at 
the protein-protein interface with the P450c17. Subsequent 
molecular dynamics modelling by Auchus [11] and Martin 
[10] independently predicted that a number electrostatic in-
teractions dominated the P450c17:cyt b5 interface.  

Additional studies co-expressing FRET (fluorescence 
resonance energy transfer)-chimeras of P450c17 and CPR in 
HEK-293 cells and in the steroidogenic H295 cell line, 
showed that these two proteins can hetero-dimerise [10, 12]. 
Interestingly, these experiments using FRET constructs of 
P450c17 and cyt b5 showed the highest FRET ratio of any 
pair of proteins tested in this study, suggesting a tight and 

 
Fig. (1): One protein, two functions.  Steroid biosynthesis by P450c17 involves two distinct activities. The first reaction is 17α-
hydroxylation of pregnenolone into 17α-hydroxy-pregnenolone a precursor for cortisol. The second reaction is 17,20-lyase that further con-
verts 17α-hydroxy-pregnenolone into DHEA. Structures were created using ChemAxon software (https://www.chemaxon.com/). 
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specific association between P450c17 and cyt b5 proteins 
[10] (Fig. 2).  

 
Fig. (2). FRET ratios of e-CFP and e-YFP labelled proteins. 
Plasmids were transfected into HEK293 and additionally P450c17-
CPR into adrenal cells H295, as indicated. Redrawn with permis-
sion from [10, 12]. 

In a recent report, Scott and colleagues used two dimen-
sional NMR to probe the interactions between P450c17 and 
cyt b5, and between P450c17 and CPR [13]. They used a C-
terminal truncated sequence of cyt b5 that was soluble [13] 
but importantly not nearly as active at stimulating 17,20 
lyase activity as cyt b5 with its membrane spanning C termi-
nal domain intact [14]. The same interface of P450c17 was 
found to be involved in the interaction with both the FMN 
domain from CPR and cyt b5. However, using the FMN-
soluble domain of CPR, Scott et al. noted that it appeared to 
bind with higher affinity to P450c17 than cyt b5 [13b]. In 
summary, there is extensive support for both the CPR and 
cyt b5 binding to P450c17 across the same surface of the 
P450c17 protein.  

All these pieces of the puzzle have now led to a conun-
drum. If cyt b5 and CPR have overlapping sites of interac-
tion on P450c17 how does this occur structurally, function-
ally and physiologically? Does CPR bind first to P450c17 to 
enable 17α-hydroxylation and then what happens next? Does 
the tissue specificity (or zonation) of cyt b5, provide a local 
high concentration of this protein, thereby enabling a dy-
namic competition with CPR for the same binding site on 
P450c17? Clearly, close interactions are required between 
P450c17 and both CPR and cyt b5 at the same time, but the 
experimental data all points toward CPR and cyt b5 compet-
ing for the same site on P450c17. We believe this conun-
drum can readily be resolved by the observation that 
P450c17 can form stable homo-dimers.  

HOMO-DIMERISATION OF P450c17 

In 2009, we reported that P450c17 forms homo-dimers in 
live cells [12]. These proteins were expressed as fluorophor-
coupled chimeras (P450c17-cyan fluorescent protein and 
P450c17-yellow fluorescent protein) in HEK-293 cells (Fig. 
2). The FRET signal for P450c17 homo-dimerisation was 
even greater than that for P450c17 with CPR (Fig. 2). Con-
trol experiments indicated that P450c17 was not capable of 
forming a FRET pair with another multifunctional steroi-
dogenic enzyme, P450aromatase, indicating that the FRET 
observed for P450c17-P450c17 was a specific interaction 
[10, 12]. 

In our FRET studies with P450aromatase we also con-
cluded that this enzyme forms homo-dimers [10, 12]. We 
used the X-ray crystal structure of P450aromatase to identify 
the key residues on the protein interface in which homo-
dimerisation occurred [15]. We have thus speculated that this 
ability to form homo-dimers might be a key property, allow-
ing endoplasmic reticulum steroidogenic enzymes to carry 
out multi-functional reactions.  

MODELLING OF P450c17 HOMO-DIMERS 

The X-ray crystal structure of P450c17 [PDB code:3swz; 
[16]] has been determined to 2.7 Å resolution, with an in-
hibitor, abiraterone, bound at the active site. Notably, there 
are four molecules of P450c17 observed in the basic repeat-
ing unit, or asymmetric unit, of the crystal lattice (Fig. 3A). 
However, the authors did not comment on the physiological 
relevance, or otherwise, of the packing. This is not surprising 
as in the vast majority of cases protein packing arrangements 
seen in crystals are due to crystal lattice contacts and have no 
physiological relevance. However, there are rare but docu-
mented cases where the high local concentration of protein 
molecules in a crystal promotes a weak interaction that is 
physiologically relevant. Where trans-membrane interactions 
are involved, such interactions are typically much stronger. 
We propose that these four P450c17 molecules could poten-
tially be a pair of dimers, with two of the P450c17 molecules 
(chain A and D or chain B and C) both oriented with their N-
termini aligned in the same direction (Fig. 3B). This would 
be expected since intact P450c17 is anchored to the mem-
brane at their N-terminal ends. The dimer is formed by chain 
swapping of the N-terminal residues, creating an extended 
N-terminal beta sheet (Supplementary Information). This 
then places the active sites distal to each other, approxi-
mately 50Å away, measured from haem-to haem. 

The P450c17 crystal structure [16] is of the “closed” con-
formation of P450c17. Structures of the “open” conforma-
tion of the closely related cytochrome P450 2B4 [PDB code: 
1po5; [17]] show that the equivalent N-termini and adjacent 
G’ helix move significantly when going from “closed” to an 
“open” conformation. Therefore, if an analogous situation 
exists for the physiologically active P450c17 dimer, dimeri-
sation would slow the opening of the active site, reducing the 
release of intermediates.  

Analysis of the unit cell packing for the related cyto-
chrome P450aromatase, the only other endoplasmic reticu-
lum multi-functional steroidogenic P450 [15], shows that the 
packing arrangement seen in P450c17 is specific for it. This 
agrees well with recent analysis comparing these two steroi-
dogenic P450s that have the capacity to carry out acyl-
carbon cleavage reactions [18]. In their analysis, these 
authors concluded there were differences in the chemical 
mechanism employed by these enzymes. This is consistent 
with some structural variation in their homo-dimer inter-
faces.  

Closer analysis of the proposed dimer interface of the 
P450c17 dimer shows the formation of between 21 and 23 
hydrogen bonds (Table 1). There are also 212 non-bonded 
contacts between molecules A-D and 208 non-bonded con-
tacts between molecules B-C. Across the A-D interface there
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Table 1. Hydrogen bonds at the P450c17 A-D molecule interface. Highlighted in grey are the two H-bonds not present on the B-C 

molecule interface, the rest are identical for both interfaces. Atoms are labelled using standard Protein Data Bank nomenclature. 

PISA (http://ebi.ac.uk/pdbe/prot_int/pistart.html) was used to identify hydrogen bonds. 

Monomer 1 Distance [Å] Monomer 2 

ALA 385 [N] 2.91 LEU 32 [O] 

SER 65 [N] 2.95 PRO 35 [O] 

SER 65 [OG] 2.82 PRO 35 [O] 

ARG 67 [N] 3.01 GLY 38 [O] 

SER 39 [N] 3.21 SER 39 [O] 

ARG 67 [NE] 3.33 SER 39 [OG] 

ARG 67 [NH2] 2.99 SER 39 [OG] 

GLY 69 [N] 2.92 LEU 40 [O] 

LYS 222 [NZ] 3.57 ARG 45 [O] 

VAL 37 [N] 2.80 SER 65 [O] 

GLY 38 [N] 3.76 SER 65 [O] 

LEU 40 [N] 3.05 ARG 67 [O] 

LEU 32 [O] 3.12 ALA 385 [N] 

PRO 35 [O] 3.11 SER 65 [N] 

PRO 35 [O] 3.42 SER 65 [OG] 

GLY 38 [O] 2.71 ARG 67 [N] 

SER 39 [O] 2.88 SER 39 [N] 

LEU 40 [O] 3.15 GLY 69 [N] 

SER 65 [O] 2.88 VAL 37 [N] 

ARG 67 [O] 2.66 LEU 40 [N] 

ILE 223 [O] 3.16 ARG 45 [NH2] 

PRO 225 [O] 3.53 LYS 231 [NZ] 

GLU 383 [O] 2.91 LEU 32 [N] 

 

is a buried surface area of 2161Å2, and across the B-C inter-
face there is a buried surface area of 2098Å2, giving a buried 
surface area of approximately 1000Å2 for each monomer. 
This is typical of a protein-protein interaction [19].  

In order to further analyse the possibility that this was a 
physiologically relevant dimer interface, we conducted nu-
merous in silico analyses. Firstly, a Proteins, Databases, 
Structures and Assemblies (PISA) analysis ['Protein inter-
faces, surfaces and assemblies' service PISA at the European 
Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/ 
prot_int/pistart.html) [20]] suggested that the proposed dimer 
interface is most likely a stable protein interface. It is pre-
dicted to play an auxiliary role in complex formation with a 
Complexation Significance Score of 0.455. This score is 
defined as the maximal fraction of the total free energy of 
binding, with a stable dimer having a score of 1. A secondary 
shape complementary calculation of the protein-protein in-

terface using the Sc statistic [21] for the A-D interface 
showed a score of 0.723, suggesting that this interface is a 
likely protein-protein interaction surface. The range for a 
stable interface is defined as being between 0.70 and 0.76. 

MODELLING OF HOMO-DIMERS OF P450c17 BIND-
ING WITH CPR AND CYT B5 

We have outlined above the compelling biological evi-
dence that CPR and cyt b5 both interact on the same face of 
P450c17. Importantly, the biological evidence suggests this 
interaction face is the opposite side to our proposed P450c17 
dimer interface seen from the P450c17 X-ray crystal struc-
ture. Therefore, it seems plausible that the homo-dimer of 
P450c17 can accommodate the CPR and the cyt b5, simulta-
neously. In order to explore this CPR:P450c17:P450c17:cyt 
b5 complex, we computationally docked CPR and cyt b5 
onto the P450c17 dimer. The methods and results for the 
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dock of P450c17 to cyt b5 has been described previously 
[10]. We used the same method (Supplementary Informa-
tion) to dock the open conformation of CPR [PDB 
code:3es9; [22]] to P450c17 [PDB code:3swz; [16]]. Impor-
tantly, CPR docked unbiasedly onto the same interface as cyt 
b5. The interface of the resultant model consists of 41 hy-
drophobic interactions and 15 polar interactions, including 7 
putative hydrogen bonds and 8 potential salt bridge interac-
tions (Table 2, Fig. 4). 

We then constructed a complete model of the 
CPR:P450c17:P450c17:cyt b5 heterotetrameric complex 
based on the individual docks (Fig. 5). The resultant complex 
orientated the N-termini of the P450c17 and CPR proteins in 
the same directions as the C-termini of the cyt b5 protein. 
The predictions from the model are in complete accord with 
published data which shows these termini are the known 
physiological anchors of each of these proteins into the 
membrane [23], indicative of a physiologically relevant 
complex (Fig. 5).  

SUMMARY AND CONCLUSIONS 

The experimental data has long established that cyt b5 
enhances the conversion of 17α-hydroxy-pregnenolone to 
DHEA, a second reaction of P450c17 in the zona reticularis 
and gonads. We believe that the conundrum as to how CPR 
and cyt b5 can bind overlapping areas on P450c17 to regu-
late 17,20-lyase activity has been solved by considering that 
P450c17 can form homo-dimers via a different interface of 

P450c17. This allows CPR to bind one monomer of the 
P450c17 homo-dimer and cyt b5 to bind to the other, simul-
taneously.  Our modelling predicts that this is a stable struc-
ture. The combined experimental data over the last two dec-
ades, including molecular biology, FRET in live cells, quartz 
crystal microbalance analyses, solution NMR and X-ray 
crystallography all agree with our proposed model (Fig. 5). 
Interestingly, the only other endoplasmic reticulum steroi-
dogenic multi-functional P450 is P450aromatase. It was also 
suggested to form homo-dimers based on a combination of 
X-ray structural, quartz crystal microbalance analyses and 
FRET studies in live cells [12, 15].  

A final comment in regard to the possible functional sig-
nificance of such a structural model is that the lifetime for 
such an interaction is not assessed here. A protein complex 
might be transiently formed that could stabilise the ferryl 
haem “complex I”, maintain the product of the first hydroxy-
lation reaction long enough to facilitate the second, leading 
to 17,20-lyase, or just be part of a dynamic competition of 
allosteric events that tune the active site pocket towards the 
second steroid product.  Although the body of structural, 
biophysical and experimental data available at the current 
time all contribute and support our model, mutational and 
other data including modelling with membrane and protein 
membrane anchors is now required to provide the ‘interac-
tome’ details of these proteins within the tetrameric complex. 
Furthermore, the functional model needs to be tested in ad-
renal and gonadal tissues to provide the ultimate evidence 

Table 2. Polar interactions at the humanised CPR and P450c17 interface. The top 7 listed are putative hydrogen bonds, the bottom 8 

are the putative salt bridges. Atoms are labelled using standard Protein Data Bank nomenclature.  PISA 

(http://ebi.ac.uk/pdbe/prot_int/pistart.html) was used to identify polar interactions. 

P450c17 Distance [Å] CPR 

LYS 88 [NZ] 2.80 TYR 84 [OH] 

ARG 126 [O] 3.79 TYR 178 [OH] 

LYS 136 [NZ] 2.84 GLY 141 [O] 

ARG 255 [NH1] 2.82 LYS 668 [O] 

ARG 255 [NH1] 3.84 THR 667 [O] 

ARG 255 [NH2] 2.87 LYS 668 [O] 

PRO 439 [N] 3.15 GLN 87 [O] 

LYS 88 [NZ] 2.91 GLU 116 [OE1] 

LYS 88 [NZ] 2.80 GLU 116 [OE2] 

LYS 91 [NZ] 3.16 GLU 92 [OE1] 

ARG 126 [NE] 3.53 ASP 208 [OD1] 

LYS 136 [NE] 3.13 GLU 142 [OE1] 

ASP 139 [OD1] 3.04 LYS 664 [NZ] 

ASP 281 [OD1] 3.57 LYS 279 [NZ] 

ASP 281 [OD2] 2.98 LYS 279 [NZ] 
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Fig. (3). P450c17 forms dimers. (A) X-ray crystal structure (PDB code:3swz) of P450c17. There are four P450c17 molecules (coloured 
magenta, yellow, cyan and green) found in the asymmetric unit. (B) The suggested P450c17 dimer. Shown are P450c17 A (green) and 
P450c17 D (yellow) from (PDB code:3swz). Highlighted via spheres is the most N-terminal resolved residue for each, residue Ser30, which 
are orientated in the same direction and haem is in red. Figure was created in Pymol (The PyMOL Molecular Graphics System, Version 
1.6.0.0 Schrödinger, LLC). 

 
Fig. (4). Proposed protein-protein interface between CPR and P450c17. Docking humanised CPR (cyan) onto a monomer of P450c17 
(green) suggested the interface had 15 polar interactions (highlighted via sticks and labelled). Haem is in red. Figure was created in Pymol 
(The PyMOL Molecular Graphics System, Version 1.6.0.0 Schrödinger, LLC).

 
Fig. (5). Proposed CPR (cyan):P450c17 (green):P450c17 (yellow):cyt b5 (orange) complex. Highlighted via spheres are the N-termini of 
CPR and P450c17 and the C-termini of cyt b5 which are all on the same surface of the complex and thus could all potentially tether the com-
plex to the endoplasmic reticulum, simultaneously. Haem is in red. Figure was created in Pymol (The PyMOL Molecular Graphics System, 
Version 1.6.0.0 Schrödinger, LLC).

A) B)
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that this is indeed how the key enzyme P450c17 functions at 
a critical branch point in steroid hormone biosynthesis.   
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