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The	cytochrome	P450	mono-oxygenase	
system
• Consists	of	an	electron	transport	chain	terminated	
by	a	cytochrome	P450

• The	most	studied	oxygenase	system	in	nature	– since	
the	1950s

• A	large	number	of	roles.	Primarily	responsible	for	
metabolism	of	a	very	large	proportion	of	exogenous	
compounds	as	well	steroid	metabolism/biosynthesis	
and	vitamin	degradation
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Cytochromes	P450	(family)

• Occur	across	all	domains	of	life	- haemproteins
responsible	for	carrying	out	oxidation	reactions	

• Located	mostly	in	the	mitochondria	or	on	the	surface	
of	the	endoplasmic	reticulum	in	mammals

• Requires	a	supply	of	single	electron	equivalents	from	
cytochrome	P450	reductase,	the	electron	transfer	
partner

• RH	+	O2 +	2H+ +	2e- →	ROH	+	H2O
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Cytochromes	P450	catalytic	cycle
P450	reductase

P450	reductase
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System	schematic
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NADPH-cytochrome	P450	reductase	(CPR)

FAD	&	
NADPH
binding	
domain

FMN	binding
domain

‘Linker’
domain

Flexible	
hinge

The	electron	flow	in	the	P450	mono-oxygenase system	is:

NADPH		à FAD à FMNà P450

Three-dimensional	structure	of	
NADPH–cytochrome	 P450	
reductase:	Prototype	 for	FMN-
and	FAD-containing enzymes
(Wang	et.	al.	1997)
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Domain	motions

• Well	established	idea	(Frauenfelder et.	al.	1991)

• Both	small	and	large	scale	motions	have	been	shown	
to	facilitate	biological	function

• The	importance	in	electron	transfer	is	a	recent	
discovery

• Plenty	of	evidence	of	domain	movement	in	diflavin
reductase	family
– Large	and	dynamic	complexes	make	this	easily	
conceivable
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CPR	catalytic	cycle

Redox-Linked	Domain	Movements	in	the	Catalytic	Cycle	of	Cytochrome	 P450	Reductase	(Huang	et.	al.	2013)
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Preceding	work

Ellis et. al. (JBC, 2009), Jenner et. al. (Angewande Chemie, 2011), Huang et. al. (Structure, 2013)
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Preceding	work

• SAXS	and	initial	SANS	measurements

Redox-Linked	Domain	Movements	in	the	Catalytic	Cycle	of	Cytochrome	 P450	Reductase	(Huang	et.	al.	2013)

Blue:	Oxidised
Red:	2e- Reduced	(dithionite)
Yellow:	2e- Reduced	(NADPH)
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Aims

• Relate	structurally-defined	domain	motion	to	
individual	steps	in	the	catalytic	cycle

• Investigate	the	influence	of	mutagenesis	on	the	
position	of	conformational	equilibrium

• Investigate	an	electron	transfer	complexes	in	
solution	and	in	the	membrane
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Summary	of	work	completed	to	date

• Expression	of	soluble	CPR	in	E.	coli

• Purification	(of	wildtype	and	mutants)

• Spectroscopic	and	kinetic	characterisation

• Redox	titrations	(anaerobic)

• Stopped-flow	studies	(anaerobic)

• SANS

• Deuteration	of	soluble	CPR	(almost)
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Stopped-flow	studies	(kinetics)
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The	cytochrome	c	assay

http://www.bmb.leeds.ac.uk/teaching/icu3/lecture/20/
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Stopped-Flow	Studies

PKR

EPVP

Wildtype

10ºC,	pH	7.0

Cytochrome	c	
baseline

First	turnover

Dead
-time
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Variation	of	ionic	strength
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Variation	of	ionic	strength

pH	7.4	(red)	and	pH	6.7	
(blue),	 Frances	et.	al.	2015
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Solution	SANS

• Solution	Small	Angle	Neutron	Scattering

• Non-atomic	resolution	structure	determination

Scattering vector 𝑞 = 4𝜋 sin 𝜃 /𝜆



S. Freeman - AYNN

SANS	data	analysis

• Guinier	plot	(slope	=	radius	of	gyration)	

• P(r)	plot	(pair	distance	distribution)
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Redox	titrations	(anaerobic)
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• Determination	of	Rg	and	Dmax

• Appears	to	follow	the	pattern	observed	in	earlier	
studies

Quantitative	analysis

PKR

Sample Rg Rg Error I0 I0 Error Dmax Quality (%)
Manual Rg 
Range

Oxidised 26.117 0.365 0.068 0.000 89.450 93.500 10-131
Dithionite 1e- 27.200 0.112 0.068 0.000 90.620 96.400 10-131
Dithionite 2e- 29.000 0.171 0.083 0.000 99.500 93.000 10-131
Dithionite 4e- 29.200 0.197 0.076 0.000 95.730 93.400 13-131
Dithionite 2e- + NADP+ 27.800 0.128 0.076 0.000 95.160 94.500 10-110
NADPH 1e- 25.800 0.131 0.061 0.000 87.170 80.700 1-139
NADPH 2e- 27.200 0.118 0.071 0.000 93.590 94.000 10-134
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Ab	initio	modelling

• DAMMIF	(Rapid	shape	determination)

Oxidised Dithionite	2e-
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Comparison	with	predicted	conformations
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Conformational	modelling

• EOM

• SASSIE

• MultiFoXS
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Monomer	monte carlo structure	generation
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SASSIE
(A)	Oxidised	
(B)	1e- NADPH	
(C)	2e- NADPH
(D)	2e- Dithionite
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SASSIE

Best	Fit	Structures	Determined	Using	the	Chi-Squared	Filter	Functionality	in	SASSIE
The	left	hand	structures	are	those	that	best	fit	the	oxidised	 sample	curve	and	the	in	the	right	hand	best	fit	the	
2e- dithionite	 sample.	The	yellow	structure	in	both	represents	the	crystal	structure	(PDB	code:	3QE2)	as	a	point	
of	reference
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MultiFoXS
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MultiFoXS
• Offline	protocol	
modified	for	SANS	
data

• Better	fits	and	2-state	
system	always	fit	best

• 2-model	“pool”	also	
yields	good	fits
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Problems
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Conclusions

• A	better	understanding	of	the	conformational	
equilibrium	
– Defined	shapes
– The	position	of	the	equilibrium
– Unambiguously	defined	redox	state	(no	x-rays)

• A	revised	catalytic	cycle
– The	role	of	domain	motion	in	each	step

• Use	of	mutants	to	understand	the	relation	of	kinetic	
parameters	to	the	conformational	equilibrium
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The	grand	scheme

• Completion	of	the	definition	of	the	conformational	
equilibrium	– repeats	of	some	earlier	samples	and	
possible	investigation	of	the	full	length	protein.

• Solution	studies	of	CPR	+	cytochrome	c	complex	in	
solution	(deuterated	CPR)

• Integration	of	CPR	into	the	membrane	(nanodisc	or	
traditional	bilayer)	to	study	with	cytochromes	P450	
(physiological	partner);	SANS	or	reflectometry	may	
be	possible
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Cytochrome	c	complex	experiment

• Deuteration	of	mutant	sCPR (almost)	completed

• SANS	will	yield	an	unambiguous	result
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Thank	you	for	listening
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Wildtype
Sample Rg Rg Error I0 I0 Error Dmax Quality (%)
Oxidised 27.800 0.150 0.076 0.000 75.000 66.500
Dithionite 1e- 28.700 0.284 0.700 0.001 76.920 66.400
Dithionite 2e- 30.000 0.582 0.051 0.001 84.000 73.100
Dithionite 4e- 30.000 0.451 0.068 0.001 76.500 66.500
Dithionite 2e- + 
NADP+ 27.900 0.476 0.023 0.000 82.550 95.900
NADPH 1e- 28.700 0.284 0.070 0.001 75.500 66.400
NADPH 2e- 28.943 0.272 0.081 0.001 77.120 66.300

EPVP
Sample Rg Rg Error I0 I0 Error Dmax Quality (%)
Oxidised 27.445 0.518 0.062 0.000 90.320 92.900
Dithionite 1e- 28.522 1.049 0.054 0.000 97.830 91.500
Dithionite 2e- 28.450 0.618 0.084 0.000 91.570 92.100
Dithionite 4e- 28.662 1.334 0.069 0.000 98.670 66.900
Dithionite 2e- + 
NADP+ 30.409 1.221 0.089 0.001 76.470 66.500
NADPH 1e- 27.002 0.542 0.058 0.000 95.010 89.700
NADPH 2e- 27.551 1.484 0.073 0.000 90.030 71.100

PKR
Sample Rg Rg Error I0 I0 Error Dmax Quality (%)
Oxidised 26.117 0.365 0.068 0.000 89.450 93.500
Dithionite 1e- 27.200 0.112 0.068 0.000 90.620 96.400
Dithionite 2e- 29.000 0.171 0.083 0.000 99.500 93.000
Dithionite 4e- 29.200 0.197 0.076 0.000 95.730 93.400
Dithionite 2e- + 
NADP+ 27.800 0.128 0.076 0.000 95.160 94.500
NADPH 1e- 25.800 0.110 0.061 0.000 83.500 80.700
NADPH 2e- 27.200 0.118 0.071 0.000 93.590 94.000
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Confirmation	of	fit	(CRYSON)


