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Cytochromes P450 enzymes (ll):
- structure-function
- Inhibition




Cytochrome P450:

Structure - function



General overview of P450s

« General reaction catalysed:

* There are 55 P450s in the human genome:

« 17 families ( >40% sequence identity) number:
39 subfamilies ( >55% sequence identity) letter:
member number in the subfamily number:

* Most drug metabolism is carried out by families 1, 2 and 3.

» 50kDa size, anchored to smooth ER of liver cells by a transmembrane helix at
the N-ter.

* Functions: xenobiotic detoxification, procarcinogen activation, biosynthesis (steroid
hormones, prostacyclin, thromboxane, cholesterol, bile acids) and degradation (fatty

acids, retinoic acid, steroids).



Some reactions catalysed
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1-Elactron oxidation of an aryl group

General reaction:
RH + O, + 2¢e+ 2H+ - R-OH + H,0O
—> In order to function they need electrons and protons 4




Electron supply to P450s:
Classification based on electron transfer partners
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Sadeghi and Gilardi, Biotechnol. Appl. Biochem. 2013, 60, 102-110.




Mammalian cytochrome P450 reductase
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Protei d . t Marcus Theory
roteins are dynamic systems on Biological Electron Transfer:

3 _2_7T|H 2 1 o (A AGY)
et = g 1MABl ST AN, T

sl a‘)d

5
ua*
-
v
Wi

WRE SR TLTR

Simulation by Jung-Ja Kim, Medical College of Wisconsin, US



The P450 general fold:
details of the catalytic pocket




Aromatase complexed with the substrate androstenedione



Access channel Loop F/G

Di Nardo et al., PlosOne, 2013, 8 (12), e8211:
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the diameter of the cdl body

Pull-down assay and immunoprecipitation

Purification of recombinant GST fusion protens from Escherichia coli, in vitro binding
assays, and immunoprecipitation were dane as desaibed®!. We koaded recambinant
GST-RhoG with guanine mucleatides by incubating the pratanwith 100 pM GTP~S ar
GDPinlaadingbuffer (20mM Tris-HCL, pH 7.5, 0.1 mM dithiothreitoland 5 mM EDTA)
at 30 °C far 10min. The reaction was stopped by adding Mg(; to fmal cancentration of
10mM. Actisation af Racl in cdls was determined by using the GST-fused CRIB damain
of Pak 1 as described”.
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Crystal structure of human
cytochrome P450 2C9 with
bound warfarin

Pamela A. Williams*, Jose Cosme*, Alison Ward{, Hayley C. Angove,
Dijana Matak Vinkovic & Haren Jhoti

Astex Technology, 436 Cambridge Science Park, Milton Road, Cambridge
CB4 0QA, UK
* These authors contributed ajually to this work

Cytochrome P450 proteins (CYP450s) are membrane-associated
haem proteins that metabolize physiologically important com-
pounds in many species of microorganisms, plants and animals.
Mammalian CYP450s recognize and metabolize diverse xeno-
biotics such as drug molecules, environmental compounds and
pollutants’. Human CYP450 proteins CYP1A2, CYP2C9,
CYP2C19, CYP2D6 and CYP3A4 are the major drug-metaboliz-
ing isoforms, and contribute to the oxidative metabolism of more
than 90% of the drugs in current clinical use®. Polymorphic
variants have also been reported for some CYP450 isoforms,
which has implications for the efficacy of drugs in individuals,
and for the co-administration of drugs. The molecular basis of
drug recognition by human CYP450s, however, has remained
clusive. Here we describe the crystal structure of a human
CYP450, CYP2C9, both unliganded and in complex with the
anti-coagulant drug warfarin. The structure defines unantici-
pated interactions between CYP2C9 and warfarin, and reveals a
new binding pocket. The binding mode of warfarin suggests that
CYP2(9 may undergo an allosteric mechanism during its func-
tion. The newly discovered binding pocket also suggests that
CYP2C9 may simultaneously accommodate multiple ligands

T Proent addreiz AxsZenoca, RED Qharawood, Bake well Road, Losghborosgh LELL SFH, UK

NATURE] VOL 424 M JULY 2008 | wwwonaturecom/mate




Human 2C9 structure

FAgure 1 Structure of P450 CYP2C9. a, Overall fold of CYP2C9, coloured from blueatthe
N terminusto red at the C terminus. The haem group is depicted as a ball-and-stick model
in the centre of the molecule, flanked by helices land L. There is a slight distortion in helix
|, close to the haem. The substrate access channel is widely acknowledged to involve the
loops between helices B and C, and helices F and G. The figure was produced using

Molscript http://www.avatar.se/molscript). b, View of Arg 97 andthe haem group (shown
at the bottom). Arg 97 is held in position by hydrogen bonds (indicated by dashed lines) to
the haem propionates and to the carbonyi axygen atoms of Val 113 and Pro 367.
Fgures 1b—4b were produced using Aesop 2.5 (M. Nable, unpublished work).



Figure 2 Stereo view of the binding site of S-warfarin in CYP2C9. The initial sigma- phenyi group of S-warfarin and Phe 476 is shown, as is the van der Waals contact
weighted F, — F electron density map is shown in red at the 2.5 sigma level. The between the bicyclic template of S-warfarin and residues Ala 103, Phe 114 and Pro 367.
hydrogen bonds between S-warfarin and the backbone nitrogen amide atomsof Phe 100  An amow indicates the site of the 7-hydroxylation of S-warfarin catalysed by CYP2C9.
and Ala 103 are depicted as dashed lines. The pi-pi stacking interactions between the
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Figure 3 The surface of the active site of CYP2C9. The haem is shown at the bottom, and
the S-warfarin molecule above andto the left. The active site of CYP2C9 is large and could
potentially accommodate either compounds larger than S-warfarin or multiple ligands of
comparable size to S-warfarin without substantial conformational movement. With
S-warfarin bound in this location the haem group remains available to metabolize

additional substrate molecules.



Figure 4 View of the region of the active site of CYP2C9 that remains available to with the site of hydraxyiation closest to the haem iron. b, A known haem binder
accommodate additional igand(s) after S-warfarin. The bound S-warfarin molecule is fluconazole has been modelled intothe cavity in a similar conformation to that observed in
shown as in Fig. 3. a, A second molecule of S-warfarin has bean modelled into the active  the complex of CYP51 with fluconazole (Protein Data Bank code 1EAT).



Structure of 3A4

3A4 Distal Face 3A4 Side View 2C8 Side View
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3A4 substrate recognition sites (SRS) .....

..... and active site
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Substrates recognised by 3A4

CH; O HsC~ “CHs

cyclosporine

statins (lovastatin)
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taxanes (paclitaxel)






Membrane binding surface
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CPR interaction site




P450 catalytic cycle
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What happens at the heme: the P450cam paradigm
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Structure of the mtermedlates

Crystalline enzyme

2. Initiation of the reaction in the
crystal

3. Generation of intermediates
accumulated to high occupancy

4. Cryogenic temperatures (88-100K)

5. Rapid data collection = series of time
lapsed pictures at atomic resolution

Reduced P450cam
(Fel)

Reduced and O,-bound P450cam
(Fel-0,)

\*Schllchtmg et al., Science, 2000, 287, 1615-1622
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» Cys357
**%Qverlap of the cam-Fe!
with cam-Fell-O,

Oxyferryl P450cam
| (FelV=0)

Schlichting et al., Science, 2000, 287, 1615-1622
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Concerted roles of Thr252 and Asp251

D251

.‘;'\ s
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T252A D251N
Gly248 peptide

Thr252 accepts a H-bond from the g
hydroperoxy (Fe'l-OOH) intermediate l
promoting the second protonation on 270! 2%
the distal oxygen atom, leading to the & jf =
0-0 bond cleavage and formation of >o\ e
compound | (FeV=0) £ N—

Asp251 allows for a movement in the |
helix upon O, binding that allows the

insertion of the two water molecules

involved in H-binding responsible for O-

O bond cleavage

I
— Fé" >_
CH-
Thr252
Nagano and Poulos, J.Biol.Chem., 2005, 280, 31659-3166
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Example of P450 involved in metabolism
and drug-target: Human Aromatase (CYP19A1)

Aromatase

CH, ©

CHj

o)

Androstenedione

CH, OH

CHs
O
Testosterone

CH, OH

CHs \11OH
o)

16-a-hydroxytestosterone

17B,16a-Estradiol

Role in brains

Sexual differentiation and dimorphism Reproduction

Neuroprotection || Neuroplasticity Cell growth and

migration

Modulation of mood, affective status, aggressive behavior,
memory and cognitive functions.

Androgens

Estrogens

Role in breast cancer

Oes«rone | Cestradiol oo
D
/o o _/Z

strogeﬁ“ =il
/ Receptors [

/\\/.\\//\_aﬁm.\\//\

Estrotglen response Estrogen-responsive
Genes

Johnston et al., Nature, 2003




Structure

Full length (membrane-bound) Recombinant (soluble)
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Cyan: pArom, Ghosh et al., Nature;2009%,"457;°219-224
Full length Aro from human placenta: Magenta: rArom, Lo et al., Biochemistry, 2013, 52,

Ghosh et al., Nature, 2009, 457, 219-224 5821-5829

rmsd: 0.36A
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The overall reaction requires 3 cycles:

CHy O CHy O
19 cHy 0,+ NADPH  H,0+ = o 0,+ NADPH  H,0 +
\_NAD#* » w:
5 1 . 2
Oxidation Hydroxylation which removes the
3; the 19-methyl group  19-pro-R’hydrogen to yield 19-gem-
Androstenedione diol
CH.O CH O
0'10'? H,0 O3 0,+ NADPH  H,0 +
— \Moey
o spont. 4 3
Dehydration Oxidative cleavage of C10-C19 bond
to the 19-aldehyde to form formic acid and estrone or
oy estradiol
+ H 0
. &
Estrone Formic acid
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The binding pocket

Ox1dat10nF51te
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Protonation site
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Cytochrome P450:
Inhibition



Modulation of activity : inhibition

A) Reversible inhibition B) Irreversible inhibition - 1

Substrate

@ Active site
——————— I
. - aem group
c B

~ "

C) Irreversible inhibition - 2 C) Quasi-irreversible inhibition

Wienkers and Heath, Nature Reviews, 2005, 4, 825-833
32



Quasi-irreversible inhibition of aromatase

Anastrozole-bound Aro

Morelli et al, Chem. Commun.,2011, 47, 10737-10739
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Research in our lab: bioelectrochemistry
of P450

Electrode array

Substrate Product

distal side

o)
iyl
1
Au ’
Fantuzzi et al. J. Am. Chem. Soc. (2004), 126 (16), Ferrero et al. Anal. Chem. (2008), 80, 8438-8446 Fantuzzi et al. Anal. Chem. (2011), 83, 3831-3839
040 - 5041
30
| 1e-6
A substrate-free (Em -284 mV)
20 - o -
5-bound (Em -246 m) =
10 4 -1e-6
< -2¢-6 .
= ° Catalytic

10 4 e current

-4e-6
-20 -

-5e-6
-30-100 450 200 250 300 350  -400  -450 Beb ' ' ‘

0.8 -0.6 -0.4 0.2 0.0

E vs Ag/AgCl/ mV Potential (V)

34



Starting Concentration

19-hydroxy (pM) 19-oxo (M) Estrone (pM)

o substrate (MM)
oﬁé:bs Androstenedione 10 0.15+£0.05 Not detectable  Not detectable
: Below the
" Androstenedione 1 quantification limits 0.11+0.03 Not detectable
y I |1 19-hydroxy 150 - 0.31 £ 0.01 0.81 £ 0.08
358, 19-0x0 150 : : 1.69 £ 0.17
S L, P
1 2 3 100 - T ¥
= 90 1
2
% 80 A
S*ifI»1l B P :
+ 2 N=
& 60 - i\lﬁ\\l //N
. 50 N~
40 T T T T T T
1.5 2.0 2.5 3.0 35 4.0 4.5 50

Log [ANA]/ nM

Distributive behaviour of Inhibition by anastrozole

catalysis
Di Nardo et al. Electrochem. Comm. 2015, 52, 25-28



Cytochrome P450:
drug-drug interactions



Drug-drug interactions

 Early predictions are important:

(1) TERFENADINE: H,-histamine antagonist
* (2) KETOCONAZOLE: Antifungal agent

(1) good substrate of CYP3A4, metabolised at normal rate;
(2) potent inhibitor of CYP3A4;

(1) + (2), terfenadine remains at high levels in plasma,
leading to

37



P450 related withdrawals

Drug Use P450 involved | Effect of interaction
(Company)
Terfenadine Antihistamine CYP3A4 Fatal arrhythmias
(Hoechst Marion Roussel)
Cisapride Heartburn CYP3A4 Fatal arrhythmias
(Janssen)
Cerivastatin Lipid lowering drug CYP2C8 Rhabdomyolysis
(Bayer) (muscle breakdown)
Astemizole Antihistamine CYP3A4 Fatal arrhythmias
(Janssen)
Mibefradil Hypertension and CYP3A4 Fatal arrhythmias
(Roche) angina
Perhexiline Angina CYP2D6 Nerve toxicity
Nefazodone Antidepressant CYP3A4 Liver toxicity
(Bristol-Myers Squibb )
Grepafloxacin Antibiotic CYP3A4 Fatal arrhythmias

(Glaxo)




Role of human cytochromes P450
IN drug development

P450s responsible for 95% of drug metabolism
25-35% of Drug failures are due to P450s

50% of ADR’s due to P450s

. Role of P450 testing in Drug Discovery

Basi

as ;k Identification m Scrutiny of , Manufacturing__Clinical New drug
genomic ___., oftarget ..., ofse ~--> drug - * development  Studies ~ application
research molecules compounds Clﬂd‘d"“ : g

Launch

in media 14 anni



The ADME/Tox and in vitro P450 Markets

2009: USS3.5B
2012: USS5.2B *

ADME/Tox

Absoprtion Distribution Metabolism Excretion Toxicity

/

P450 inhibition and metabolism assays.

2009: USS403 M

* Predictive ADME/Tox Strategies.
2012: USS612 M

Dr N. Patel, Business Insights, 2006.



In vitro methods for
metabolic studies on NCE

eHuman liver microsomes:
*Source rare

«Contains mixtures of DMEs (P450s, FMOs, UGTs) - requires the use of
mixtures of isoform specific substrates/inhibitors

Human hepatocytes and liver slices
*Closely mimics in vivo situation

*Must be fresh; long term storage is a problem

*Recombinant-engineered DMEs:
«E.coli:

*N-ter modifications. 1991 Henry Barnes, bovine CYP17A, changed
first 7 codons - silent mutations - increased AT richness (codons 4
and 5) and minimised potential mRNA llary structure (codons 6 and
7).

*Best vector pCWori with tandem lac promoter plus unusual spacing
between the ribosome binding site and the initial codon (3 bases
instead of 8-12).

-Some different K have been observed



How drug metabolising P450s are studied

Enzyme |Chrom.| Poly |Induci Marker activity Inhibitor
loc. mor. | ble
CYP1A2 |15q22 |YES |YES |[Ethoxyresorufin-O-deethylation Fluvoxamine
Phenacetin-O-deethylation Furafylline

CYP2A6 |[19q13 |YES |YES |Coumarin-7-hydroxylation

CYP2C9 (10924 |YES |YES |Diclofenac-4’- hydroxylation Sulfaphenazole
S-Warfarin-7- hydroxylation

CYP2C19 | 10g24 |YES |YES [S-Mephenytoin-4’- hydroxylation
R-Omeprazole-5- hydroxylation

CYP2D6 |22q13 |YES |NO Debrisoquine-4- hydroxylation Quinidine
Bufuralol-1’- hydroxylation
Dextromethorphan-N-demethylation

CYP2E1 |10924 |(YES)|YES [Chlorzoxazone-6- hydroxylation 4-Methylpyrazole
Diethyldithiocarbamate

CYP3A4 |7q22 YES |YES | Testosterone-683- hydroxylation Ketoconazole
Nifedipine oxidation




Some information on different P450s....

* CYP1A2:
* Hydrophylic compounds (acetaminophen, arom. amines,

caffeine, theophylline);
* Induced by cigarette smoke, Brussels sprouts, charbroiled beef;

* CYP2A6:
* Coumarinhydroxylase; metabolises nitcotine and carcinogenic

compounds;
* 2 defective alleles are present in 2-30% population;

* CYP2C9:
* Metabolism of both acid/base drugs; Highly induced by

rifampicin;
* 2 allele variants (R144C, impaired inter. with CPR, 1359L,
impaired S inter.) clinically very very important;
* CYP2C19:
* Induced by rifampicin and barbiturates
* 4 allele variants, two very important for individual variability



« CYP2D6:
« Metabolises more than 30% of drugs (bases with planar

hydrophobic rings)
* Induced during pregnancy
« 7% of Caucasian population lack a functional 2Dé enzyme;
« 2-30% of different populations is ultraeffective in drug
metabolism, due to multiple gene copies of 2Dé;

« CYP2E1:
* Involved in the metabolism of acetone, precursor in

gluconeogenesis (phys. role);
* Induced by ethanol and isoniazid - role in alcoholism

« CYP3A4:
* Most relevant in drug metabolism: more than 50% of drugs are

metabolised
 Large substrates



