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Background: Cytochrome P450 2U1 (CYP2U1) has been identified from the human genome and is highly conserved
in the living kingdom. In humans, it has been found to be predominantly expressed in the thymus and in the brain.
CYP2U1 is considered as an “orphan” enzymeas fewdata are available on its physiological function(s) and active site
topology. Its only substrates reported so far were unsaturated fatty acids such as arachidonic acid, and, much more
recently, N-arachidonoylserotonin.
Methods:WeexpressedCYP2U1 in yeast Saccharomyces cerevisiae, built a 3Dhomologymodel of CYP2U1, screeneda
library of compounds known to be substrates of CYP2 family withmetabolite detection by high performance liquid
chromatography–mass spectrometry, and performed docking experiments to explain the observed regioselectivity
of the reactions.
Results:We show that drug-related compounds, debrisoquine and terfenadine derivatives, subtrates of CYP2D6 and
CYP2J2, are hydroxylated by recombinant CYP2U1 with regioselectivities different from those reported for CYP2D6
and 2J2. Docking experiments of those compounds and of arachidonic acid allowus to explain the regioselectivity of

the hydroxylations on the basis of their interactions with key residues of CYP2U1 active site.
Major conclusion: Our results show for the first time that human orphan CYP2U1 can oxidize several exogenous
molecules including drugs, and describe a first CYP2U1 3D model.
General significance: These results could have consequences for themetabolismof drugs particularly in the brain. The
described 3D model should be useful to identify other substrates of CYP2U1 and help in understanding its physio-
logic roles.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Cytochromes P450 (CYPs) constitute a superfamily of hemoproteins
that play key roles in the metabolism of a large variety of endogenous
compounds and xenobiotics [1]. In the human genome, 57 genes have
been found to code for CYPs. Among them, about fifteen are known to
be involved in the metabolism of xenobiotics and participate in the
elimination of exogenous compounds such as drugs, toxins or pollutants,
and about thirty human CYPs are involved in the biosynthesis of
endogenous compounds such as sterols, vitamins and eicosanoids [2].
Very few data are presently available for the other human CYPs that
have been recently discovered from an analysis of the human genome,
and the CYPs whose biological roles and functions remain poorly known
are called “orphan CYPs” [2–4].

Among them, CYP2U1 displays high sequence homology with
CYP2R1, 2D6, and 2J2, and is highly conserved among the living kingdom
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[5–8]. Studies of the distribution of CYP2U1 mRNA and protein have
shown that it is preferentially expressed in the thymus and cerebellum;
its presence was also detected in the kidneys, lungs, heart, white adipose
tissue, platelets, and the blood–brain barrier [5,6,9–15]. CYP2U1 was
found to be up-regulated in a variety of cancer tissues such as breast or
colorectal cancer tissues [16,17]. Very recently, mutations in the CYP2U1
gene were found to be related to the appearance of hereditary spastic
paraplegia, a neurological disorder [18]. Other data have shown that
CYP2U1 catalyzes the hydroxylation of some polyunsaturated fatty acids
[6]. In the case of arachidonic acid (AA), the CYP2U1-dependent
hydroxylationwas found to occur inω- andω-1 positions [6]. Moreover,
during the preparation of this manuscript, it was reported that CYP2U1
also catalyzed the oxidation of N-arachidonoylserotonin at position
2 of its indole ring [19]. However, the precise biological roles of
CYP2U1, its ability to oxidize xenobiotics, and its structure remain so
far unknown.

In order to find other possible CYP2U1 substrates, including drugs,
and to get a first idea of the 3D structure of this protein, we have
expressed CYP2U1 in yeast Saccharomyces cerevisiae co-expressing
human cytochrome P450 reductase W(hR), and constructed a 3D
homology model of CYP2U1. Docking of AA in the active site of this
model allowed us to explain the unusual hydroxylation regioselectivity
previously reported for this substrate [6], which gave afirst validation of
themodel. Then, in order to find new CYP2U1 substrates and to know
if CYP2U1 could be involved in drug metabolism, the ability of
CYP2U1-expressing yeast microsomes to oxidize a library of molecules
was tested, with a special focus on compounds known to be substrates
of CYP2 family members. This led us to find first xenobiotic CYP2U1
substrates: debrisoquine (Deb) (Scheme 1), an anti-hypertensive drug
[20] which is a well-known substrate of CYP2D6 [21,22], and some
analogues of terfenadine (Terf) (Scheme 2), an antihistaminic drug
known to be a substrate of CYP3A4 and CYP2J2 [23–26]. The regiose-
lectivity of these CYP2U1-dependent oxidations greatly differed
from those catalyzed by CYP2D6 and CYP2J2. Noticeably, this regio-
selectivity could be explained by docking experiments of Deb and
Terf in our rebuilt structural 3D model of CYP2U1.

2. Materials and methods

2.1. Chemicals

Most chemicals and biochemicals were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France), Alfa-Aesar (Schiltigheim,
France) or Difco Laboratories (COGER, Paris, France). All organic
solvents were purchased from SDS (Peypin, France) and were
of the highest purity available. [1-14C]Arachidonic acid (sp. act,
50 mCi/mmol) was provided by Perkin-Elmer (Courtaboeuf,
France). Ebastine came from Pharmafarm (Paris, France), and 4-
hydroxy-debrisoquine (4-OH-Deb) and 8-hydroxy-debrisoquine (8-OH-
Deb) from Toronto Research Chemicals (Toronto, Canada). 4-[4-
(Hydroxydiphenylmethyl)piperidin-1-yl]-1-(4-tert-butylphenyl)butan-
Scheme 1. Structure of Deb with numbering of its C-atoms, and structure of the Deb
1-one (terfenadone), 4-[4-(hydroxydiphenylmethyl)piperidin-1-yl]-1-
(4-methylphenyl)butan-1-one (methyl-terfenadone), 7, 4-[4-
(hydroxydiphenylmethyl)piperidin-1-yl]-1-(4-ethylphenyl)butan-1-one
(ethyl-terfenadone, Et-Terf), 8, 4-[4-(hydroxydiphenylmethyl)piperidin-
1-yl]-1-(4-propylphenyl)butan-1-one (propyl-terfenadone), 9, 4-[4-
(hydroxydiphenylmethyl)piperidin-1-yl]-1-(4-butylphenyl) butan-1-
one (butyl-terfenadone), 10, 4-[4-(hydroxydiphenylmethyl)piperidin-1-
yl]-1-[4-(3-hydroxypropyl)phenyl]butan-1-one, 11, and, 3-({4-[4-
(hydroxydiphenylmethyl)piperidin-1-yl]-1-oxobutyl}phenyl)propyl
acetate, 12, were synthesized as described previously [24–26].
Benzylguanidine, 4, 2-phenyl-ethylguanidine, 5, and 6,7-dimethoxy-
1,2,3,4-tetrahydro-iso-quinoline carboxamidine, 6, were prepared by
reaction of the corresponding amines with di-Boc-1H-pyrazole-1-
carboxamidine followed by HCl deprotection of the guanidine [27].
Synthesis and characterization of authentic Deb metabolites and Deb
analogues 4–6 are detailed in the Supporting information. All authentic
Deb metabolites were fully characterized by UV–vis, 1H NMR and mass
spectroscopy (see Supporting information). Their 1H NMR and MS
spectra were in accordance with previously described data [28].

2.2. Origins of recombinant CYPs

Microsomes from baculovirus-infected Spodoptera frugiperda insect
cells coexpressing one of the following CYPs (CYP1A2, CYP2A6, CYP2C9,
CYP2C19, CYP2D1, CYP2D6, CYP2E1, CYP2R1 or CYP3A4) with CYP
reductase (Supersomes®) were purchased from BD Biosciences (Le
Pont de Claix, France). CYP2J2 with the human CYP reductase and
cytochrome b5 over-expressed in Escherichia coli (Bactosomes®)
was provided by Cypex (Dundee, UK).

Preparation of full-length cDNA of cyp2u1, expression of CYP2U1 in
several strains of yeast S. cerevisiae, electrophoresis and western blot
analysis for CYP2U1 were performed following usual procedures [29–31]
and are detailed in the Supporting information. The protein concentra-
tions were measured by the Bradford method using bovine serum
albumin as a standard [32]. The CYP concentrations were measured on
a Cary300 spectrophotometer (Varian, Les Ulis, France) by UV–visible
difference spectroscopy of the FeII–CO complexes using an ε value of
91,000 M−1 · cm−1 [33]. The cytochrome c reductase activity of yeast
microsomes was measured by monitoring the absorbance at 550 nm at
25 °C and using a Δε value of 21,000 M−1 · cm−1 [33].

2.3. Search for substrates and identification of metabolites

2.3.1. Oxidation of arachidonic acid by yeast microsomes expressing
CYP2U1

The ability of microsomes from W(hR) yeast expressing CYP2U1 to
hydroxylate AA was studied after incubation of microsomes containing
0.1 nmol CYP2U1 in 0.1 M phosphate buffer pH 7.4, in the presence of
1 mM EDTA, 5 mMMgCl2, and 30 μM [1-14C]arachidonic acid in a final
volume of 50 μL. Incubation mixtures containing all of the reagents ex-
cept NADPH were incubated for 5 min at room temperature, then
analogues 1–6 evaluated as substrates of yeast microsomes expressing CYP2U1.



Scheme 2. Structure of Terf, ebastine, and Terf analogues 7–12 tested as substrates of recombinant CYP2U1. Black arrows show the major site of hydroxylation of Terf and ebastine by
CYP2J2 and dashed arrows by CYP3A4.
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2min at 28 °C before initiation of the reactionswith 1mMNADPH. After
1 h at 28 °C, the reactions were stopped by addition of 25 μL cold aceto-
nitrile/acetic acid mixture (10:1, v/v), and centrifugation at 5000 g for
10 min. The metabolites were separated by HPLC on a Spectra Physics
system (Thermo, Les Ulis, France), using a Zorbax C18 Elipse XDB
150 × 2.1 mm, 5-μm particle size (AIT France, Houilles, France)
analytical column. Separation was achieved using a gradient between
solvent A (water + 0.1% acetic acid) and solvent B (acetonitrile + 0.1%
acetic acid) at a flow rate of 0.4 mL · min−1 under the following condi-
tions: 30% B for 2min, then linear increase to 100% B in 35min, isocratic
elution at 100% B for 3 min before returning to the initial conditions and
equilibrating for 10 min. Fractions were collected each 0.5 min, mixed
with PicoFluor 40 (Perkin-Elmer, Courtaboeuf, France), and radioactivity
contained in each vial was measured on a TriCarb 2100 scintillation
counter (Perkin-Elmer). Retention time for 19- and 20-hydroxy-
eicosatetraenoic acid (HETE) (as bulk) was 14.0 ± 0.5 min.
2.3.2. Usual incubation conditions for the screening of potential substrates
of CYP2U1 and HPLC-MS analysis

Usual incubations (total volume 200 μL) contained 0.2 nmol CYP2U1
in 0.1 M phosphate buffer pH 7.4, in the presence of 1 mM EDTA, 5 mM
MgCl2, and 0.2 mM of the studied compound diluted in a suitable sol-
vent (organic solvent b 2% of the final volume). Following a 2 min pre-
incubation, the reactions were started by addition of NADPH (1 mM,
final concentration). Incubations were performed at 28 °C with yeast
microsomes (37 °C otherwise) for 1 h, and stopped by the addition of
100 μL of a cold mixture of acetonitrile/acetic acid (10:1 v/v). Control
experiments were carried out under identical conditions but without
NADPH or with microsomes from W(hR) yeast not expressing
CYP2U1. Reaction mixtures were centrifuged (5000 g, 10 min) to pre-
cipitate the proteins. Aliquots of the supernatants were injected, separat-
ed and analyzed on a Surveyor HPLC system coupled to a LCQ Advantage
ion trap mass spectrometer (Thermo). HPLC separations were usually
achieved on a Gemini C18 column (100 × 2 mm, 3 μm; Phenomenex,
Le Pecq, France). Elution (flow rate 200 μL/min) was performed using a
mixture of solvent A (10 mM ammonium acetate, pH 4.6) and B (ace-
tonitrile/methanol/water, 7:2:1 v/v). The gradient and mass spectra
conditions were adapted for each of the studied compounds. The col-
umn effluents were directed to the ion source 3 min after injection to
reduce contamination. Mass spectra were recorded in the positive or
negative electrospray ionization modes (ESI+ or ESI−) with a resolution
of approximately 1 atomicmass unit (a.m.u.). HPLC-MS chromatograms
and UV–Vis spectra were analyzed with Excalibur software (Thermo).
2.3.3. Oxidation of debrisoquine and Deb analogues by CYP2U1
For kinetic determinations, the incubation timewas 20min; CYP2U1

concentration was 1 μM, and NADPH 1 mM. Eight concentrations were
examined in the 100 μM–5 mM range. Aliquots of the incubations
were analyzed on a Gemini C18 column (100 × 2 mm, 3 μm,
Phenomenex) with the following gradient conditions: 100% solvent
A (10 mM ammonium acetate, pH 4.6) for 5 min, linear gradient to
25% B (acetonitrile/methanol/water, 7:2:1 v/v) in 15 min, linear
gradient to 100% B in 1 min, holding at 100% B for 4 min, returning
to 100% A in 1 min, and re-equilibration at 100% A for 10 min. Flow
rate was 200 μL/min. Mass spectra were obtained by ESI in positive
detection mode under the following conditions: capillary temperature,
200 °C; capillary voltage, 15 V; spray voltage, 4.5 kV; primary gas flow,
20 arbitrary units (a.u.); auxiliary gas flow, 5 a.u. MS/MS energy was
tested between 20 a.u. and 40 a.u. Analysis and quantification of Deb
and its metabolites were performed by integration of reconstructed
ion-current chromatograms of theprotonatedmolecular ions of interest
and calibration curves obtained with 4-OH-Deb. The range of masses
scanned for the total-ion chromatogram was m/z 100–500 a.m.u. For
all products, the indicated molecular ions corresponded to M + H+

(Deb,m/z 176, and OH-Deb,m/z 192).
2.3.4. Characterization of Deb metabolite M3
This metabolite was obtained from large scale incubations and puri-

fied by HPLC on a semi-preparative X-Bridge Prep Shield RP18 column
(250 × 10 mm, 5 μm; Waters, Saint Quentin en Yvelines, France).
Elution (flow rate 2 mL/min) was performed using a mixture of solvent
A (10 mM ammonium acetate, pH 4.6) and B (acetonitrile/methanol/
water, 7:2:1 v/v) with the following gradient conditions: 0% B for
5 min, linear gradient to 25% B in 15 min, linear gradient to 100% B in
1 min, holding at 100% B for 4 min, returning to 0% B in 1 min, and re-
equilibration at 0% B for 10 min. The absorption at 260 nm was
monitored and fractions containing metabolite M3 were pooled and
concentrated. The residue was dissolved in D2O and analyzed by 1H
NMR. Assignments of all the signalsweremade by 2D-NMR experiments
(TOCSY, HMQC andNOESY, see Fig. S2 of the Supporting information) on
a Bruker Avance 500 MHz spectrometer. These experiments indicated
that metabolite M3 was a mixture of two isomers (M3a and M3b) of
1-hydroxy-debrisoquine in equilibrium in a 1:1 ratio that differ by the
presence (or absence) of a hydrogen bond between the alcohol and
guanidine functions, andflippingof the 6-atom ring.Molecularmodeling
of these isomers suggested that their difference in energy would be
of 1.5 kJ·mol−1 only, in agreement with the 1:1 ratio observed in 1H
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NMR.M3a: 1HNMR (D2O, 500MHz) δ=3.04 (m,H4), 3.12 (m,H4′), 3.54
(d, 2H3, J= 6.7), 5.87 (s, H1), 7.34 (d, H5, J = 8.0), 7.39 (dd, H7, J = 7.5
and 2.0), 7.41 (dd, H6, J = 7.5 and 2.0), and 7.56 (dd, H8, J = 7.5 and
1.7); 13C NMR (D2O, 125 MHz) δ = 31.1 (C4), 42.0 (C3), 63.1 (C1),
125.6 (C8), 127.8 (C7), 128.1 (C6), and 128.5 (C5). M3b: 1H NMR (D2O,
500 MHz) δ = 2.97 (m, H4), 3.13 (m, H4′), 3.59 (m, H3), 3.80 (dd, H3′),
5.94 (s, H1), 7.29–7.32 (m, H5 + H6 + H7), and 7.45 (d, H8, J = 7.5);
13C NMR (D2O, 125 MHz) δ = 27.4 (C4), 42.0 (C3), 67.9 (C1), 125.7
(C8), 126.9 (C7), 128.1 (C6), and 128.3 (C5).

2.3.5. Oxidation of terfenadone analogues by CYP2U1
For kinetic determinations, the incubation timewas 20min; CYP2U1

concentration was 1 μM and NADPH 1 mM. Eight concentrations were
examined in the 200 μM–5 mM range. The column was a Gemini C18
column (100 × 2 mm, 3 μm, Phenomenex) with the following gradient
conditions: 70% solvent A (10 mM ammonium acetate, pH 4.6) for
5 min, linear gradient to 100% B (acetonitrile/methanol/water, 7:2:1 v/
v) in 15 min, holding at 100% B for 4 min, returning to 100% A in
1 min, and re-equilibration at 100% A for 10 min. Flow rate was
200 μL/min. Elution was monitored at 254 nm for quantification. MS
were obtained using an ESI source in positive mode with a capillary
temperature of 275 °C, a capillary voltage of 40 V, and a spray voltage
of 5 kV.

2.4. Computational

All computations were performed on a Dell Precision Workstation
connected to the Computing Center for Research and Technology
(CCRT, Bruyère-le-Châtel, France).

A 3D model of CYP2U1 deprived of its membrane spanning domain
(residues 57 to 544, Fig. S4 of the Supporting information) was built
using Modeller9v8 [34] and the crystal structures of CYP2D6 (PDB ID:
2F9Q), CYP2R1 (PDB ID: 3CZH), CYP2A6 (PDB ID: 1Z10), CYP2C5 (PDB
ID: 1DT6), CYP2B4 (PDB ID: 1PO5) and CYP2C8 (PDB ID: 1PQ2) as
templates. The validated sequence alignment used as input forModeller
is shown in Fig. S5 of the Supporting information. 500 models were
generated and evaluated by their DOPE (Discrete Optimized Protein
Energy) and GA341 scores calculated by Modeller. Validation of the
protein structures was applied at this early stage to the five best models
(corresponding to the lowest DOPE scores) by using PROCHECK [35],
WHAT_CHECK [36], ERRAT [37] and VERIFY_3D [38] as proposed by
the Structural Analysis and Verification Server (http://services.mbi.
ucla.edu/SAVES). The final model was the best one according to a
good compromise between the score calculated by the four programs.

Optimization of the 3Dmodel was done by several cycles of minimi-
zation andmolecular dynamics (MD) simulations (20 ns runs) using the
AMBER ff99 force field parameters [39]. Bonds involving hydrogen
atoms were constrained by using the SHAKE algorithm [39]. At the
end of each optimization, the final structure was controlled using
PROCHECK and VERIFY_3D [35,38]. In all modeling experiments, the
parameters applied for the heme (defined as FeIII protoporphyrin IX)
were obtained from Oda et al. [40], except in the docking experiments
of AA in the CYP2U1 model, that were performed more recently and
in which the heme was defined as the highly reactive intermediate
compound I (FeIV = O)+. by using the parameters (geometry and
atomcharges) of anAMBER-compatible hememodel recently developed
by Shahrokh et al. [41]. Cavity volumes were calculated using
VOIDOO software [42] and access/egress channels were analyzed
using MOLE 1.4 installed package (http://mole.chemi.muni.cz) [43].
Ptraj (AMBER Package) scripting was used to calculate root mean
square deviations (RMSDs) and gyration radii during the simulated
trajectories.

Molecular docking experiments of AA, Deb and Terf analogues at the
active site were performed using AutoDock 4.2 in the flexible mode [44,
45]. Docking experiments of AA were also performed using CDOCKER
[46] with Discovery Studio 4.1 (Accelrys, Dassault Systems Biovia).
The PyMOL Molecular Graphics System, Version 1.4 was used for
structure rendering. Detailed procedures for all calculations are
given in the Supplementary information.

3. Results and discussion

3.1. Expression in yeast and characterization of CYP2U1

Several yeast S. cerevisiae strains transformed by the pYeDP60-cyp2U1
plasmid to express CYP2U1 and CYP reductase and several culture condi-
tions were tested to optimize the preparation of recombinant CYP2U1.
The assays included previously described strain W(R) over-expressing
yeast CYP reductase, strain W(hR) over-expressing human CYP
reductase, strain W(N) expressing yeast CYP reductase and yeast
W(hR) transformed with an empty pYeDP60 plasmid (as a negative
control) [31]. Microsomal fractions containing CYP2U1 were then
prepared and their CYP contents and reductase activitiesweremeasured.
A strong reductase activity was measured for microsomes from strain
W(R) (1600 ± 200 nmol·min−1·mg prot−1) whereas the activities of
microsomes from W(hR) and W(N) strains were 1200 ± 200, and
60 ± 15 nmol·min−1·mg prot−1, respectively. The CYP contents of
each preparation were measured by UV–vis difference spectroscopy of
the FeII–CO complexes. A FeII–CO difference spectrum with a major
absorption peak at 450 nm was only observed for microsomes from the
W(hR) strain indicating a CYP2U1 content of 60 ± 22 pmol·mg prot−1

(Fig. 1A). By contrast, microsomes from the W(R) strain led to spectra
with two peaks at 450 and 420 nm, suggesting that these preparations
contained an inactive form of CYP (data not shown). In the following,
expression of CYP2U1 was thus carried out in strain W(hR) (~0.8 ±
0.2 nmol CYP2U1/L of culture) and the corresponding microsomes
were used for substrate screening. Western-blot analyses confirmed the
expression of recombinant CYP2U1 as a band set at ~60 kDa was
observed for microsomes from W(hR) yeast expressing CYP2U1
(Fig. 1B, Line 3) whereas this band was absent in microsomes from
yeast W(hR) transformed with an empty vector (Fig. 1B, Line 2).

3.2. Oxidation of arachidonic acid by CYP2U1

As CYP2U1 was previously reported to hydroxylate arachidonic acid
[6], oxidation of this substrate by microsomes from the W(hR) yeast
transformed by the pYeDP60-cyp2U1 plasmid was studied. Those
microsomes were found to be catalytically active for AA hydroxylation
(see Materials and methods), whereas microsomes of yeast transformed
with an empty plasmid were not. The catalytic activity was low
(12 pmol 19- and 20-HETE·min−1·nmol P450−1) but similar
to that very recently reported for CYP2U1 expressed in E. coli
(19.5 pmol·min−1·nmol P450−1) [19].

3.3. Search for new substrates of CYP2U1

In order to find new substrates of CYP2U1, we have tested a series
of molecules, most of which were known to be transformed by
other members of the CYP2 family. This included known substrates of
CYP2J2, 2D6 and 2R1 that are the closest CYPs phylogenetically related
to CYP2U1 [5,6]. Activity assays were performed by incubating W(hR)
yeast microsomes expressing CYP2U1 and putative substrates in the
presence or absence ofNADPH.Detection of the hydroxylatedmetabolites
was performed by HPLC-MS searching for products with a m/z ratio
increased by 16 a.m.u. relative to the starting compounds. In some
cases,we also searched formetabolites that could result fromanoxidative
demethylation reaction (m/z −14 relative to the starting compound). A
library of about forty compounds was tested, including both endogenous
and exogenous molecules (Table S1 of the Supporting information).
Control incubations in the presence of a CYP isoform known to transform
the studied compound were performed to ensure both the validity of the
assay and of the detection method. Under our incubation and detection
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Fig. 1.Characterization of recombinant CYP2U1. A:UVvisibledifference spectrumof the heme-FeII–CO complex ofmicrosomesof yeast strainW(hR) expressingCYP2U1. B: Autoradiography
of a western blot membrane. Line 1: molecular mass markers. Line 2: microsomes from yeast strain W(hR) transformed with an empty vector. Line 3: microsomes from yeast transformed
with plasmid pYeDP60-cyp2u1.

Table 1
Predominantmetabolites of Deb formed by recombinant CYP2U1 andCYP2D6, and kinetic
constants measured for the corresponding hydroxylations.

Enzyme Metabolite Km (μM) kcata

CYP2U1 b 1-OH-Deb 480 ± 20 0.5 ± 0.05
4-OH-Deb 360 ± 20 0.3 ± 0.05
6-OH-Deb 470 ± 20 0.2 ± 0.05

CYP2D6 c 4-OH-Deb 14.9 ± 0.9 2.1 ± 0.1
6-OH-Deb 15.2 ± 2.2 1.1 ± 0.06

a In nmol·min−1·nmol P450−1.
b Kinetic constants were calculated for the formation of the indicatedmetabolites upon

oxidation of Deb (0.1–5 mM) by W(hR) yeast microsomes expressing recombinant
CYP2U1. Incubation conditions are described in Materials and methods. Data are means ±
S.D. from 3–5 experiments.

c From [22].
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conditions, most tested compounds led to levels of CYP2U1-dependent
metabolites below our detection limits (estimated to be 0.5 μM).
However,we observed significant formation of hydroxylated compounds
from two of the studied compounds, Deb and Et-Terf. Keeping in mind
the limits of this screening method, these results clearly identified Deb
and Et-Terf as substrates of CYP2U1.

3.4. Oxidation of debrisoquine and debrisoquine analogues by CYP2U1

Debrisoquine is known to be oxidized by CYP2D6 into several me-
tabolites. 4-(S)-Hydroxy-debrisoquine (4-OH-Deb) is the predomi-
nant product [47–49] whereas other metabolites, including phenols
(5-, 6-, 7- and 8-OH-Deb) (see Scheme 1 for numbering of atoms) [22],
a dehydration product (3,4-dehydro-debrisoquine) [50], and two acids
derived from the ring opening of 1- and 3-hydroxy-debrisoquines [51,
52] have been previously identified. Finally, N-hydroxy-debrisoquine
(N-OH-Deb), and its urea derivative (Deb-urea) have also been reported
as Deb metabolites formed by rabbit CYP2C3 [53].

Analysis of the reaction mixtures obtained from incubations of Deb
in the presence of NADPH and microsomes of W(hR) yeast expressing
CYP2U1 led to the appearance of four new peaks in HPLC-MS with
an m/z 192: compounds M1 (11 ± 2% of total hydroxylated
compounds), M2 (21 ± 2%), M3 (68 ± 2%) and M4 (1–2%) (Fig. S1 of
the Supporting information). In the absence of NADPH or in the presence
of microsomes of yeast transformed with an empty plasmid, no detect-
able formation of these metabolites could be observed. Moreover,
addition of 1 mM benzyl-imidazole or 100 μM clotrimazole, two known
CYP inhibitors [54], led to an almost complete inhibition of the formation
of compounds M1–M4 (data not shown). This clearly indicated that the
observed metabolites were derived from CYP2U1-catalyzed oxidations.
Finally, no metabolite with a molecular ion at m/z 208 (carboxylic acids
or diols derived from Deb) or at m/z 174 (3,4-dehydro-debrisoquine)
could be detected in incubations of Deb with NADPH and CYP2U1
expressing yeast microsomes.

Identification of the observed metabolites was performed on the
basis of their HPLC retention times (Rt), mass and UV–visible spectra,
by comparisonwith those of authentic samples of commercially available
4- and 8-OH-Deb, and of 5-, 6-, 7- and N-OH-Deb, and Deb-urea that
were synthesized in our laboratory (see Materials and methods).
Metabolite M1 was clearly identified to 4-OH-Deb, M2 to 6-OH-Deb
and M4 to 8-OH-Deb whereas metabolite M3 did not correspond to
any of our authentic compounds. However, its MS/MS fragmentation
pattern and its UV–visible spectrum were very close to those of 4-OH-
Deb; this metabolite was thus tentatively assigned to 1- or 3-OH-Deb.
The 1H NMR spectrum of metabolite M3 was characterized by the pres-
ence of two broad singlets at 5.88 and 5.94 ppm, by complex aromatic
patterns between 7.2 and 7.6 ppm and by aliphatic patterns at 2.9 and
3.9 ppm. This 1H NMR spectrum was thus clearly distinct from that of
4-OH-Deb that displays signals at 4.64 and 4.49 ppm (C(1)H2) and
4.92 ppm (C(4)H–OH) [28], and from that of 3-OH-Deb formed by
recombinant CYP2D1 that has been described to display 1H NMR signals
at 5.6 (C(3)H–OH), 4.4 (C(1)H2) and 3.1 (C(4)H2) ppm [52]. Full
assignment of the 1H NMR signals of metabolite M3 was made by
TOCSY, HSQC, and NOESY experiments and the chemical shifts, coupling
constants and connectivitywere consistentwith theOH-group occupying
position 1. A complete description of the NMR characteristics of this Deb
metabolite is shown in Materials and methods and in Fig. S2 of the
Supporting information.

Formation of metabolites M1–M3was linear with time over 20 min,
and was linearly dependent upon the concentration of CYP2U1 (in the
0.1–1.0 μM range, data not shown). Metabolite M4 was present in too
low amounts to be accurately quantified. Km values close to 400 μM
and kcat values in the 0.2–0.5 min−1 range were measured for the
formation of metabolites M1, M2 and M3 (Table 1).

The activity of CYP2U1 was tested on a series of six Deb analogues
(Scheme 1) under identical conditions. However, none of these
analogues led to any detectable amounts of hydroxylated product, sug-
gesting that the CYP2U1 activity was quite specific for Deb. The presence
of a guanidine moiety (absent in compounds 1–3), a hydrophobic



Table 3
Kinetic constants measured for the hydroxylation of Terf analogues 7–10 catalyzed by
recombinant CYP2U1.a See Scheme 2 for structure of compounds.

R = Km (mM) kcat b

CH3 (7) 1.6 ± 0.5 0.9 ± 0.3
CH2–CH3 (8) 1.2 ± 0.3 0.4 ± 0.07
CH2–CH2–CH3 (9) 0.8 ± 0.3 0.6 ± 0.3
CH2–CH2–CH2–CH3 (10) 1.1 ± 0.4 0.4 ± 0.12

a Kinetic constants were calculated for the formation of the predominant metabolites
upon oxidation of the compounds (0.2–5 mM) by W(hR) yeast microsomes expressing
recombinant CYP2U1. Incubation conditions are described inMaterials andmethods. Data
are means ± S.D. from 3–4 experiments.

b In nmol·min−1·nmol P450−1.
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aromatic ring and an aliphatic ring (absent in compounds 4 and 5)
seem to be required. Finally, increasing the size of the substrate by
addition of two methoxy groups (as in compound 6) resulted in a
loss of CYP2U1 activity.

3.5. Oxidation of terfenadone derivatives by CYP2U1

Terfenadine is a non-sedating antihistaminic drug and terfenadone
is the ketone analogue obtained after oxidation of the secondary alcohol
function of terfenadine, [24–26]. Several derivatives of Terf (structures
shown in Scheme 2) have been tested as substrates or inhibitors of
CYP2J2 [24–26], a CYP isoform close to CYP2U1 [5,6]. CYP2J2 predomi-
nantly oxidizes the studied Terf analogues at the homobenzylic carbon
of their aliphatic chain (black arrows in Scheme 2) [26]. These
compounds were also metabolized by human CYP3A4 but with
predominant N-dealkylation reactions (dashed arrows in Scheme 2)
[23,24,55].

In analogy with the studies performed on Deb, control experiments
in the presence of CYP inhibitors or in the presence of yeast transformed
by an empty vector confirmed the involvement of CYP2U1 in the oxida-
tion of Et-Terf into two metabolites, M′1 (82± 5% of total metabolites)
and M′2 (18 ± 5%), both characterized by a molecular ion at m/z 458
(Fig. S3 of the Supporting information). Identification of metabolites
M′1 and M′2 was done on the basis of their Rt, UV–visible spectra and
characteristicMS/MS fragments in comparisonwith those ofmetabolites
formed in incubations performed in the presence of CYP2J2 or CYP3A4
[23,26]. M′1 was thus identified as the benzylic alcohol derivative of
Et-Terf, and M′2 as the homobenzylic alcohol.

While all the studied Terf analogues shown in Scheme 2 were
substrates of CYP2J2 and 3A4, only compounds 7–10 that involve a
linear terminal alkyl chain were substrates of CYP2U1 (Table 2).
Indeed, Terf itself, ebastine, an isomer of Terf, and compounds 11
and 12 that contained a terminal alcohol or acetate functionwere not ox-
idized by CYP2U1. Identifications of the metabolites of the studied Terf
analogues were performed as described above by comparison with
metabolites obtained in the presence of CYP2J2 [26]. Whatever the
studied analogues, benzylic hydroxylationwas always the predominant
reaction observed and led to 66–82% of the oxidation products
(Table 2). The total amount of the other alcohols was small (about
30% of total metabolites). Kinetic constants for the CYP2U1-dependent
benzylic hydroxylation of compounds 7–10 are shown in Table 3.

The most striking results of the above described data were the very
different regioselectivies found for CYP2U1- and CYP2D6-dependent
oxidation of Deb (major 1-hydroxylation with CYP2U1 instead of 4-
Table 2
Experimentally observed regioselectivity of the hydroxylations catalyzed by CYP2U1 and distan
from thedocking of these substrates in our CYP2U13Dmodel. In the case of butyl-terfenadone 1
CYP2U1, and thin arrows, the minor sites.

% Hydroxylationa

R = Cα Cβ Cγ Cδ

Methyl (7) 100
Ethyl (8) 82 ± 5 18 ± 5
Propyl (9) 68 ± 5 22 ± 5 10 ± 2
Butyl (10) 66 ± 5 27 ± 5 7 ± 2 b1

a % of the regioisomers formed by CYP2U1-dependent hydroxylation of compounds 7–10
described in Materials and Methods. Data are means ± S.D. from 3–4 experiments.

b Average distances (in Å) from 10 poses between the considered C-atoms and the iron of C
hydroxylation with CYP2D6), and of CYP2U1- and CYP2J2-dependent
oxidation of Terf derivatives (major benzylic hydroxylation with
CYP2U1 instead of homobenzylic hydroxylation with CYP2J2).

3.6. Construction of a homology model of CYP2U1

A 3D model of CYP2U1 deprived of its membrane spanning domain
(residues 57 to 544, Fig. S4 of Supporting information) was constructed
by comparativemodeling. The detection of themost relevant templates
in the PDBwasperformedbasedupon thePSI-Blast program [56] results
and led to the identification of several potential templates in the PDB for
CYP2U1homologymodeling, all belonging to CYP2 family, with uniform
sequence identity of 35–40%. Despite this uniformity, the templates
differ significantly from each other in their primary sequence, especially
in the N-terminal domain, and amultiple template homologymodeling
approach was favored to include all structural local information,
without favoring one specific structure. The comparative modeling
program Modeller allows combining information from multiple
template structures to automatically build the model on the locally
best template. The templatesmost similar to CYP2U1were, in decreasing
order of sequence identity: CYP2D6, CYP2R1, CYP2A6, CYP2C5/2C8/2C9,
and CYP2B4. The six templates finally selected covered the structural
diversity of CYP2 subfamily, and included, when available, structures
without bound substrate to eliminate bias introduced by induced-fit
effects, and with the highest resolution available (see Materials and
Methods, and Table S2 of the Supporting information). The selection of
the most suitable templates has been validated by the remodeling of
one of the six templates (as described in the following), and by the
systematic comparison of scoring functions of optimized all-atom
models generated by Modeller.
ces between the aliphatic terminal chain carbons of Terf analogues and heme iron deduced
0, the thick arrowon the scheme shows the predominant site of hydroxylation catalyzedby

Distances from the ironb

Cα Cβ Cγ Cδ

3.6 ± 0.2
3.8 ± 0.2 4.9 ± 0.2
4.0 ± 0.2 5.3 ± 0.2 6.2 ± 0.4
3.5 ± 0.2 4.7 ± 0.2 5.9 ± 0.5 6.7 ± 0.4

. The incubations andmetabolite identifications were performed under the conditions

YP2U1 for each of the two clusters of poses.
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Several alignment methods have been compared, and two of them
have been combined to yield the best consensus alignment. MUSCLE
[57] is a well-known multiple alignment method based on primary
structure, whereas MUSTANG [58] is based on the multiple alignment
of tridimensional structures. MUSTANG was used to superimpose and
align the structures of all the known crystal structures of CYPs of family
2. The two multiple alignment approaches were in good agreement
(Figs. S4 and S5 of the Supporting information) and a homology model
was thus built based on the consensus multiple sequence alignment.

Thismodeling protocol was validated by the generation of a CYP2D6
test model. CYP2D6 structure file was deleted from the list of templates,
and CYP2U1 sequence target replaced by CYP2D6 sequence. A CYP2D6
model was thus generated by Modeller with the five remaining
templates. This model was compared to the CYP2D6 crystallographic
structure (without substrate, PDB ID: 2F9Q) and an all-atoms RMSD of
only 0.89 Å was found. The quality of the CYP2D6 model obtained by
this method validated the multiple template alignment of Fig. S5 of
the Supporting information.

The final model CYP2U1 structure displayed the best Modeller DOPE
score of −61,537. The five best models of CYP2U1 were assessed for
both geometric and energetic aspects using the Structural Analysis and
Verification Server (http://services.mbi.ucla.edu/SAVES). The PROCHECK
evaluation [35] for good stereochemistry of the refined models resulted
in 90.5% of the residues in the most favored regions. By comparison, this
percentage varied from 85 to 94% for the template structures. VERIFY_3D
analysis indicated a good quality of the models with about 88.5% of
residues with a score over 0.2. The best scored structures of the
model were then solvated and optimized by MD simulation (20 ns)
using AMBER [39]. The RMSD observed between the initial model
and the last MD pose were 2.1 Å for all atoms, indicating that no protein
unfolding occurred during the dynamics. The initial and optimized
models were superimposable in their common sequence with an all-
atomRMSD of 2.2 Å. After examination of the CYP2U1model and consid-
eration of previously published works on substrate access channels of
mammalian CYPs [59,60], several possible access channels were found
for CYP2U1 (Table S3 of the Supporting information) and corresponded
to access channels previously identified in several mammalian CYPs
[59,60].

3.7. Topology of the CYP2U1 active site

Fig. 2 shows two views of the CYP2U1 active site. The active site
cavity is bordered by helices A, F and I, the BC and Kβ1 loops, and the
β4-sheet (see also Table S3 of the Supporting information). The
Fig. 2. Active site topology of CYP2U1. Two views of the active site SAMS. CYP2U1 structure is r
active site are shown in red (helix A), gray (helix F), green (helix I), orange (BC loop), cyan (Kβ1
The active site cavity surface is rendered with a pink mesh calculated using VOIDOO.
CYP2U1 active site volume was calculated according to the VOIDOO
program that provides two values corresponding to volumes inside
the solvent accessible surface or to the solvent accessible molecular sur-
face (SAMS). The SAMS active site volume of CYP2U1 has been calculated
and comparedwith those of several CYPs for which X-ray structures have
been published (Table S4 of the Supporting information). The active
site volume of CYP2U1 (931 Å3) was intermediate between those of
CYP2E1, 2A6, and 2B4 (b500 Å3), that are known to only admit small
substrates, and those of CYPs admitting large substrates (between 1000
and 2000 Å3), such as CYP2C8 [61]. Its volume was comparable to those
of CYP2B6, 2C5, or 2J2 (Table S4 of the Supporting information).

3.8. Docking of arachidonic acid in the active site of CYP2U1

Docking calculationswere performed using two protocols, Autodock
4.2 and CDOCKER. In order to take account for target structure flexibility,
AAwas docked in 10 different structures generateddirectly by themodel
building program Modeller and in 5 different structures taken from the
MD simulation (20 ns). Interestingly, both protocols led to the conclu-
sion that the most energetically favored docking poses were those with
AA in a completely extended conformation, stretching through channel
2ac all the way to the protein surface (Fig. 3). In all these poses, the
charged carboxyl group of AA interacted with Lys292 at the entrance
of channel 2ac (distance between the Lys Nε-atom and an AA O-atom
of about 2.9 Å, Fig. 3) and the alkyl chain of AA established hydrophobic
interactions with hydrophobic residues all along channel 2ac such as
Phe167, Ala352 and Leu530. All these docking poses placed the ω
and ω-1 carbons of AA between 2.5 and 3.5 Å from the oxygen
atomof the heme iron-oxo group. These distances are in good agreement
with the previously reported regioselectivity of CYP2U1-catalyzed AA
hydroxylation [6].

3.9. Docking of Deb in the active site of CYP2U1

The positioning of Deb within the active site of CYP2D6 has been
extensively studied using several homology models, molecular docking
experiments and site directedmutagenesis [62–68]. These data showed
that Deb establishes H-bonds between its guanidine moiety and an
aspartic acid of helix I (Asp301) and a glutamate (Glu216) of helix F,
and hydrophobic interactions with phenylalanine residues (Phe120
and Phe483) [62–68]. Recently, crystallographic studies (PDB ID: 2F9Q
and PDB ID: 3QM4) have led to the complete identification of the key
amino acid residues involved in substrate binding within the active
site of CYP2D6 [69,70]. Alignment and comparison of the F and I helices
epresented in new cartoon. Portions of the structural elements of protein surrounding the
loop) and blue (β4 sheet). The residues bordering the cavity and heme are shown in sticks.

http://services.mbi.ucla.edu/SAVES


Fig. 3. Docking of AA in CYP2U1. The pose with the best Autodock score is represented in the overall view showing AA (in orange) elongated in access channel 2ac from the heme to the
protein surface. On this pose, theω- and (ω-1)-C-atoms of AA are positioned at 3.39 and 2.90 Å, respectively, from the O-atom of the iron-oxo species, and its carboxyl group is bound to
Lys292 at the channel entry (measured distances: 2.94 and 2.98 Å between the O-atoms of AA and the Nε-atom of Lys292).
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sequences of CYP2U1 and 2D6 (Fig. S6 of the Supporting information)
showed that there was no equivalent of Glu216 of CYP2D6 helix F in
CYP2U1. Another glutamate residue (Glu260) was found in CYP2U1
helix F but too far from the active site. Asp301 of CYPD6 helix I has its
equivalent in CYP2U1 (Asp348) and there is another aspartic acid residue
on helix I of CYP2U1 (Asp355) which is oriented towards the active site.
This Asp355has no counterpart (Asp or Glu) in CYP2D6. Thus, only one of
the two key residues that interact with Deb in the active site of CYP2D6
was found in CYP2U1.

As docking calculations in AutoDock are actually limited to a
maximum of 32 torsional degrees of freedom in the protein–ligand
couple, only residues of the protein that could be in interaction
with the substrate were declared flexible and were those identified
as possibly lining the active site of CYP2U1. They include Asp348
(equivalent to Asp301 in CYP2D6). The method was validated with
the study of the interaction of Deb with CYP2D6 (PDB ID: 2F9Q)
with flexible residues including Glu216, Asp301, and residues lining
the active site. Our docking experiments led to positions very similar
to those published by Rowland et al. with Glu216 forming a salt-link
with the guanidine function of Deb and π-stacking interactions with
phenylalanine residues [69]. With CYP2U1, the obtained poses
(1000) were grouped into clusters; two poses were considered to be
close when the calculated RMSD was less than 1.5 Å, and the clusters
were ranked as a function of their energy. In all clusters, Deb was found
in the active site and it was necessary to check the most energetically
favored ones. The first two clusters were composed of about twenty
poses, each corresponding to a similar position of Deb within the active
site and only differed by a slight translation of Deb in the active site. In
one of these two clusters of poses (Fig. 4A), Deb was positioned above
the heme plane and stabilized by hydrophobic interactions between
the phenyl ring of Deb and hydrophobic residues (Leu530, Val166,
Phe167) that surround the active site, and a H-bond between the guani-
dine function of Deb and a carbonyl group of Leu419 of loop Kβ1. In
these two clusters, the closest carbon atom of Deb to the heme iron was
carbon-6 with a C(6)–Fe distance of 4.0 Å. In the third cluster of poses
(Fig. 4B), Deb established two H-bonds between its guanidine function
and the carboxylate group of Asp355 and the carbonyl group of Ile351
of helix I. Furthermore, the aromatic ring of Deb was stabilized by hydro-
phobic interactions with several hydrophobic residues of the active site
(including Phe167). In this third cluster, C(1) of Debwas in close proxim-
ity of the iron with a C(1)–Fe distance of 4.3 Å. It was noteworthy that
C(4) of Deb also remained in close proximity to the iron with a distance
of 4.7 Åwhereas C(3)was far away (5.6 Å). This study of the energetically
favored clusters of poses was in agreement with the regioselectivity
observed for the hydroxylation of Deb catalyzed by CYP2U1. The first
two clusters were consistent with an aromatic hydroxylation at C(6) of
Deb whereas the third cluster explained the experimentally observed
regioselectivity for position-1 of Deb. In this cluster, position-1 was the
most energetically favored, and position-3 seemed too far from the iron
to be hydroxylated.

3.10. Docking of Terf derivatives in the CYP2U1 active site

Docking of compounds 7–10 in the active site of CYP2J2 has been
previously performed using a constrained dynamics method and via a
classical semi-flexible method [26,71]. Whatever the method used and
irrespective of the studied derivatives, all poses were similar, with the
substrate inserted into one of the access channel (2b, according to
[59]) and a residue of the BC loop, Arg117, playing a key role by estab-
lishing a H-bond interaction with the carbonyl group of Terf [26,71].



Fig. 4. 3D Model of the positioning of Deb at the active site of CYP2U1. The apoprotein is
shown in green, the heme in blue and Deb in purple. A: Cluster 1 leading to the formation
of 6-OH-Deb; B: Cluster 3 leading to the formation of 1-OH-Deb.

Fig. 5. Comparison of the orientations of Et-Terf within the active sites of CYP2J2 and
CYP2U1. Docking of Et-Terf within the active site of CYP2J2 is shown in magenta and
docking of Et-Terfwithin CYP2U1 is shown in blue. For the sake of clarity, only the docking
pose of Et-Terf in channel S (blue arrow) is shown. Position of channel 2ac inwhich Et-Terf
can be located is only indicated by a red arrow. Helix I, helix F and BC loop are shown in
cartoon.
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Other observed interactions concerned hydrophobic residues, with a
specific role for Phe310 inπ-stacking interactionwith one of the terminal
phenyl groups of Et-Terf [26,71]. Alignment of the sequences of CYP2J2
and CYP2U1 (Fig. S7 of the Supporting information) showed that there
was no polar equivalent to Arg117 in CYP2U1, the residue corresponding
to Arg117 being Ile256. This suggested that the modes of association of
the Terf derivatives could greatly differ between CYP2J2 and CYP2U1.
Docking of Et-Terf, 8, in CYP2U1 was done with the method previously
used in the case of Deb. The clustering of poses was obtained for a
similarity threshold of 3 Å between two poses, this threshold being
higher than that chosen for Deb as Terf analogues displayed a larger
flexibility than Deb. Two clusters of low energy (−9/−6 kcal·mol−1)
and containing over 100 exposures were consistent with the observed
regioselectivities. In the first cluster, Et-Terf was positioned along access
channel S whereas it was positioned along access channel 2ac in the
second cluster (Fig. 5). Other clusters corresponded to poses where
the substrate was too far away from the active site. The positioning of
Et-Terf within the active site of CYP2U1 differed from what was
observed with CYP2J2, as the substrate chooses different access channels
of these proteins. Actually, Et-Terf followed channel 2b to enter the active
site of CYP2J2, whereas it followed channels S or 2ac of CYP2U1 in the
two clusters of poses mentioned above (Fig. 5).

A view of the docking poses and of the corresponding interactions is
shown in Fig. 6 for input by channels S and 2ac. When Et-Terf followed
channel S (Fig. 6A), its aliphatic terminus (close to the heme) would
interact with hydrophobic residues Val417 and Leu530 and there was
a π-stacking interaction with Phe167 of loop BC. The ketone group of
Et-Terf established a H-bond with the OH-group of Thr356 of helix I
while the N-atom of the amine interacted with Asp355 of the same
helix. The other contacts of the protein with the substrate were mainly
provided by hydrophobic interactions (green in Fig. 6B). When Et-Terf
followed channel 2ac (Fig. 6C) the same set of hydrophobic interactions
was established between the ethyl-group of Et-Terf and Leu530 and
Ala296, and π-stacking of the phenyl group of Et-Terf occurred with
Phe167 of the BC loop. Furthermore, H-bonds interactions between
the ketone group of Et-terf and Lys161 of the BC loop and between
Asp348of helix I and the amine function of Et-Terfwere observed. Finally,
in a similar way to that observed in the case of entry by channel S, the
other interactions between the protein and the substrate following
channel 2ac mainly consisted of hydrophobic interactions via apolar
residues (Fig. 6D).

Docking of the three other Terf analogues 7, 9 and 10 in the CYP2U1
active site showed that thesemolecules had bindingmodes and interac-
tions with residues of the access channels very similar to those
described for Et-Terf. All poses indicated one or more H-bonds between
the ketone and the amine functions of the analogues and polar residues
of the access channels. However, different interactions between resi-
dues in the immediate vicinity of the heme (first hydrophobic ring)
and the terminal aliphatic chains of the analogues were observed.
Docking of the Terf analogues within the active site showed that there
was a constraint between the phenyl-alkyl moiety of the substrate
and the protein residues close to the heme. The distances between the
iron and each of the substrate alkyl chain carbons were measured and
compared in Table 2. Their absolute valuesmust be cautiously considered
as they derive fromamodel. However, theywere in the range of distances
(4–6 Å) expected for the hydroxylation of the C–H bonds by the CYP
iron-oxo species. Interestingly, the calculated Fe–C distances for a
given substrate were in agreement with the regioselectivity of its
hydroxylation by CYP2U1 mentioned above. In all cases, the lower
values of the Fe–Cα distances (between 3.5 ± 0.2 and 4.0 ± 0.2 Å)
completely corresponded to the hydroxylation regioselectivity favoring
the benzylic position of all the active analogues. Similarly, the order
of the measured distances (Fe–Cα b Fe–Cβ b Fe–Cγ b Fe–Cδ) was in
agreement with the observed regioselectivity.

Our docking experiments of Terf analogues in the active site of
CYP2U1 well agreed with the experimentally observed hydroxylation
regioselectivities that strongly differed from those observed in the
case of CYP2J2 which selectively oxidized the homobenzylic position
of the Terf analogues [26]. They also differed from those observed in
the case of CYP3A4 that is much less selective as it oxidizes both the
amine function (major pathway) and the alkyl chain of the same
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compounds [23,55]. The regioselectivity of CYP3A4 is dictated by the
intrinsic chemical reactivity of the different functions of the Terf-
analogues, due to the wide substrate binding site of CYP3A4. At the
opposite, the highly regioselective oxidation of Terf derivatives by
CYP2J2, which occurs on the poorly reactive homobenzylic C–H
bonds, was attributed to a unique, very strict positioning of these
Fig. 7. Compared regioselectivity of the hydroxylation of Et-Terf in the active sites of CYP2J2 (A)
shown in orange van der Waals spheres; Et-Terf and heme are shown as sticks.
substrates in its active site [26,71]. The different regioselectivities
observed for Terf derivatives hydroxylation by CYP2U1 and CYP2J2
could be explained by the influence of the crown of protein residues
just above the heme that leave little room for substrate access to the
iron in CYP2J2 while it permits a much less constrained access in
CYP2U1 (Fig. 7).
and CYP2U1 (B). The amino acid residues that delineate the active site near the heme are
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Binding of Deb to CYP2U1 appears to be mainly due to interactions
with residues in close proximity of the heme. By contrast, binding of
Terf analogues should be mainly governed by their interactions with
residues into the access channels.

4. Conclusion

The aforementioned results describe an efficient system for the
expression of catalytically active orphan human CYP2U1 in a yeast strain,
W(hR), co-expressing human CYP reductase, and a first 3D
homologymodel of CYP2U1. A first validation of this model was obtain-
ed from docking experiments with arachidonic acid that explained the
particular regioselectivity previously reported for the hydroxylation of
this substrate (ω and ω-1 positions). The use of CYP2U1 expressed in
W(hR) for the search of CYP2U1 substrates led, after testing a series of
molecules, generally known to be transformed by other members of
the CYP2 family, to the discovery of the first xenobiotic substrates of
this cytochrome, Deb, an usual substrate of CYP2D6, and Terf deriva-
tives that have been described as CYP2J2 substrates. Interestingly, the
regioselectivity of CYP2U1-catalyzed hydroxylation of Deb, with the
predominant formation of 1-OH-Deb, differs from that known for
CYP2D6 (major formation of 4-OH-Deb). Moreover, Terf derivatives
are mainly hydroxylated by CYP2U1 at their most reactive benzylic po-
sition, whereas they are predominantly hydroxylated at their
homobenzylic position by CYP2J2. Molecular docking of AA and
these substrates in the 3D homology model of CYP2U1 allowed us
to explain the particular regioselectivities of their CYP2U1-catalyzed
hydroxylations on the basis of their interactions with key residues of
the active site (Figs. 3, 4, and 6).

Our results show for thefirst time that humanorphan CYP2U1 can ox-
idize several exogenous molecules including drugs. This could have con-
sequences for the metabolism of drugs particularly in the brain in which
CYP2U1 is mainly located. The above described docking experiments of
several substrates, that exhibit quite different structures (AA, Deb and
four Terf derivatives), on the CYP2U1 3D model allowed us to explain
all the hydroxylation regioselectivities observed experimentally. Alto-
gether these data provide a reasonable validation of our 3D model. This
model should help the discovery of better, more selective substrates
and/or inhibitors of CYP2U1. It should also be useful to identify other
possible endogenous molecules as substrates of CYP2U1 and should
help understanding the physiological roles of this human orphan
cytochrome P450.
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