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Abstract Cytochrome P450 2U1 (CYP2U1) exhibits sev-

eral distinctive characteristics among the 57 human CYPs,

such as its presence in almost all living organisms with a

highly conserved sequence, its particular gene organization

with only five exons, its major location in thymus and

brain, and its protein sequence involving an unusually long

N-terminal region containing 8 proline residues and an

insert of about 20 amino acids containing 5 arginine resi-

dues after the transmembrane helix. Few substrates,

including fatty acids, N-arachidonoylserotonin (AS), and

some drugs, have been reported so far. However, its bio-

logical roles remain largely unknown, even though

CYP2U1 mutations have been involved in some patho-

logical situations, such as complicated forms of hereditary

spastic paraplegia. These data together with its ability to

hydroxylate some fatty acids and AS suggest its possible

role in lipid metabolism.
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Abbreviations

AA Arachidonic acid

AS N-Arachidonoylserotonin

CYP Cytochrome P450

Deb Debrisoquine

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

HSP Hereditary spastic paraplegia

SAMS Solvent accessible molecular surface

Terf Terfenadone

TMH Transmembrane helix

Introduction

The cytochromes P450 (CYPs) constitute a very large

superfamily of hemeproteins that are widely distributed in

living organisms [1]. Most often, they are involved as

catalysts for the insertion of one atom of the dioxygen

molecule into a great number of substrates (monooxyge-

nase reaction), but some of them catalyze other various

reactions [1–3]. In the human genome, 57 genes encoding

CYPs have been identified (http://drnelson.utmem.edu/

CytochromeP450.html). Most of them are known to be

involved in the oxidative metabolism of xenobiotics, such

as drugs, pesticides, and other environmental chemicals, or

in the metabolism of endogenous compounds, such as

steroid hormones, fatty acids, eicosanoids, and vitamins

[1, 4]. About 1/4 of the human CYPs have been called

‘‘orphans’’ as their biological functions are still largely

unknown [5–7]. Among those ‘‘orphans’’, CYP2U1 is

particularly intriguing because of its singularities in terms

of gene organization, protein sequence, and tissue expres-

sion [8, 9].

It has been proposed that CYP2U1 has a pre-vertebrate

origin and that the CYP2U subfamily is very old and highly

conserved across species [10–13]. Thus, the sea urchin

Strongylocentrotus purpuratus genome contains 73 CYP2-
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like genes, but it was possible to only assign a single CYP2

gene, CYP2U, to a subfamily represented in vertebrates

[14]. Moreover, zebrafish has 47 CYP2 genes, but only two

of them, CYP2U1 and CYP2R1, were recognized as

orthologs of human CYP2 genes [11]. Human CYP2U1

shares 99, 89, 88, 87, and 83% amino-acid sequence

identity with chimpanzee (Pan troglodytes), rat (Rattus

norvegicus), dog (Canis lupus familiaris), horse (Equus

caballus), and mouse (Mus musculus) CYP2U1, respec-

tively (Table 1). It also shares 67, 64, and 53% amino-acid

sequence identity with bird (Taeniopygia guttata), xenope

(Xenopus tropicalis), and fish (Takifugu rubripes) CYP2U1

(Table 1). Finally, CYP2U1 is presently the only reported

member of the CYP2U subfamily; in other terms, there is

no CYP2U2 reported so far.

Distinctive characteristics of the human CYP2U1
gene within the human CYP2 family

The CYP2U1 gene is located on chromosome 4q25 and

spans 18 kb [15]. It contains five exons, whereas all the

members of subfamily 2, except CYP2R1, have nine exons

[15, 16]. Interestingly, CYP2R1 is the closest human relative

of CYP2U1 (39% amino-acid sequence identity) [8, 9, 16].

Figure 1 shows that CYP2U1 and 2R1 have three introns (1,

3, and 4) equivalent to those of the othermembers of family 2

(2, 6, and 8), that should be present on an ancestral gene

common to this family. Starting from this ancestral gene,

CYP2U1 and 2R1 should have acquired a new intron (intron

2 of CYP2U1 in Fig. 1). In the case of CYP2U1, the

appearance of this intron would be linked to a GC splicing

site specific to this gene [15]. Phylogenetic trees of CYP2U1

and other human CYPs showed CYP2U1 clusters together

with the other members of family 2 [7–9, 15, 16] with the

closest similarity to CYP2R1 [7–9, 16].

Singularities of the human CYP2U1 protein
sequence

Alignment of the CYP2U1 protein sequence to the closest

human relatives CYP2R1 and CYP2D6 and to rabbit

CYP2C5 showed that CYP2U1 contains about 50 extra

amino acids compared to these other CYP2s. Those extra

amino acids appeared to be located at the N-terminus of the

protein and after the N-terminal membrane spanning

domain [7, 8]. A comparison of the primary sequence

length of the 16 members of the human CYP2 family

showed that there is a striking gap between CYP2U1 (544

residues) and the other CYP2s (490–504 residues) (Fig. 2)

[17]. A sequence alignment of the 16 human CYP2 iso-

forms clearly showed that the CYP2U1 extra amino acids

are located in the N-terminal region of the protein (Fig. 3)

[17, 18]. As shown in Fig. 3, the N-terminal region of

CYP2U1 located before the predicted transmembrane helix

(TMH) involves 20 amino acids more than that of the

longer member of family 2 (in that region). Moreover, the

CYP2U1 region located after TMH, between the predicted

helices A and A0, contains an extra insert of about 20 amino

acids (called insert AA0 hereafter). Interestingly, insert AA0

contains five arginine residues. The C-terminal block

(104–544) of CYP2U1 aligns pretty well with those of all

the other members of human family 2 [17]. A BLASTP

search [19] showed that these two regions (the N-terminal

region before TMH and insert AA0) are present in all

CYP2U1 orthologs, but their length and composition can

vary. A BLAST search of human CYP2U1 insert AA0

failed to detect any other similar sequences neither in PDB,

nor in UniProtKB databases [18].

A sequence alignment of the 57 human CYPs (Figure S1

of Supplementary Information) showed that CYP2U1 is the

longest one. It has at least 40 amino acids more than the

CYPs of families 2 and 3, and 13–33 amino acids more

than the CYPs of family 4. As previously mentioned from

the alignment of the 16 human CYPs of family 2, it mainly

differs from the other human CYPs in its N-terminal part.

The region before TMH in CYP2U1 is the longest one,

with 14–25 amino acids more than those of CYPs of

families 2 and 3 (Figure S1 of Supplementary Information).

The CYPs having the longest region before TMH, after

CYP2U1, are some mitochondrial CYPs, some CYPs

belonging to families 1, such as CYP1B1, and 4, such as

CYP4F22, and CYP2R1 and CYP2J2, the two CYPs hav-

ing the largest sequence identity with CYP2U1

[8, 9, 16, 20]. A first intriguing singularity of the CYP2U1

sequence is the presence in the region before TMH of eight

proline residues, whereas in all the other human P450s, one

finds not more than four prolines in the same region

(Figure S1 of Supplementary Information). Another

Table 1 Protein sequence identity between human CYP2U1 and

CYP2U1 from various species

Species Identity with human

CYP2U1

References

Chimpanzee (Pan troglodytes) 99.8 [5]

Rat (Rattus norvegicus) 88.9 [9]

Dog (Canis lupus familiaris) 88 [18]

Horse (Equus caballus) 87 [18]

Mouse (Mus musculus) 78.9 [8]

Bird (Taeniopygia guttata) 67 [18]

Xenope (Xenopus tropicalis) 64 [18]

Fish (Gasterosteus aculeatus) 58 [18]

Zebra fish (Danio rerio) 56 [18]

Fish (Takifugu rubripes) 52.6a [9]

a 58% in [8]
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singularity of the CYP2U1 sequence is the above-men-

tioned presence of an about 20 amino acids insert, called

AA0, that cannot be found in any of the other human CYPs.

Interestingly, as mentioned above, this insert contains five

arginine residues.

In summary, when compared to the other 56 human

CYPs, CYP2U1 exhibits the following singularities: a

longer N-terminal region with eight proline residues before

TMH and the unique presence of an about 20 amino acids

insert containing five arginine residues located after TMH.

Expression of CYP2U1 in the various organs
and tissues

First data published in 2004 showed that the level of human

CYP2U1 mRNA was particularly high in thymus and

cerebellum [8, 9]. In a more general manner, such RNA

studies in humans, rats, and mice showed highest expres-

sion in thymus followed by brain and heart [8, 9, 21]. A

further detailed study in 22 human tissues revealed the

presence of human CYP2U1 mRNA in almost all these

tissues with the highest expression in thymus followed by

bladder, prostate, uterus, testis, and kidney [22]. In the

human brain, the major CYP transcripts corresponded to

CYP1B1, CYP2D6, CYP2E1, CYP2J2, CYP46A1, and

CYP2U1; they were found in all brain structures with an

unequal distribution in the different cerebral regions.

CYP2U1 represented about 10% of the CYP transcripts

expressed in total human brain [23]. Moreover, the main

CYP gene expressed in the hCMEC/D3 immortalized

human cerebral microvascular endothelial cell line, a

promising in vitro model of the human blood brain barrier,

is the CYP2U1 gene [24]. A review article of 2006 [25]

indicated that the CYP2U1 gene was expressed in the skin

5’ 3’

Intron 1 Intron 2 Intron 3 Intron 4 Intron 5 Intron 6 Intron 7 Intron 8

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9

3’5’
Exon 3Intron 1 Intron 2 Intron 3 Intron 4

Exon 1 Exon 2 Exon 4 Exon 5

CYP2

CYP2U1 Exon 3

Fig. 1 Schematic comparison between the intron/exon organization of the CYP2U1 gene with that generally found for the genes of the human

CYP2 family (except CYP2R1), from [8, 15, 18]

Fig. 2 Amino-acid length of the members of human CYP2 family,

from [18]

Fig. 3 Alignment of the N-terminal regions of the 16 members of human CYP2 family, from [17]
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of human individuals, in epidermis or cultured ker-

atinocytes, and it was reported that CYP2U1 was expressed

at the highest level in undifferentiated keratinocytes [25].

Ananalysis ofCYPsbywestern blotting inmicrosomal and

mitochondrial purified fractions from human liver and brain

samples, including frontal lobe, hippocampus, substantia

nigra, and cerebellum, showed the presence of the CYP2U1

protein in all the analyzed brain regions [23]. The subcellular

location of CYP2U1 both in the microsomal and mitochon-

drial fractions was found in all these regions. Interestingly,

whereas CYP2U1 transcripts were detected in brain and liver

samples, the CYP2U1 protein was only found in the brain

samples [23]. This protein was present in the frontal lobe at

higher levels than in the cerebellum; a similar result was

reported for CYP2U1 in rat [8]. In a more general manner, in

rat, the CYP2U1 protein was detected in brain (limbic struc-

tures, cortex, olfactory bulbs, pons, and medulla) and thymus,

but not in spleen, lung, intestine, liver, and kidney [7, 8]. The

topographical and cellular distribution of CYP1B1, CYP2D6,

CYP2J2, CYP2U1, and CYP46A1 in three human brain

regions, the frontal lobe, hippocampus, and cerebellum, was

determined by immunohistochemical staining [23]. More-

over, this study showed an intense staining at the level of the

astrocytes and a particularly strong detection in the astrocytes

that contact microvessels. CYP2U1 and CYP1B1 were the

main CYPs detected in freshly isolated human brain

microvessels by RT-PCR and LC–MS/MS [26, 27]. CYP2U1

was also detected at the mRNA and protein levels in human

platelets [28] and inhumanmegakaryocyticDamicells [29]. It

is also expressed in white adipose tissue, and it is noteworthy

that expression of CYPs is considerably lower in white adi-

pose tissue than in liver, except forCYP2U1 andCYP1B1 that

are the most highly expressed adipose tissue CYPs in all the

studied individuals [30].

Regulation of CYP2U1

Few data are presently available about the regulation of

CYP2U1. In mouse liver, mRNA levels decrease after

activation of Nrf2 [31]. Recently, a study of the effects of

TCPOBOP, a ligand of the constitutive androstane recep-

tor, on mouse liver showed a slight decrease of the

CYP2U1 mRNA levels [32]. In a study of the expression of

several CYP2 proteins in prefrontal cortex and amygdala

from alcoholic smokers and nonsmokers, and nonalcoholic

smokers and nonsmokers, it was found that CYP2U1 and

CYP2E1 were expressed in all analyzed samples and ele-

vated in alcoholics [33, 34]. Expression of CYP2U1 was

also slightly increased in smokers. These effects of alcohol

and tobacco on CYP2U1 expression may have conse-

quences on the metabolism of drugs and endogenous

compounds by this cytochrome [33, 34].

Few articles on the effects of pathological situations on

CYP2U1 expression in humans have been published. Thus,

CYP2U1 was found to be expressed at a significantly

higher level in primary colorectal [35], primary ovarian

[36], and breast [37] cancer, compared with normal tissues.

Moreover, in a study of the effects of major blunt trauma

on gene expression of oxidative enzymes in circulating

leukocytes, it was found that the expression of CYP2U1 is

significantly reduced [38].

Pathological situations associated with CYP2U1
mutations

A study of the genetic polymorphism of CYP2U1 in 70

individuals showed that no mutation could be observed at

the exons level and that the most frequent mutations

occurring in the 50-flanking region and in intron 2 did not

seem to alter the expression of CYP2U1 in lung [39]. These

data indicate that CYP2U1 exhibits few genetic variations

and support a probable endogenous role of this protein

[39, 40]. However, some rare CYP2U1 mutations have

recently been associated with several pathological situa-

tions. Such mutations in the CYP2U1 gene were found to

be related to the appearance of hereditary spastic paraple-

gia (HSP), a neurological disorder [41–45]. Quite recently,

three cases of pigmentary degenerative maculopathy

associated with progressive spastic paraplegia were found

to be linked to a CYP2U1 homozygous mutation [44]. In a

completely different area, the search for genetic variants

associated with lung function, it was shown that nine SNPs

in strong linkage disequilibrium in the CYP2U1 gene were

associated with ‘‘forced expiratory volume in one second’’

which seems to be a good predictor of mortality [46].

Enzymatic activities of human CYP2U1

Recombinant human CYP2U1 has been expressed in

human embryonic kidney cells (HEK 293) [8], bac-

ulovirus-infected Sf9 insect cells [9], E. coli [20, 47], and

yeast [17]. CYP2U1 expressed in insect cells was found to

catalyze the hydroxylation of fatty acids [9]. Arachidonic

acid (AA) was oxidized, with an apparent Km value of

2.7 lM, with formation of x- and x-1-hydroxy-AA that

were completely identified (Fig. 4). Other unsaturated fatty

acids (linolenic, palmitoleic, vaccenic, eicosatrienoic,

eicosapentaenoic, EPA, and docosahexaenoic, DHA, acids)

as well as long saturated fatty acids (palmitic and stearic

acids) were also found to be oxidized by CYP2U1. LC–MS

studies showed the insertion of an oxygen atom with the

possible formation of hydroxy- or epoxy-fatty acid

metabolites, but the precise structures of the metabolites
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were not established. By contrast, lauric acid and linoleic

acid were not substrates of CYP2U1 [9].

Recombinant human CYP2U1 expressed in E. coli was

also found to hydroxylate AA at the x- and x-1 positions

with a rate of 19 ± 5 pmol products min-1 nmol P450-1

[20]. Another CYP2U1 substrate was identified in a

metabolomic search for substrates and products of this

cytochrome using bovine brain extracts. This substrate, N-

arachidonoyl serotonin (AS), was oxidized by E. coli

expressed human CYP2U1 at position 2 of its indole ring

[20] (Fig. 4). The kcat and Km values found for this

CYP2U1 reaction were 32 ± 9 pmol min-1 nmol

CYP2U1-1 and 82 ± 2 lM, respectively.

Another search for CYP2U1 substrates was performed

using microsomes from the W(hR) yeast expressing human

CYP2U1 [17]. About 40 compounds most of which were

known to be transformed by other members of the CYP2

family were tested. This included known substrates of

CYP2J2, 2D6, and 2R1 that are the closest CYPs phylo-

genetically related to CYP2U1. Among these compounds

that were of exogenous or endogenous origin, a drug,

debrisoquine (Deb), and a series of xenobiotics related to

the drug terfenadine were found to be hydroxylated by

CYP2U1 (Fig. 5).

Deb is an anti-hypertensive drug [48] that is a reference

substrate of CYP2D6 used for phenotyping human genetic

polymorphism of CYP2D6 [49]. Its main metabolite

formed upon oxidation with CYP2D6 and found in human

urine is 4-hydroxy-Deb [50]. CYP2U1 expressed in yeast

was found to hydroxylate Deb with a regioselectivity

clearly different from that observed for CYP2D6 [17].

Actually, CYP2U1-catalyzed oxidation of Deb mainly

leads to 1-hydroxy-Deb, to smaller amounts of 4-hydroxy-

and 6-hydroxy-Deb, and to very small amounts of 8-hy-

droxy-Deb [17] (Fig. 5), whereas CYP2D6- catalyzed

oxidation of Deb mainly leads to 4-hydroxy-Deb and

6-hydroxy-Deb [51]. As shown in Table 2, the kcat values

calculated for the CYP2U1-catalyzed 1-, 4-, and 6-

hydroxylations of Deb were between 0.2 and 0.5 min-1,

and are comparable to that reported for the CYP2D6-cat-

alyzed 4-hydroxylation of Deb (0.8 min-1) [52]. However,

the Km values found for these CYP2U1 reactions were

clearly higher (about 400 lM) than those reported for

CYP2D6- catalyzed 4-hydroxylation of Deb (12 lM) [51].

A study of the structural elements that are important for

recognition of Deb as a CPY2U1 substrate showed that the

presence of a charged guanidine function was necessary, as

suppression of the C(NH2)=NH moiety or replacement of

the guanidine function by urea or N-hydroxyguanidine

functions led to compounds that were not substrates of

CYP2U1 [17].

Terfenadone (Terf) is a derivative of terfenadine, an

antihistaminic drug [53]. Terf and alkyl-Terf, Terf deriva-

tives, in which the tertiobutyl substituent was replaced by

various linear alkyl chains (Fig. 5), are oxidized by

CYP2J2 with the major formation of products resulting

from an hydroxylation in the homobenzylic position

[54, 55]. By contrast, the oxidation of Terf and alkyl-Terf

by CYP3A4 mainly leads to products derived from an

N-dealkylation reaction [55, 56]. All the tested alkyl-Terf

are substrates of CYP2J2 or CYP3A4, whereas only alkyl-

Terf involving a terminal linear alkyl chain R were found

as substrates of CYP2U1 [17]. Moreover, CYP2J2-cat-

alyzed hydroxylation of alkyl-Terf mainly occurs on the

Fig. 4 Regioselectivity of the

CYP2U1-catalyzed oxidation of

AA and AS, from [9, 20]
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homobenzylic position, whereas their hydroxylation cat-

alyzed by CYP2U1 mainly occurs on the benzylic position

(Fig. 5). The kcat values found for these CYP2U1-cat-

alyzed hydroxylations (between 0.4 and 0.9 min-1) were

similar to that found for Deb hydroxylation and higher than

those found for AA and AS hydroxylation (Table 2).

However, their Km values (around 1 mM) were also much

higher than those found for AA and AS hydroxylation

(Table 2). The very different regioselectivities of Deb

hydroxylation by CYP2U1 and CYP2D6 and those of Terf

derivatives by CYP2U1 and CYP2J2 will be explained in

the following.

Construction of a 3D model of CYP2U1
and docking of substrates in its active site

A 3D model of CYP2U1 deprived of its membrane span-

ning domain (residues 57–544) was constructed by

homology modeling on the basis of template X-ray struc-

tures of CYP2 family members closely related to CYP2U1

in terms of sequence identity [17]. As expected, the

secondary structure elements of the obtained CYP2U1 3D

model were identical to those of the other member of the

CYP2 family. Its SAMS (solvent accessible molecular

surface) active site volume, 931 A3, is intermediate

between those of CYP2E1 or CYP2A6 that are known for

their small active site, and those of CYPS that bind large

substrates, such as CYP2C8 [57]. It is comparable to those

of CYP2B6, 2C5, or 2J2 [17].

Docking of the reported CYP2U1 substrates into the 3D

model of this cytochrome allowed one to explain the

observed regioselectivities of the CYP2U1-catalyzed

hydroxylation of these substrates at the molecular level

[17, 47]. Thus, docking of AA in the aforementioned

CYP2U1 3D model led to most energetically favored poses

with AA in an extended conformation stretching through

channel 2ac (according to the P450 channel nomenclature

of Wade et al. [58, 59]) up to the protein surface [17]

(Fig. 6). Its carboxyl group interacts with Lys 292 at the

entrance of channel 2ac and its alkyl chain establishes

hydrophobic interactions with several hydrophobic resi-

dues of channel 2ac. The distances between the heme iron-

oxo oxygen atom and the x and x-1 carbons of AA

Fig. 5 Formula of debrisoquine, terfenadone, and terfenadone derivatives bearing an alkyl group in place of the tertiobutyl one. Arrows show the

main sites of oxidations of Deb catalyzed by CYP2D6 and 2U1 [17, 51], and of Terf and alkyl-Terf by CYP3A4, 2J2, and 2U1 [17, 55, 56]

Table 2 Enzymatic activities reported for CYP2U1

Substrates Product(s) kcat (min-1) Km (lM)

AA [9, 20] x- and x-1 hydroxy-AA 0.019 ± 0.005 2.7

AS [20] 2-Oxo-AS 0.032 ± 0.009 82 ± 2

Deb [17] 1-OH-Deb 0.5 ± 0.05 480 ± 20

Terf analogs [17] Chain hydroxylationa

R=CH3 Chain hydroxylationa 0.9 ± 0.3 1600 ± 500

R=CH2CH3 Chain hydroxylationa 0.4 ± 0.07 1200 ± 300

R=(CH2)2CH3 Chain hydroxylationa 0.6 ± 0.3 800 ± 300

R=(CH2)3CH3 Chain hydroxylationa 0.4 ± 0.12 1100 ± 400

a See Fig. 5 for structures
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(between 2.5 and 3.5 Å) are in good agreement with the

previously reported regioselectivity of CYP2U1-catalyzed

hydroxylation of AA [9].

In the most frequently found poses corresponding to the

lowest energy observed in the docking of AS in this 3D

model [47], it is the indole ring of AS that is closest to the

heme (Fig. 7). Either its phenol-OH substituent or its

indole nitrogen atom is closest to iron as a function of the

considered pose, with Fe–O and Fe–N distances of 2.2 and

4.1 Å, respectively. This different positioning of AA and

AS in the CYP2U1 active site allowed one to understand

the different regioselectivity of their hydroxylation. In the

case of AA, the terminal part position of the AA alkyl

chain, close to iron, explains its x and x-1 hydroxylations,

whereas, in the case of AS, the indole ring is closest to iron

explaining the formation of 2-oxo-AS. Formation of the

latter product could result either from an epoxidation of the

indole C2–C3 double bond followed by an isomerization of

the intermediate epoxide, or from an oxidation of the AS

phenol function leading to an intermediate quinone-imine

followed by an addition of H2O on this intermediate [47].

The results of Siller et al. [20] that used a 1/1 mixture of 16/

18O2 would tend to favor the former mechanism.

Docking of Deb in the CYP2U1 model led to energeti-

cally favored clusters of poses in which the C-1 and C-6

carbons of Deb are closest to iron in good agreement with

the regioselectivity observed for CYP2U1-catalyzed

hydroxylation of Deb (Table 2) [17].

Docking of Ethyl-Terf in CYP2U1 led to two clusters of

poses in which this substrate is positioned either in channel

S or in channel 2ac [17]. In both situations, the ethyl car-

bons of Ethyl-Terf are close to iron. Docking of the other

alkyl-Terf substrates shown in Fig. 5 indicated binding

modes and interactions with channel S or 2ac residues

similar to those found in the case of Ethyl-Terf. For all

these substrates, there is a constraint between their

phenylalkyl moiety and the protein residues close to the

heme. The distances between the iron and each of the

substrate alkyl chain carbons were in the range of distances

expected for hydroxylation by the CYP iron-oxo species.

These docking data also explained the very different

regioselectivities observed for alkyl-Terf substrates oxida-

tion by CYP2U1, 2J2, and 3A4 (Fig. 5). Because of the

very wide CYP3A4 active site cavity, the regioselectivity

of its reaction should be mainly dictated by the intrinsic

chemical reactivity of the different functions of Terf ana-

logs, explaining that the main observed oxidation is an

N-dealkylation following N-oxidation. By contrast, the

highly regioselective hydroxylation of alkyl-Terf deriva-

tives on their poorly reactive homobenzylic C–H bonds by

Helix F

BC loop

Lys 292

Helix G

Helix I

Fig. 6 Docking of AA in the CYP2U1 3D model, from [17]. The

carboxylate group of AA interacts with eN of Lys292 (distance

3.0 Å). The BC loop is colored blue, the helix F grey, helix G brown,

and helix I yellow. The heme (orange), AA (magenta), and side-chain

of Lys292 are shown in stick representation, with N atoms in blue and

O atoms in red

A352

Helix I

Helix F
Helix G

BC loop

Helix I

Helix F

Helix G

BC loop

Fig. 7 Docking of AS in the CYP2U1 3D model, from [47]. Poses

illustrating the two most energetically favored situations. In the pose

on the left, the Ala352 backbone C=O group interacts with the

phenol-OH group (C=O���HO distance 2.2 Å). In the pose on the right,

the indole N-atom is at 4.1 Å from the heme-FeIII atom. The BC loop

is colored blue, the helix F grey, helix G green, and helix I yellow.

The heme (orange) and AS (pink) are shown in stick representation,

with N atoms blue and O atoms red
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CYP2J2 was attributed to the very strict positioning of their

terminal alkyl group in the CYP2J2 active site in which a

crown of protein residues just above the heme leaves a little

room for substrate access to CYP2J2 iron [55, 60]. In

CYP2U1, this crown of protein residues above the heme

leaves more room for substrate access [17]. This would

explain the regioselectivity in favor of the hydroxylation of

the more reactive benzylic position of the studied alkyl-

Terf by CYP2U1.

Spectroscopic studies on CYP2U1

Few data were available on the spectroscopic characteristics

of CYP2U1 and its interactions with substrates or ligands.

This included the UV–Vis difference spectra of its FeII–CO

complex (kmax = 450 nm) [8, 9, 17, 20, 47], the UV–Vis

spectrum of native CYP2U1 expressed in E. coli

(kmax = 418 nm) indicating that native CYP2U1 mainly

exists in a low-spin hexacoordinate Fe(III) state, and the

UV–Vis difference spectrum of its complex with AS (‘‘re-

verse type I’’: kmax = 390 nm and kmin = 420 nm) [20].

Recently, a detailed spectroscopic study of human CYP2U1

expressed in E. coli and of its complexes with various sub-

strates and ligands [47] confirmed that native CYP2U1

mainly exists as a low-spin hexacoordinate iron complex

characterized by a Soret peak at 418 nm and a and b bands at
534 and 566 nm, and EPR g values at 2.42, 2.25, and 1.92 (at

35 K), presumably involving a water molecule in trans

position to the axial cysteinate ligand. At 11 K, its EPR

spectrum showed aweak band at g = 8. This indicates that it

also exists as a high-spin pentacoordinate complex, the

equilibrium between the hexa and pentacoordinate com-

plexes being greatly displaced towards the former. Upon

addition of imidazole, these values shifted to 424, 538, and

570 nm, and g values at 2.50, 2.26 and 1.83, as expected for

the replacement of the axial H2O ligand with imidazole [61].

A study by UV–Vis difference spectroscopy of the

interaction of several imidazole and pyridine derivatives,

such as miconazole, with CYP2U1 showed that these

derivatives bind to CYP2U1 iron with Ks values between

1.5 and 520 lM [47]. The previously described substrates,

AS and Deb, led to reverse Type 1 difference spectra, as

previously reported in the case of AS [20]. These spectral

data could be explained at the molecular level by docking

of those substrates and ligands on the aforementioned

CYP2U1 3D model [47].

Conclusion and perspectives

Human CYP2U1 is a very peculiar member of the CYP2

family, because of:

• its presence in almost all living species with a highly

conserved protein sequence (there is so far only one

member of subfamily 2U, CYP2U1, reported in the

literature),

• the particular organization of its gene with 5 exons

instead of 9 for the other human CYP2 genes, if one

excepts CYP2R1,

• its major location in thymus and brain,

• its protein sequence involving a long N-terminal region

containing 8 proline residues and an insert of about 20

amino acids containing 5 arginine residues after the

TMH that are not found in the other human CYPs.

Its two activities with Km values at the lM level, known

so far, are the x- and x-1-hydroxylation of AA and the

oxidation of AS on position 2. However, these activities

correspond to low kcat around 0.02 min-1. CYP2U1 is also

able to hydroxylate xenobiotics, such as Deb and Terf

derivatives, with higher Km (at the mM level) and higher

kcat (around 1 min-1).

A 3D homology model for CYP2U1 deprived of its

transmembrane spanning domain (residues from 57 to 544)

was constructed and used for docking several substrates

and ligands. This allowed one to interpret the regioselec-

tivities of the hydroxylations of AA, AS, Deb, and

alkylTerf derivatives. Such 3D models should be useful to

discover new substrates and selective inhibitors of

CYP2U1.

Concerning the biological functions of CYP2U1, it has

been proposed that, through the formation of 20- and

19-hydroxy-AA from AA, CYP2U1 could play a role in

controlling ion transport and blood pressure in some organs

or tissues [9]. CYP2U1 was also proposed to play a role in

modulating signal transduction and/or gene expression

within immune cells because of its ability to hydroxylate

AA, DHA, and EPA in thymus [9]. Moreover, somatic

mutations in arachidonic acid metabolism pathway genes,

including Cyp2U1, were recently related to enhance oral

cancer post-treatment disease-free survival [62].

Several biological activities have been reported for

endogenous AS such as its inhibitory properties towards

fatty acid amide hydrolase that hydrolyzes anandamide

agonists of cannabinoid receptors [63]. Thus, it was pro-

posed that another function of CYP2U1 could be to down-

regulate the biological activities of AS [20]. Because of its

ability to hydroxylate xenobiotics, such as Deb or alkylTerf

derivatives and its location in brain, CYP2U1 could also be

involved in the metabolism of drugs and other xenobiotics

in brain [17].

As above mentioned, CYP2U1 mutations are involved

in complicated forms of hereditary spastic paraplegia that

are characterized by a variable combination of neurologic

and extra-neurologic symptoms [41–45, 64]. Such HSPs
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related to CYP2U1 mutations have been associated with

thin corpus callosum, white matter abnormalities and/or

calcification of the basal ganglia, axonal peripheral neu-

ropathy [41], hydromyelia [43], or pigmentary

degenerative maculopathy [44]. Alteration of mitochon-

drial architecture and bioenergetics with increased

oxidative stress were associated with the HSP pathophys-

iology; this would suggest a role of CYP2U1 in lipid

metabolism [41].

Anyway, we are presently far to understand all the

biological functions of CYP2U1 in humans or in other

species. Moreover, the functional consequences of the

CYP2U1 protein sequence singularities mentioned above

(long N-terminal region with 8 proline residues and pres-

ence of a 20 amino-acid insert after the transmembrane

helix) remain to be determined. An X-ray structure and/or a

3D model of membrane-bound full-length CYP2U1 would

be quite helpful to determine the roles of the insert that is

only found in CYP2U1.
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