
 

1990 Journal of Lipid Research

 

Volume 40, 1999

 

Requirement for 

 

v

 

 and (

 

v

 

–1)-hydroxylations of fatty acids 
by human cytochromes P450 2E1 and 4A11

 

F. Adas,* J. P. Salaün,

 

†

 

 F. Berthou,* D. Picart,* B. Simon,* and Y. Amet

 

1,

 

*

 

Laboratoire de Biochimie, EA 948,* Institut de Synergie des Sciences et de la Santé, Faculté de Médecine, 
B.P. 815, F-29285, Brest Cedex, France, and Institut de Biologie Moléculaire des Plantes,

 

†

 

 CNRS, 
Département d’Enzymologie Cellulaire et Moléculaire, F-67083, Strasbourg Cedex, France

 

Abstract Human liver microsomes and recombinant human
P450 have been used as enzyme source in order to better
understand the requirement for the optimal rate of 

 

v

 

 and
(

 

v

 

–1)-hydroxylations of fatty acids by cytochromes P450
2E1 and 4A. Three parameters were studied: alkyl chain
length, presence and configuration of double bond(s) in the
alkyl chain, and involvement of carboxylic function in the
fatty acid binding inside the access channel of P450 active
site. The total rate of metabolite formation decreased when
increasing the alkyl chain length of saturated fatty acids
(from C12 to C16), while no hydroxylated metabolite was
detected when liver microsomes were incubated with stearic
acid. However, unsaturated fatty acids, such as oleic, elaidic
and linoleic acids, were 

 

v

 

 and (

 

v

 

–1)-hydroxylated with an

 

efficiency at least similar to palmitic acid. The (

 

v

 

–1)/

 

v

 

 ratio
decreased from 2.8 to 1 with lauric, myristic and palmitic
acids as substrates, while the reverse was observed for un-
saturated C18 fatty acids which are mainly 

 

v

 

-hydroxylated,
except for elaidic acid showing a metabolic profile quite
similar to those of saturated fatty acids. The double bond
configuration did not significantly modify the ability of hy-
droxylation of fatty acid, while the negatively charged car-
boxylic group allowed a configuration energetically favour-
able for 

 

v

 

 and (

 

v

 

–1)-hydroxylation inside the access
channel of active site.

 

—Adas, F., J.P. Salaün, F. Berthou, D.
Picart, B. Simon, and Y. Amet.
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The ubiquitous cytochrome P450 (P450) enzymes com-
prise a superfamily of monooxygenases present in both
eukaryote and procaryote organisms (1). Cytochromes
P450 from mammals are involved in the oxidation of a
large number of exogenous and endogenous compounds
including fatty acids (2). The physiological role of cyto-
chromes P450 catalyzing the hydroxylation of fatty acids
remains to be clarified. The CYP4A family appears to be
mainly involved in oxidation of fatty acids and derivatives.
The physiological role of certain bioactive metabolites

generated from eicosanoids by this P450 family is now
increasingly documented, and several data show their in-
volvement in various cell functions. In addition, a signifi-
cant regulatory role of CYP4A induction in the overall bal-
ance of fatty acid degradation by 

 

b

 

-oxidation system is
becoming increasingly evident (3). The peroxisomal 

 

b

 

-
oxidation system is particularly well suited for 

 

b

 

-oxidation
of fatty acids which are poor substrates for mitochondrial

 

b

 

-oxidation system (i.e., long-chain fatty acids). Unbal-
ance for fatty acid degradation between a very efficient
peroxisomal 

 

b

 

-oxidation and the mitochondrial system
should result in a rapid accumulation of toxic short- and
medium-chain free fatty acids (i.e., lauric acid) generated
by peroxisomes. Consequently, induction of members of
CYP2E and CYP4A families should be associated with a
detoxification process needed to reduce accumulation by
cells of free fatty acids with the goal to maintain the mem-
brane integrity. Study of the substrate specificity and the
structure of metabolites generated by the major catalysts
of fatty acid oxidation that belong to the CYP2E and
CYP4A families are essential to demonstrate the individual
role of P450s in the catabolic process. Several P450 isozymes
are effective catalysts of hydroxylation of medium- and
long-chain saturated and unsaturated fatty acids, although
they show very different substrate selectivity and regiospeci-
ficity of the oxygene attack. The ethanol-inducible CYP2E1
isoform catalyzes not only the bioactivation of a large
number of lipophilic compounds with low molecular
weight, including aromatic and halogenated hydrocar-
bons, alcohols, ketones and nitrosamines (4–6), but also
the hydroxylation of fatty acids. Recently, it was demon-
strated that CYP2E1 from rat (7, 8), rabbit (9) and human
(8, 10) livers was involved in the microsomal (

 

v

 

–1)-hydroxy-

 

Abbreviations: P450, cytochrome P450 (E.C. 1.14.14.1) or CYP; RP-
HPLC, reverse phase-high performance liquid chromatography; APCI, at-
mospheric pressure chemical ionization; LC–MS, liquid chromatography–
mass spectrometry; MNNG, 1-methyl-3-nitro-1-nitrosoganidine; PPAR,
peroxisome proliferator-activated receptor.
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lation of lauric acid and of several other fatty acids. In ad-
dition, the hydroxylation of two isomeric C18 unsaturated
fatty acids, i.e., oleic (11) and elaidic (12) acids, was re-
ported to be also catalyzed by the microsomal CYP2E1 from
rat and human livers.

The mammalian CYP4A family encodes several cyto-
chrome P450 isozymes which are involved in the oxida-
tion of the terminal carbon, and to a lesser extent, of the
(

 

v

 

–1)-carbon of both saturated and unsaturated fatty
acids (13). Interestingly, several members of the CYP4A
subfamily also show the capability to catalyze mainly the 

 

v

 

-
hydroxylation of potent chemotactic agents, such as pros-
taglandins and leukotrienes (14–16). CYP4A is induced in
rat liver by hypolipidemic agents, such as clofibrate, and
other peroxisomal proliferators (17). It has been recently
demonstrated that CYP4A11 was the major lauric acid 

 

v

 

-
hydroxylase in human liver (18), while the ethanol-inducible
CYP2E1 was the major catalyst of (

 

v

 

-1)-hydroxylauric acid
in rat and human liver microsomes (7, 8, 10).

The role and significance of P450-dependent fatty acid
hydroxylases are not well established. In rat and human,
the induction of fatty acid hydroxylases by clofibrate and
chemically related compounds involves transcriptional
gene activation mediated by nuclear peroxisome prolifer-
ator-activated receptors (PPARs) (19, 20). It is noteworthy
that in mammalian systems, clofibrate selectively induces
fatty acid 

 

v

 

-hydroxylases from the CYP4A family (17),
while ethanol enhances (

 

v

 

–1)-hydroxylation of lauric and
oleic (11) acids, mainly involving CYP2E1. The mecha-
nism by which these P450 isoforms select the subterminal
or the terminal carbon position for fatty acid hydroxyla-
tions remains unknown. It probably originates from sub-
strate binding interactions with the active site of the en-
zyme. The CYP4A subfamilies are more selective for the
terminal primary C–H bonds of the fatty acid, in prefer-
ence to the more easily hydroxylated secondary C–H
bonds at internal position such as (

 

v

 

–1). Although P450-
dependent fatty acid 

 

v

 

-hydroxylation in mammals was
once thought to act as a catabolic pathway for eicosanoids,
there are several lines of evidence that oxidized metabo-
lites such as epoxy- and hydroxy-arachidonic acids are bio-
logically active compounds (21–23).

In order to better understand the requirement for the
optimal rate of 

 

v

 

 and (

 

v

 

–1)-hydroxylation of fatty acids
by P450, three parameters were studied: 

 

i

 

) the alkyl chain
length, 

 

ii

 

) the presence and configuration of double bond
in the alkyl chain, and 

 

iii

 

) the role of the carboxylic func-
tion. Human liver microsomes and recombinant human
P450 cells were used as enzyme source.

MATERIALS AND METHODS

 

Chemicals

 

Lauric, myristic, palmitic, stearic, oleic, elaidic and linoleic
acids were purchased from Fluka (Buchs, Switzerland), while ra-

 

diolabeled [1-

 

14

 

C]lauric (58 mCi/mmol), [1-

 

14

 

C]myristic (50
mCi/mmol), [1-

 

14

 

C]palmitic (55 mCi/mmol), [1-

 

14

 

C]stearic (57
mCi/mmol), [1-

 

14

 

C]oleic (55 mCi/mmol), and [1-

 

14

 

C]linoleic
acids (55 mCi/mmol) were from Amersham (Amersham, UK).

NADPH and 1-methyl-3-nitro-1-nitrosoguanidine (MNNG) were
purchased from Fluka-Sigma (St. Quentin Fallavier). Modified
cell microsomes containing human P450s were obtained from
Gentest (Woburn, MA), while cytochrome b5 was from Oxford
Biomedical Research (Oxford, MI). All chemicals and solvents
were of the highest purity obtainable and were from Merck
(Darmstadt, Germany) or Fluka-Sigma.

 

Preparation of human liver microsomes

 

Human liver samples were obtained from subjects who died
after traffic accidents. In accordance with French law, local ethical
committee (CHU, Brest, France) approval was obtained prior to
this study. Human liver samples were frozen immediately after re-
moval and the microsomal fraction was prepared according to a
previously described method (24), and stored at 

 

2

 

80

 

8

 

C until use.
Microsomal protein content was determined using the Bio-Rad
protein assay (Bio-Rad, Munich, Germany) based on the Brad-
ford dye-binding procedure (25), using bovine serum albumin as
standard. Human microsomal contents, in terms of specific P450
and various monooxygenase enzymatic activities, have been re-
ported previously (26).

 

Assay of monooxygenase enzymatic activities

 

The hydroxylations at 

 

v

 

 and (

 

v

 

–1)-positions of a series of fatty
acids were measured by adding microsomal protein (0.3 mg) to a
reaction mixture containing substrate (0.1 m

 

m

 

; specific activity
2.5 mCi/mmol), 0.12 

 

m

 

 potassium phosphate buffer, pH 7.4, and
5 m

 

m

 

 MgCl

 

2

 

. The enzymatic reaction was initiated by the addi-
tion of 1 m

 

m

 

 NADPH and stopped after 10–30 min by 0.8 mL of
a 10% H

 

2

 

SO

 

4

 

 aqueous solution. The metabolites and residual
substrate were extracted twice with 5 mL of diethylether. The or-
ganic phase was dried under a stream of nitrogen, the residue
was then dissolved in 100 

 

m

 

L acetonitrile, and 20 

 

m

 

L were in-
jected for RP-HPLC analysis. Enzyme kinetic parameters were de-
termined by adding a series of fatty acids to the reaction mixture
in the range 12.5–200 

 

m

 

m.

 

Conditions of RP-HPLC analysis

 

The 

 

v

 

 and (

 

v

 

–1)-hydroxylated metabolites and residual sub-
strates (lauric, myristic, palmitic, oleic, and linoleic acids) were
separated by RP-HPLC using a 5-

 

m

 

m Ultrasphere C18 column
150 

 

3

 

 4.6 mm (Beckman, Gagny, France). The mobile phase
(containing 0.2% acetic acid in a mixture of water–acetonitrile)
program began isocratically for 30 min at a flow rate of 2 mL/
min with mixtures of water–acetonitrile 75:25, 65:35, 60:40,
55:45, 60:40 (v/v) for C12, C14, C16, C18, C18:1, and C18:2, re-
spectively. The isocratic phase was followed by a 5-min linear gra-
dient of 95% acetonitrile in water for 15 min, in order to elute
the residual substrate. Radioactivity of RP-HPLC effluents was
monitored with a computerized on-line scintillation counter
(Flo-One Beta radiometric detector, Packard, Meriden, CT). The
rate of radiolabeled metabolites generated was calculated from
peak surfaces and expressed as nmol/min per mg of protein.

 

HPLC/mass spectrometry

 

Hydroxylated metabolites were analyzed by HPLC/APCI–mass
spectrometry on a Navigator LC/MS mass spectrometer (Thermo
Quest, Manchester, UK), equipped with an ionization source at
atmospheric pressure running on negative ion mode (11, 12).
The RP-HPLC chromatographic conditions were the same as de-
scribed above.

 

Incubation of human recombinant P450s

 

Human P450 isoforms CYP2E1 and CYP4A11 (Gentest) were
obtained from human B-lymphoblastoid cell lines transfected
separately with human P450 cDNAs. Cytochrome P450 2E1 (Gen-
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test M106k) and 4A11 (Gentest M121a) preparations did not
contain cytochrome b5. It was added to the incubation mixture
in the molar ratio of 1:2 for P450/b5. The incubation method
was the same as described above for human liver microsomes, ex-
cept for the incubation time which was increased to 60 min.

 

Methylation of the carboxylic group of palmitic acid

 

In a first step, diazomethane was prepared in a diethylether
phase, following the procedure described by Sigma from 1-
methyl-3-nitro-1-nitrosoguanidine (MNNG). Esterification was
performed by adding [

 

14

 

C]palmitic acid (0.1 m

 

m

 

, specific activity
2.5 mCi/mmol) to 3 mL of ether containing diazomethane at
room temperature for 2–3 h. The control of the complete esteri-
fication of the palmitate was checked by HPLC with radiometric
detection. Methylated palmitic acid (0.1 m

 

m

 

) was then incubated

 

with either human microsomes (FH3 ) at 37

 

8

 

C for 15 min, or
human recombinant P450s (CYP2E1 and CYP4A11) at 37

 

8

 

C for
60 min. As methylpalmitate was not efficiently soluble in buffer,
acetonitrile (1% final concentration) was added in the incuba-
tion mixture. Such a concentration of acetonitrile accompanied
with a strong mixing allowed a total solubilization of the sub-
strate in the buffer, and furthermore did not inhibit the catalytic
activity of cytochromes P450.

 

RESULTS

 

Characterization of fatty acid metabolites

 

The RP-HPLC profiles of fatty acids incubated with
human liver microsomes showed the presence of two major
metabolites with retention times corresponding to (

 

v

 

–1)
and 

 

v

 

-hydroxylated metabolites. Furthermore, negative ion
APCI–mass spectrometry analysis of these metabolites
confirmed their elemental composition. They were char-
acterized by selected ion monitoring as deprotonated

 

molecule [M–H]

 

1

 

, with ions at 

 

m

 

/

 

z

 

 215, 243, 271, 297,
and 295 for the hydroxylated metabolites generated from
lauric, myristic, palmitic, oleic or elaidic, and linoleic ac-
ids, respectively. These results were consistent with the ex-
pected mass fragmentation pattern of subterminal and
terminal hydroxylated fatty acids. Mass spectra analysis of
metabolites also showed that epoxide derivatives from
oleic and elaidic acids were not generated to a detectable
level by microsomes. Metabolites from linoleic acid were
resolved by HPLC/APCI–MS analysis as a complex mix-
ture containing epoxides, diols, and hydroxylated deriva-
tives. Only the 17-hydroxy and 18-hydroxy-octadeca-
dienoic derivatives characterized by their retention times
and GC–MS (11) were studied in this report.

 

Incubation of saturated and unsaturated fatty acids
with hepatic human microsomes

 

Human liver microsomal preparations hydroxylated fatty

 

acids at the 

 

v

 

 and (

 

v

 

–1) positions (

 

Fig. 1

 

). The rate of total
metabolites formation decreased when increasing the alkyl
chain length from C12 to C16. The formation of both 

 

v

 

and (

 

v

 

–1)-hydroxylated metabolites decreases from 2.7 

 

6

 

0.54 to 0.22 

 

6

 

 0.04 and from 1.4 

 

6

 

 0.27 nmol/min per mg
to 0.24 

 

6

 

 0.07 nmol/min per mg, respectively, when in-
creasing the chain length from lauric to palmitic acid. In-
terestingly, no hydroxylated metabolite was detected when
human liver microsomes were incubated with stearic acid.
However, unsaturated analogs such as oleic (Z C18:1),
elaidic (E C18:1), and linoleic (C18:2) acids were 

 

v

 

 and
(

 

v

 

–1)-hydroxylated with an efficiency at least similar to
palmitic acid. The (

 

v

 

–1)-hydroxylation values were 0.20 

 

6

 

0.06, 0.60 

 

6

 

 0.35, and 0.16 

 

6

 

 0.09 nmol/min per mg, for
oleic, elaidic, and linoleic acids, respectively, while the

Fig. 1. Metabolism of various fatty acids (0.1 mm; specific activity 2.5 mCi/mmol) by human liver mi-
crosomes (0.3 mg; n 5 5). Hydroxylated metabolites were analyzed by RP-HPLC coupled with radiometric
detection, as described under Materials and Methods section; ND, not detectable.
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v

 

-hydroxylation activities were 0.70 

 

6

 

 0.12, 0.50 

 

6

 

 0.28,
and 0.33 

 

6

 

 0.03 nmol/min per mg, respectively.

 

Kinetic parameters

 

Enzyme properties were determined following classic
Michaelis-Menten kinetics and are reported in 

 

Table 1

 

. Ki-
netic parameters of fatty acid 

 

v

 

 and (

 

v–1)-hydroxylations
in human liver microsomes indicated the involvement of a
single enzyme in the range of substrate concentrations
used. Accordingly, the low affinity Km of lauric v-hydroxy-
lation higher than 500 mm (8) was not detected in this
range of substrate concentrations. High apparent veloci-
ties for (v–1)-hydroxylated fatty acids were observed for
lauric, myristic, oleic, palmitic and linoleic acids. Based on
apparent Vmax, values of microsomal (v–1)-oxidation were
in decreasing order lauric . myristic . oleic . elaidic .
palmitic . linoleic acids. Similarly, high apparent veloci-
ties for v-hydroxylated fatty acids were observed for oleic,
lauric, myristic, linoleic, and palmitic acids. Based on ap-
parent Vmax (v) values, catalytic efficiency of human liver
microsomes was highest for lauric . oleic . linoleic .
myristic . palmitic acids. The apparent Km values were in
a same order of magnitude for all the fatty acids, but were
6 times higher for myristate when compared to laurate.

The intrinsic clearance Vmax/Km (mL/min?mg protein)
allowing us to predict first-pass elimination in the liver
showed a high v-hydroxylation of lauric acid. Further-
more, the change of configuration of the double bond
from cis (Z) (oleic acid) to trans (E) (elaidic acid) in-
creased the intrinsic clearance of monounsaturated C18
fatty acid 5-fold. The Vmax (v–1)/v ratio decreased from
3.4 to 1 with lauric (C12), myristic (C14), and palmitic
(C16) acids as substrates. Interestingly, the reverse was ob-
served for unsaturated C18 fatty acids which are mainly v-
hydroxylated, except for elaidic acid which shows a metab-
olite profile more similar to those of saturated fatty acids.

Fatty acid oxidation by genetically engineered
human P450 2E1 and 4A11

Saturated (from C12 to C18), and unsaturated (C18:1
and C18:2) fatty acids were incubated in the presence of
genetically engineered human P450 2E1 and 4A11 at 378C
for 60 min.

Figure 2A shows that the CYP2E1 enzyme was able of hy-
droxylating saturated and unsaturated fatty acids at the

subterminal (v–1) position, while CYP4A11 (Fig. 2B)
shows mainly hydroxylated fatty acids at the terminal v
position, and to a lesser extent at the (v–1) position. The
turnover numbers of heterologously expressed CYP2E1
for (v–1)-hydroxylation decreased from 3.6 to 0.13 min21

when the alkyl chain length increased from lauric to stearic
acids. The turnover of oleic and linoleic acids was 0.5
min21. These values increased when cytochrome b5 was
added in the incubation medium.

Concerning the v-hydroxylation of fatty acids, the turn-
over numbers of heterologously expressed CYP4A11 de-
creased from 7.2 to 0.85 min21 when the alkyl chain
length increased from lauric to palmitic acids. Although
stearic acid was not a substrate of CYP4A11, the turover
values for unsaturated C18 fatty acids (1.6 and 1.2 min21

for oleic and linoleic acids, respectively) were higher than
for palmitic acid. These values increased by 1.65 6 0.17-
fold when cytochrome b5 was added in the incubation
medium. The CYP4A11 enzyme slightly metabolized lau-
ric and myristic acids at the (v–1) positions, with turnover
values of 0.56 and 0.6 min21, respectively.

Metabolism of methylester palmitate
Methylated palmitic acid was incubated with human liver

microsomes (FH3) or genetically engineered human P450s
(2E1 and 4A11) in order to study the role of the free carbox-
ylic group in the substrate access channel of the cytochrome
P450 active site. As shown in Fig. 3B, no hydroxylated me-
tabolite was detected when incubating methylated pal-
mitic acid with human liver microsomes. Figure 3B shows
only two peaks, corresponding to palmitic acid (peak 3)
resulting from hydrolysis of ester group by esterases largely
present in microsomal preparations, and the residual me-
thylated palmitic acid (peak 4).

In the same way, the incubation of methylester palmi-
tate with genetically engineered cells P450 2E1 and 4A11
did not allow the production of hydroxylated metabolites
(data not shown).

DISCUSSION

The interplay of multiple enzymes involved in the oxi-
dative metabolism of fatty acids makes difficult the under-
standing of the physiological role and effects of individual

TABLE 1. Kinetic parameters of fatty acid metabolism by human liver microsomes

(v-1)-Hydroxylated Metabolite v-Hydroxlyated Metabolite (v–1)v Ratio

Fatty Acid Vmax Km Vmax/Km Vmax Km Vmax/Km Vmax

nmol/min?mg mM mL/min?mg nmol/min?mg mM mL/min?mg

C12:0 (n 5 5) 7.2 6 4.1 84 6 45 90 6 30 2.1 6 1.2 13 6 6.6 230 6 210 3.4 6 0.2
C14:0 (n 5 2) 1.17 6 0.5 52.5 6 17.7 20 6 3 0.6 6 0.3 82.5 6 14.8 7 6 3 2.8 6 0.3
C16:0 (n 5 2) 0.52 6 0.3 102 6 13.4 5 6 1 0.51 6 0.24 47 6 9.9 8 6 2 1 6 0.2
C18:0 (n 5 2) ND ND — ND ND — —
C18:1 Z (n 5 3) 0.93 6 0.05 81 6 39 10 6 2 2.6 6 1.7 46.6 6 28 50 6 6 0.35 6 0.08
C18:1 E (n 5 1) 1.4 28.5 49.1 0.48 53.5 9.0 2.9
C18:2 (n 5 1) 0.2 48.5 4.1 0.55 52.6 10.5 0.36

The v and (v–1)-hydroxylase activities were measured using purified radiolabeled substrates, as described in Materials and Methods section.
The ratio Vmax/Km expressed as mL/min?mg represent the intrinsic clearance; ND, not detectable.
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metabolites generated during the oxidative cascade of sat-
urated and unsaturated fatty acids. The liver is mainly
involved in detoxification processes because it contains
several inductible P450 isoforms which are able to oxidize
a large number of very lipophilic endogenous and exoge-
nous compounds. The catalytic capability and the substrate
specificity of individual P450 capable of oxidizing fatty acids
might provide information as to their role in the catabolism
of fatty acids, and in the synthesis of bioactive oxidized mol-
ecules. In this study, two P450 isoforms have been investi-
gated in the hydroxylations of fatty acids, namely CYP2E1
and CYP4A that are shown to be highly regioselective for
catalyzing (v–1) and v-hydroxylations, respectively.

Two different criteria determine the preferred site of
hydroxylation of fatty acids. One is thermodynamic, i.e.,

the ease of hydrogen atom abstraction by the ferryl oxy-
gen complex of P450 that reflects the strength of the C–H
bond. The other criterion is steric, i.e., the proximity of
the H atom to the ferryl oxygen. The thermodynamic con-
siderations favor oxidation of in-chain carbons over oxi-
dation at the terminam methyl. Both experimental (this
study) and computational studies (27) have clearly dem-
onstrated the regioselectivity of lauric acid hydroxylation
by CY4A11. The terminal methyl is strictly positioned
close to the active ferryl-oxo species by steric hindrance of
the active site of CY4A11, especially three amino-acid resi-
dues (27). In opposite, the regioselectivity of hydroxyla-
tion by CYP2E1 is governed by the thermodynamic crite-
rion, i.e., the easiest abstraction of H atom from CH2 group
of (v–1) position than from terminal methyl. Accord-

Fig. 2. Incubation of various fatty acids (0.1 mm; specific activity 2.5 mCi/mmol) with human recombinant
cytochromes P450 2E1 (A) and 4A11 (B) at 378C for 60 min, in presence or absence of cytochrome b5 (mo-
lar ratio of 1:2 for P450:b5); ND, not detectable.
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ingly, the regioselectivity of hydroxylation depends upon
the length of the alkyl chain and the position of the double
bond in-chain.

CYP2E1 enzyme hydroxylated saturated fatty acids spe-
cifically at the (v–1) position. Among the saturated fatty
acids studied, high turnover numbers up to 6 min21 were
measured with lauric and myristic acids, and much lower
turnover numbers with the other fatty acids. This result
suggests that lauric acid was the most appropriate fatty
acid as substrate for CYP2E1. This result was in agreement
with previous studies performed using rat and human
liver (28). Interestingly, lauric acid is also the best sub-
strate for plant fatty acid v-hydroxylase (CYP94A1) heter-
ologously expressed in yeast (29). As it was previously re-
ported (30–32), the addition of cytochrome b5 increased
the catalytic efficiency of the CYP2E1 enzyme by 1.8-fold,
as cytochrome b5 had a strong stimulatory effect on
CYP2E1-mediated two-electron oxidations. CYP2E1 binds
and oxidizes a wide variety of small molecules such as
ethanol, alcohols, halogenated alcanes and alkenes, N-
nitrosodimethylamine, acetaminophen, p-nitrophenol, and
chlorzoxazone. Lauric acid, by its alkyl tail, allows an opti-
mal binding of substrate in the active site of CYP2E1. In-
deed, lauric acid is metabolized with a high turnover num-
ber of 6 min21, i.e., in the same order of magnitude as
those of two selective substrates, chlorzoxazone and p-
nitrophenol (turnover of 20 min21) (33, 34).

Compared to many other P450 enzymes, those of the 4A
family catalyzed the hydroxylation of a relatively homoge-
neous group of substrates, i.e., fatty acids, with a regioselec-
tivity for the v-hydroxylation. Enzyme activity decreases
when fatty acid chain length increases with a maximum
of activity observed with a dodecyl chain. The ratio of v-

hydroxylase to (v–1)-hydroxylase activity was shown to be
dependent on the alkyl chain length and the configuration
of double bond. These results are in agreement with those
reported by Hardwick et al. (35, 36) concerning rat
CYP4A1. In the same way, Aoyama et al. (16) compared the
catalytic activities of vaccinia virus-expressed CYP4A1 and
CYP4A3 towards lauric and palmitic acids. In the present
study, the use of human recombinant P450 4A11 catalyzed
the formation of v and (v–1)-hydroxylated metabolites in
the ratio v/v–1 of approximately 12 and 3.8 for lauric and
myristic acids, respectively, suggesting a high selectivity of
CYP4A11 with lauric acid as substrate. Such a selectivity has
been reported previously (16, 35–37). Most studies of fatty
acid oxidation were performed using cis isomers, because
they are the major natural products. Recently, the metabo-
lism of an unsaturated fatty acid with cis/trans (Z/E) config-
uration has been investigated (12) in order to characterize
the geometry of the substrate access channel of the active
site of P450 2E1. The microsomal hydroxylation of elaidic
acid (E C18:1 D9) was compared to that of oleic acid (Z
C18:1 D9) in human liver microsomes. The relative ratios
of the two hydroxylated metabolites v/v–1 were different
(1.32 6 1 and 5.2 6 2.6 for elaidic and oleic acids, respec-
tively). On the other hand, they were quite similar in liver
microsomes of control rats (1.14 6 0.1 and 1.2 6 0.01 for
elaidic and oleic acids, respectively). It appears that the ge-
ometry of the double bond (cis/trans) did not modify the
ability of the fatty acid to bind to the substrate access chan-
nel of cytochrome P450 active site. If the trans isomer was
(v–1)-hydroxylated at the same rate as the cis substrate, the
Vm/Km ratio reflecting the intrinsic clearance, was 5-fold
higher for elaidic than for oleic acid. This result has been
also reported in plants (29, 38). The double bond configu-

Fig. 3. HPLC analysis of metabolites formed from [14C]palmitic acid (A) or methylated palmitic acid (B), both (0.1 mm; 2.5 mCi/mmol)
incubated with human liver microsomes (0.3 mg; FH3 sample). Peaks 1 and 2 were identified as (v–1) and v-hydroxylated palmitic acid;
peaks 3 and 4 corresponded to palmitic acid and methylated palmitic acid, respectively.
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ration did not modify the regiospecificity of oxidation of
unsaturated fatty acids by plant and human cytochrome
P450s. Fatty acids of variable chain length are hydroxylated
with remarkable selectivity by human P450 2E1 and 4A11,
as these substrates presented significant conformational
flexibility and a single polar functional group at the oppo-
site end of the molecule from the hydroxylation site. Fur-
thermore, the regioselectivity of the CYP4A11 enzyme for
v-hydroxylation of lauric acid is particularly remarkable as
the C–H bonds of the terminal methyl group are much less
reactive than those of the adjacent v-1 methylene group as
previously reported for CYP4A1 (39). These two chemical
characteristics of fatty acids, namely an optimal alkyl chain
length and a terminal carboxylic group, are required for
their regiospecific hydroxylations by P450 2E1 and 4A11.

The negatively charged carboxylic group allows the
fatty acid to be anchored in the substrate access channel
of both P450s, with this polar group recognition site at the
outside border of the access channel, exposing it to aque-
ous environment (39). By methylation of the ester group,
this apolar group is exposed to an environment that is ener-
getically unfavorable, as previously confirmed with CYP4A1/
NADPH P450 reductase fusion protein (39). Data reported
in this study are in full agreement with the conceptual
model of P450 consisting of a substrate access channel
and a substrate binding pocket (28). The marked differ-
ence in regiospecificity of catalytic hydroxylations of fatty
acids by CYP2E1 and CYP4A11 should probably be as-
cribed to the property of the substrate binding pocket. It
can be speculated that the positioning of the substrate in
the active site near the ferrylaxo complex should proceed
in at least two ways, either by the methyl terminal for
CYP4A11 or by the methylene group for CYP2E1. Both
CYP2E1 and CYP4A11 catalyze v- and (v–1)-hydroxylations,
but with a very contrasted selectivity of carbon mainly oxi-
dized. Our results suggest that these two possibilities of
positioning the substrate exist for all the fatty acids tested
with CYP4A11. In contrast, the alkyl chain length seems to
have an effect on the regioselectivity in CYP2E1 reaction. In-
deed, lauric acid is only (v–1)-hydroxylated, although both
v- and (v–1)-hydroxylated metabolites are generated from
oleic and linoleic acids by CYP2E1.

Manuscript received 9 April 1999 and in revised form 9 July 1999.
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