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Abstract

A gas chromatography-mass spectrometry assay method for the analysis of lauric, myristic, and palmitic acids and their w and
w_1 hydroxylated metabolites from in vitro incubations of cytochrome P450 CYP4Al, involving solid-phase extraction and
trimethysilyl derivatization, was developed. The assay was linear, precise, and accurate over the range 0.5 to 50 uM for all the
analytes. It has the advantages of a more rapid analysis time, an improved sensitivity, and a wider range of analytes compared with
other methods. An artificial membrane system was optimized for application to purified CYP4A1 enzyme by investigating the molar
ratios of cytochrome bs and cytochrome P450 reductase present in the incubation mixture. Using this method, the kinetics of @ and
w_ oxidation of lauric, myristic, and palmitic acids by CYP4A enzymes were measured and compared in rat liver microsomes and

an artificial membrane system.
© 2003 Elsevier Inc. All rights reserved.
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Cytochromes P450 (CYP)' are a large group of re-
lated hemthiolate monooxygenase proteins important in
both endogenous and xenobiotic metabolism. Under-
standing the structure-activity relationships of P450s is
important for applications such as de novo drug design
and identification of possible routes of drug or endog-
enous metabolism, including any potentially adverse
drug interactions.

Cytochrome P450 family 4 is part of an ancient and
highly conserved P450 clan [1] with representatives from
Caenorhabidits elegans to humans. The prototypical
member of this family is CYP4Al, found in rats [2].
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The primary substrate for CYP4Al is the 12-carbon
fatty acid lauric acid. This enzyme is unusual in that it
hydroxylates with high specificity at the energetically
unfavorable terminal w carbon (although some metab-
olism at the w_; position can be seen). The restricted
metabolism and substrate preference of CYP4A1 makes
it suitable as a simple model for studying relationships
between P450 structure and metabolism, which are rel-
atively poorly characterized for the CYP4 family.
However, to be able to study structure—activity rela-
tionships, a method to identify and quantitate the sub-
strates and their metabolites is required. In our studies
we needed to measure simultaneously and rapidly (less
than 10 min), lauric (12-carbon fatty acid), myristic (14-
carbon fatty acid), and palmitic (16-carbon fatty acid)
acids and their w and w_; hydroxylated metabolites in a
single assay compatible with in vitro metabolism studies
carried out using a small-scale (12.5pmol CYP4A)
microsomal or artificial membrane system. The assay
method was required to monitor potentially very low
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levels of enzyme activity resulting from CYP4Al en-
zymes in which specific residues close to the active site
were changed. None of the existing published methods
were able to provide the sensitivity or speed of analysis
nor the ability to simultaneously measure the required
range of analytes.

HPLC has commonly been used for the separation
and quantitation of fatty acids and metabolites [3]. Fatty
acids have no inherent chromophore or fluorophore [4]
and hence can be detected directly only in high con-
centration using refractive index [5] or light-scattering
detectors [6]. Derivatization of the carboxylic acid or
hydroxyl group is generally used to improve sensitivity
[7] in HPLC analysis. However, these methods generally
have very low throughput because analysis times are in
the region of 1h per sample, due to problems separating
the w and w — 1 hydroxylated metabolites [8]. A liquid
chromatography—mass spectrometry method was de-
veloped by Adas et al. [9] to study the w and w_; hy-
droxylated metabolites of elaidic and oleic acids, but this
required different methods for each chain length and
required further gas chromatography-mass spectrome-
try (GC-MS) analysis to confirm the structures of
metabolites.

GC-MS approaches to fatty acid analysis, though
requiring fairly complex sample extraction and deriva-
tization procedures, have proved suitable for in vitro
studies of lauric acid metabolism [10]. To date, no val-
idated GC-MS methods suitable for high-throughput
monitoring of lauric, myristic, and palmitic acid oxida-
tion in in vitro enzyme incubations have been reported.
Therefore, we report a fully validated method for the
analysis of lauric, myristic, and palmitic acids and their
o and w_; hydroxylated metabolites using solid-phase
extraction (SPE), trimethylsilylation, and GC-MS
analysis. The method is applicable to small-volume mi-
crosomal incubations (0.25ml) and small quantities
(12.5 pmol) of purified recombinant P450 enzymes in an
artificial membrane in vitro system.

Materials and methods
Chemicals

Sodium cholate, glycerol, and sodium chloride were
obtained from Fisher Scientific (UK). Dilauroylphos-
phatidyl choline, catalase, D-glucose-6-phosphate (G6P),
glucose-6-phosphate dehydrogenase type VII from bak-
ers yeast (G6PDH), B-nicotinamide adenine dinucleotide
phosphate (NADP), lauric acid, 10-hydroxy decanoic
acid, anhydrous acetonitrile, bis(trimethyl)trifluoroace-
tamide (BSTFA) with 1% trimethylsilane (TMS), 16-
hydroxy palmitic acid, myristic acid, palmitic acid, and
12-hydroxy lauric acid were from Sigma—Aldrich (UK).
Potassium dihydrogen phosphate was obtained from

May and Baker (UK). All chemicals were HPLC grade or
better. Deionized water purified by reversed osmosis was
used where required.

The CYP4Al, cytochrome bs, and cytochrome P450
reductase (stored at —80 °C) were prepared and purified
in our laboratory, and the expression of CYP4A1 will be
described elsewhere. Briefly, recombinant CYP4A1 with
a C-terminal histidine tag was expressed in Escherichia
coli JM109, harvested by centrifugation, and bacterial
lysed by sonication in 10 mM Tris-HCI, pH 7.4, 0.1 mM
EDTA, 1mM phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin, and 10% glycerol The 100,000g pellet was re-
suspended in 0.1 M potassium phosphate buffer, 20%
glycerol, pH 7.4, followed by solubilization with 0.75%
(w/v) Emulgen 913 and 0.6% (w/v) sodium cholate. The
solubilized P450 was desalted into the same buffer using a
PD-10 column (Pharmacia) and then subjected to nickel-
affinity chromatography in 20% glycerol, 0.1% Emulgen
913, 300 mM NaCl, 50 mM sodium phosphate, pH 8.0,
containing 10 mM (bind buffer), 20 mM (wash buffer), or
250 mM (elution buffer) imidazole. The P450 was de-
salted into 20% glycerol, 20 mM potassium phosphate,
pH 7.4 for storage at —80°C. Likewise, recombinant
human cytochrome bs and rat cytochrome P450 reduc-
tase were expressed in E. coli and then purified using
standard techniques [11]. The microsomes were prepared
from liver, as described by Ashley et al. [12], of naive
Wistar rats or rats dosed with 25 mg methylclofenapate
MCP per kilogram by gavage. P450 content was assayed
spectrophotometrically by complexing with carbon
monoxide [13], and protein was measured by the Brad-
ford method [14]. The microsomes were then stored in
200-puL fractions at —80 °C and thawed only as required.
11-Hydroxy lauric acid was synthesized by Dr. B. Kel-
lam, School of Pharmacy, University of Nottingham.

All glassware was silanized before use with 5% di-
chlorodimethylsilane (Sigma—Aldrich) in toluene and
rinsed with methanol.

In vitro assay system

The in vitro artificial membrane system was based on
that described by Hoch et al. [15] with modifications to
optimize the system for application to small volumes
and the shortest possible incubation time. The linearity
of metabolite production with time was investigated for
all the analytes. Cytochrome b5 concentrations from 0 to
35pmol per 250-uL incubation and cytochrome P450
reductase concentrations from 0 to 250 pmol per 250-pL
incubation were examined.

The optimized procedure was as follows. In amber
2.5-mL Eppendorf vials 12.5 pmol of CYP4Al or mu-
tant enzyme was incubated with cytochrome bs
(12.5 pmol), P450 reductase (specific activity of 0.32 uM
cytochrome ¢ reduced/min), dilauroylphosphatidylcho-
line (5pg), sodium cholate (0.05mg), and catalase
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(2.5 nug). After gentle mixing for 10 min at room tem-
perature the required substrate concentration was ad-
ded. NADP (125 ng) and G6P (0.5 mg) were then added
followed by buffer (50 mM KH;PO,, pH 7.4, containing
250 mM Nacl, 0.02% sodium cholate, and 10% glycerol)
to give a final volume of 225 uL. After gentle mixing the
reaction was incubated in a gently shaking water bath at
37°C for 2 min.

The reaction was initiated with the addition of
G6PDH (25mU) to give a final assay volume of 250 puL.
and incubated at 37 °C (palmitic acid was incubated for
30min). The reaction was terminated after 10min
(30 min for palmitic acid) with 25 pL ice-cold 6 M HCI,
the vial contents were mixed, and the vessels were im-
mediately placed on ice. Internal standard (10-OH
decanoic acid, 25nmol, in methanol:water) was then
added, the samples were mixed again and transferred for
solid-phase extraction.

Microsomal incubations

The microsomal assay was similar to that of the re-
constituted system described above with the following
modifications: 1 nmol of total P450 was used per incu-
bation and a total incubation volume of 1.0 ml was used.
The assay was initiated by the addition of the micro-
somes and terminated with 100 pL ice-cold 6 M HCI.

Solid-phase extraction methodology

A Cerex SPE nitrogen positive-pressure manifold
(Varian, UK) was used with Bond-Elut cartridges C18,
200mg, 3 mL (Varian, UK). Cartridges were condi-
tioned sequentially with 2 mL methanol, ethyl acetate,
and water. The samples were then transferred to the
cartridges and slowly drawn through. Cartridges were
washed with 2 mL water and thoroughly dried for 1h
with nitrogen at 15 psi. Analytes were eluted using two
1-mL aliquots of ethyl acetate into 10 mL silanized glass
screw-top tubes with Teflon-lined caps, and the ethyl
acetate was evaporated to dryness under nitrogen.

Samples were derivatized to trimethylsilyl derivatives
by reconstitution with 100 pL of 15% BTSFA in anhy-
drous acetonitrile, at 70 °C overnight. Once derivatized,
samples were allowed to cool, vortexed, and transferred
to sealed autosampler vials.

GC-MS methodology

Analysis was performed using a Thermoquest GC
8000 coupled to a MD 800 positive electron impact
single-quadrupole mass spectrometer. The autosampler
was a Thermoquest AS200. This system was interfaced
with a PC running VG Masslab version 1.3. A 15-m ZB-
5 capillary column (5% phenylmethylpolysiloxane)
(Phenomenex, UK), 0.25-mm i.d., 0.1-pm film, was used

with helium as the carrier gas and a head pressure of
80kPa. A 5-m retention gap of deactivated silica capil-
lary was used in front of the main analytical capillary.
Injection (0.5pL) was splitless with the injector tem-
perature at 250 °C using a silanized injection liner. The
GC oven ramp was set at 60 °C for 1 min rising to 180 °C
at 30 °C/min, then to 185°C at 3 °C/min, and finally to
250°C at 30 °C/min. The MS source and interface were
maintained at 250 °C, and a solvent delay of 3.5 min was
used to avoid excess contamination of the MS detector.
MS parameters were a full scan from 35 to 600 mass
units, a scan time of 90s, and an interscan delay of
0.01's. The emission was set at 70eV.

Analytes were identified from a total ion chromato-
gram by investigating their relevant M*-15 fragment ion
and fragmentation pattern (Table 1). This was not
possible for the 14-OH myristic acid or potential w_
metabolites of myristic and palmitic acids, as no stan-
dards were available. In these cases identification was
confirmed by monitoring the expected fragmentation
ions with elution times being confirmed by comparison
with the available standards of hydroxylated fatty acids.

Peaks were integrated and quantified using a ratio of
the M*-15 analyte peak area to that of the internal
standard. For the metabolites where no standards were
available a semiquantitative method was used to pro-
duce metabolism data. For 14-OH myristic acid an av-
erage of the calibration curves obtained for 12-OH
lauric and 16-OH palmitic acid (within the same run)
was taken, and for 13-OH myristic and 15-OH palmitic
acid metabolites an average ratio of the 11-OH to 12-
OH lauric acid calibration curves was used.

Assay validation methods

Duplicate six-point calibration curves at concentra-
tions of 0.5, 2, 5, 10, 30, and 50 uM were prepared in a
basic reconstitution system for each analyte: lauric,
myristic, and palmitic acids, 11-OH and 12-OH lauric
acids; and 16-OH palmitic acid. The analyte/internal
standard peak area ratios were calculated and used to

Table 1
Selected m/z ions used to identify and quantify the analytes by
GC-MS and retention times of each analyte

Analyte Characteristic ion Retention
m/z M*-15 time (min)
Decanoic acid (ISTD) 317/318 4.9
Lauric acid 257 4.2
11-OH Lauric acid 345 5.6
12-OH Lauric acid 345 6.1
Myristic acid 285 5.1
13-OH Myristic acid 373/374 6.8
14-OH Myristic acid 373/374 7.4
Palmitic acid 313 6.4
15-OH Palmitic acid 401/402 8.2
16-OH Palmitic acid 401/402 8.5
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construct calibration lines of peak area ratio against
analyte concentration using unweighted linear regres-
sion analysis. The slope, intercept, and regression coef-
ficient of the calibration lines were determined. Analyte
recovery was determined by comparing extracted stan-
dards with nonextracted standards at 0.5uM (n = 6)
and 50 uM (n = 95), respectively. With each run, suitable
positive and negative controls and reagent blanks were
also prepared. Samples were prepared at fixed concen-
trations (Table 3) to determine the intraday (6 replicate
analyses on a single day) and interday (18 replicate
analyses over a period of 5 days) precision and accuracy.
The lower limit of quantitation for each analyte was
determined from the linearity tests as the lowest con-
centration of the analyte to give a RSD of 20% or less
for intraday precision and accuracy.

Enzyme kinetics

Data were analyzed and fitted to a single-substrate
Michaelis-Menten curve using the statistical package
Prism (version 3). To check for deviations from this
model R? values of the fit were examined. A secondary
Hanes—Woolfe plot was also used and deviations from
linearity were examined.

Results and discussion

We have developed a simple generic method that is
able to examine the kinetics of @ and w_; hydroxylation
by cytochrome P450 of a series of fatty acids, lauric,
myristic, and palmitic acids, in microsomes and an
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artificial membrane system. The reconstitution system is
particularly applicable to recombinant CYP4A en-
zymes, of which we have investigated CYP4Al.

Optimization of assay procedures

The analysis time was minimized by using a GC
capillary length of 15m. A “hinge point” in the tem-
perature gradient was also introduced to maximize
separation of the analytes, with a rapid temperature
ramp either side to elute the more and less volatile
compounds quickly. We also found that peak shape and
sensitivity could be improved by using solvent focusing
to further concentrate the sample. The total run time
with all the analytes being baseline separated was
9.5min (Fig. 1).

Common to all analytes was a dominating signal at
m/z 73 due to the cleaved TMS moiety [(CH;3)3Si]" and
for hydroxylated metabolites m/z 75 [(CH3),Si-OH]"
[16]. For all the w_; hydroxylated metabolites the pri-
mary ion seen was at m/z 117, due to an a-cleavage of
the O-trimethylsilyl group [CH3;CH=0—SiMes]", and
this was diagnostic for w_;-hydroxylated n-alkanoic
derivatives. Although the m/z 117 ion was seen for all
the fatty acids and metabolites, where it is due to a loss
of the terminal two carbons and the silyl group with a
subsequent McLafferty rearrangement and loss of a
methyl group [CH,=C(OH)-OSiMe;]", it was signifi-
cantly less abundant than the a-cleavage ion [9,10,16].
With the @ hydroxylated metabolites strong ions were
seen at MT-31 due to the loss of a methyoxy group and
M™"-90 and M*-15. Rearrangements of ions common to
 hydroxylated metabolites were also seen at m/z 147
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Fig. 1. GC-MS chromatogram of a standard mixture of fatty acids and hydroxylated metabolites (30 uM), showing the retention times of all the
available standards and internal standard 10-OH decanoic acid. Peaks shown correspond to a selected ion chromatogram of the m/z M*-15 ions for

each analyte.
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[Me;Si-O-SiMe,]t and m/z 103 [CH,—O-Si-Mes]*
[9,10,16].

The MS response to the w and w_; metabolite se-
lected ions was quite different, with an average ratio of
response for the 11-OH lauric acid/12-OH lauric acid of
0.35. This perhaps relates to the large m/z 117 ion shown
by the w_; metabolites, which reduced the amount of
the M™"-15 ion. In previous reports [e.g., 10] w_; me-
tabolites were quantified from calibration response ob-
tained from the ® metabolite MS response and this
approach will have led to underestimation of the pro-
duction of the w_; metabolites. This illustrates the im-
portance of using authentic standards of fatty acid
metabolites where possible.

Extraction methods

The extraction methodology was optimized to mini-
mize the processing time while maximizing the recovery.
The drying time needed for the samples at room
temperature on the SPE tubes was found to be optimum

Table 2
Variation of calibration curves

at 1h to ensure complete removal of water, which was
essential prior to sample derivatization. Chaurasia et al.
[10] reported loss of 40-90% of the lauric acid during
evaporation when removing the ethyl acetate in an
evacuated centrifuge at ambient temperature. However,
the SPE method developed here did not suffer from this
problem and measured recoveries at the SPE stage were
greater than 90% for all fatty acids and metabolites. Use
of nitrogen as a drying gas under positive pressure
eliminated unwanted oxidation of the fatty acids; oxi-
dation was observed when using air in a vacuum-based
SPE system (data not shown).

Validation

Table 2 shows the variation in the fitted calibration
lines over five separate analyses for all the analytes
and confirms the linearity of the assay over the range
of concentrations of 0.5-50 uM. The fatty acids and
their metabolites showed a reproducible recovery
(Table 3) over the assay range, comparable to that

Analyte R(=)n=5) Slope (ratio to ISTD +SD) (n = 5) Y intercept (ratio to ISTD +SD) (n = 5)
Lauric acid 0.967 0.0119+0.0021 0.0214 £0.011

11-OH Lauric acid 0.986 0.00257 +0.00013 -0.00133 4 0.00033

12-OH Lauric acid 0.990 0.00843 +0.00042 —0.00458 £0.0017

Myristic acid 0.993 0.0109 £ 0.0066 0.0037 £0.0012

Palmitic acid 0.986 0.0139+£0.0019 0.0257 £0.0033

16-OH Palmitic acid 0.970 0.0101 £0.00095 —0.00758 £ 0.0046

Each calibration curve is a six-point duplicate curve prepared and analyzed on separate days.

Table 3

Recovery and intra- and interday assay precision and accuracy of the GC-MS method for the fatty acids and hydroxylated metabolites in an artificial

membrane reconstitution system

Analyte Concentration Recovery Intraday Interday
(kM) (#£SD) Precision Accuracy Precision Accuracy
(RSD%) (RSD%) (RSD%) (RSD%)
Lauric acid 0.5 172 +49 12 n.d. 19 n.d.
10 n.d. 18 135 21 119
50 61.2+5.9 7.7 90.4 9.3 92.7
11-OH Lauric acid 0.5 86.3+15 24 n.d. 24 n.d.
10 n.d. 6.5 110 13 102
50 64.1+11 13 104 12 102
12-OH Lauric acid 0.5 90.2+15 6.7 n.d. 18 n.d.
10 n.d. 6.9 107 15 96.5
50 76.0+7.8 16 98.9 13 96.9
0.5 103 +41 13 n.d. 24 n.d.
Myristic acid 10 n.d. 9.8 170 11 161
50 64.9+3.9 13 117 15 120
Palmitic acid 0.5 184 +61 16 n.d. 38 n.d.
10 n.d. 8.9 137 16 123
50 61.1+4.2 17 94.8 14 97.5
16-OH Palmitic acid 0.5 72.1+16 13 n.d. 19 n.d.
10 n.d. 8.1 115 24 102
50 58.1+84 13 108 15 102
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seen by Chaurasia et al. [10]. For lauric acid and
palmitic acid an apparent recovery of over 100% was
measured at the lowest assay concentration (0.5uM)
which may have been due to uncorrected losses of
standards at these concentrations. The lower limit of
quantitation for all analytes was determined as 0.5 uM
(0.625 pmol on-column) in a standard sample volume
and this was confirmed by a direct measurement of a
signal to noise ratio of greater than 3 to 1 for the
extracts.

In addition, Table 3 summarizes the precision and ac-
curacy of the assay method for each analyte. Interfering
peaks in extracts of blank microsomal and artificial
membrane matrix gave responses of at least one order of
magnitude below that of the lowest standard when
monitored on each individual analyte selected ion.

Optimization of the microsomal and reconstitution
systems

With the artificial membrane reconstitution system
small differences in the concentrations of the compo-
nents can vastly alter the turnover and metabolite ratios.
It is known that the ratio of cytochrome bs and cyto-
chrome P450 reductase (CPR) to P450 can affect the
turnover of the enzyme [25-29]. We investigated differ-
ent concentrations of cytochrome bs and CPR in the
assay to see what effect it had on lauric and myristic acid
metabolism (Figs. 2 and 3). A small alteration in the
concentration of cytochrome 45 had a major effect on
12-OH lauric acid production but had little effect on 11-
OH lauric acid production (Fig. 2). The optimum value
selected was therefore 12.5pmol/250-puL incubation,

which was in the center of a range of concentrations of
cytochrome bs, which was less sensitive to small changes
in conditions.

The effect of CPR concentration on the production of
11-OH and 12-OH metabolites is shown in Fig. 3. The
final concentration of reductase to be used in the incu-
bations was therefore decided to be reductase with a
specific activity of 0.32 uM cytochrome ¢ reduced/min,
which equates to 59.7 pmol when using a molecular
weight of 76.5kDa. This gives a rate of turnover
equivalent to 125pmol/250-pl. incubation as used by
Hoch et al. [15], while using approximately 50% less
enzyme. This is a 4.8:1 ratio of reductase to P450.

It was necessary to determine the maximum initial
period of linearity for metabolite production by both the
purified enzyme and the microsomes. With microsomes
a 30-min incubation time was investigated, this showed
a linear portion over 10min for both 11- and 12-OH
lauric acid (data not shown). With recombinant
CYP4A1 and the reconstituted system a 10-min incu-
bation was retained as for the microsomes, although
linearity was maintained up to 30 min (Fig. 4). In both
cases a concentration of 100 uM lauric acid was used. A
10-min linear incubation time was also reported by
Chaurasia et al. [10] using 100 uM lauric acid. Linearity
of metabolite production up to 30 min was observed for
palmitic acid and myristic acid.

Application of the method to lauric acid hydroxylation in
rat hepatic microsomes

The methods were used to investigate lauric acid
turnover in naive and MCP-induced rat hepatic

—¢—11-O0H —8—120H —A— 13-OH —X%— 14-OH

nmoles metabolite/min/nmole P450

Concentration of cytochrome B5
used in the reconstitution system

*
>

20 25 30 35

Concentration of Cytochrome Bs (pmol/250pL incubation)

Fig. 2. Effects on the turnover of lauric and myristic acids with different cytochrome Bs concentrations as described under Materials and methods. An
initial concentration of 50 uM lauric or myristic acid was used in the incubation. The standard concentration of bs used per assay is 12.5 pmol [1].
11-OH and 12-OH correspond to 11- and 12-OH lauric acid, respectively, and 13-OH and 14-OH correspond to 13- and 14-OH myristic acid,
respectively (13-OH and 14-OH myristic data are semiquantitative). Each point is a single determination.
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Fig. 3. Effect of reductase concentration in the reconstitution system on the turnover of lauric acid by CYP4A1 as described under Materials and
methods. Incubations were performed with an initial lauric acid concentration of 100 uM. Data are pre-11-OH lauric acid synthesis; therefore 11-OH
lauric acid data are semiquantitative based on a calculated ratio to the 12-OH curve of subsequent calibrations. The concentration of reductase used
by Hoch et al. [15] was equivalent to 125 pmol per incubation. Each point is a single determination.

¢ 11-OHLa ®m 12-OH La
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differences)
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Fig. 4. Linearity of w and w_; hydroxylated lauric acid production over time, metabolism by CYP4A1 in the reconstitution system. The standard
reconstitution system was used as described under Materials and methods using a lauric acid concentration of 100 uM. Data were not quantified, but
the differences in response of the w and w_; metabolites were corrected for. Each point is a single determination.

microsomes. For untreated microsomes (Table 4) K3PP
and V2PP values for 12-OH and 11-OH production were

max

similar to those reported by Chaurasia et al. [10] of K2PP
129puM and V2PP 0.7 nmol/min/nmol P450 and K3PP

max

33.9 uM and V2PP 0.5 nmol/min/nmol P450, respectively.

We observed greater 11-OH (w_;) lauric acid pro-
duction than 12-OH (w) lauric acid production in the
naive microsomes. In naive microsomes there are many
CYP isoenzymes producing 11-OH lauric acid, primarily

CYP2E1 [17-19] although others are also involved, such

as CYP1A1 [21], CYP2B1 [20], and CYP2C2 [19]. These
form a large percentage of the total P450 content com-
pared with CYP4A enzymes which represent only 1-4%
of the total P450 content [22]. In the case of the CYP4A-
induced microsomes, a much larger turnover of lauric
acid to 12-OH lauric would be expected, as CYP4A
proteins increase ~20-fold in the livers of MCP-treated
rats [23]. This was reflected in our results, where we ob-
served the V2PP for 12-OH lauric acid rise to 47.3 nmol/

max
min/nmol P450, an almost 25-fold increase, compared
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Table 4
Kinetic data for microsomes and purified CYP4Al as determined by curve fitting (Prism) to a Michaelis—-Menten single substrate model
Enzyme system Metabolite
11-OH Lauric acid 12-OH Lauric acid Vmax Tatio
K,*(UM) Vinax* (nmol metabo- K,*(uUM) Vimax® (nmol metabolite/ 12/11-OH
lite/min/nmol P450) min/nmol P450)
Naive microsomes 147.5+43.0 3.84+0.7 209+6.5 20+0.8 0.53
Induced microsomes 288.4 126+£23 229.0 473+£159 3.8
CYP4A1 1.5+0.1 22403 7.1+1.1 30.0+4.3 13

The ratio is of the V.« values. For microsomal systems n = 3, except for the induced microsomes K,, where the data from the most well defined
kinetic curve were used (n = 3 values were K, 11-OH 490.4 4 558.7 and 12-OH 198.7 & 154). Different batches of microsomes were used for kinetic
determination. For CYP4A1 12-OH lauric acid n = 6 and 11-OH lauric acid n = 3.

#Kinetic values are apparent for microsomal systems.

with the VPP for 11-OH lauric acid which rose only to
12.6 nmol/min/nmol P450, approximately a 4-fold in-
crease. This is similarly reflected in the increase of the 12/
11-OH metabolite ratio. Chaurasia et al. [10] showed
lower values of VPP for 12-OH and 11-OH lauric acid, 9.9
and 4.1 nmol/min/nmol P450, respectively, in clofibrate-
induced rat microsomes but this may be explained by a
weaker induction of the CYP4AL in their rat strain. This
is not unexpected, as Chaurasia et al. [10] used clofibrate
as an inducing agent, which is known to be markedly less
potent than MCP (vide supra) Ashby et al. [24].

The ~25-fold induction of lauric acid w hydroxyl-
ation is consistent with our previous studies, showing
that the CYP4A1 RNA is induced ~20-fold over control

levels [23].

Application of the method to lauric acid hydroxylation by
purified CYP4 Al in an artificial membrane system

Taking into account the limit of fatty acid concentra-
tions that could be used because of nonlinearity in the
artificial membrane system, the w and w_; hydroxylation
kinetics of all the fatty acids fitted well to a Michaelis—
Menten equation and to a Hanes—Woolfe transformation.
Typical data are shown for lauric acid hydroxylation ki-
netics in (Fig. 5), in which it can be seen that the 11-OH
and 12-OH lauric acid kinetic profiles are well defined.
The Hanes—Woolfe plot of lauric acid hydroxylation
(Fig. 6) shows good linearity, with an R? = 0.994 for 12-
OH lauric acid and R? = 0.998 for 11-OH lauric acid,
supporting the use of a simple single-binding-site
Michaelis-Menten equation. The V3PP value observed for
12-OH lauric acid production in the recombinant
CYP4A1 system was similar to that of the MCP-induced
microsomes, giving evidence that our reconstitution sys-
tem provides a good representation of @ hydroxylation.

Chaurasia et al. [10] were not able to quantify the
production of 11-OH lauric acid by purified CYP4Al
under their standard assay conditions, but with the im-
proved sensitivity of our method, we were able to detect
and quantify kinetics for its production (Tables 4 and 5).

w
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3 N . = 11-OHla
£ + 12-OHLa
£
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E o 204
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©
€ 104
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0 10 20 30 40 50

Initial Lauric Acid Concentration (M)

Fig. 5. Example of the metabolism of lauric acid by CYP4ALl in the
reconstitution system fitted to a Michaelis—Menten single substrate
model. n = 3 for 11-OH lauric acid; » = 6 for 12-OH lauric acid.

Our results for CYP4A1 metabolism of lauric acid to 12-
OH lauric acid (Fig. 7) were very similar to those of
Chaurasia et al [10]; K, of 8.9uM and Vpy.x of
34.0 nmol metabolite/min/nmol P450. We were also able
to detect the hydroxylation of myristic acid and palmitic
acid, although the level of turnover was too low to ac-
curately determine K, data for palmitic acid. These
showed the typical result that » metabolism decreased
with increasing chain length. However, they also showed
an increase in w_; production, suggesting that regiose-
lectivity of the CYP4Al decreases as the alkyl chain
length of the fatty acid increases.

Ratios of w/w_; production in rat microsomes
(Table 3) and by purified CYP4A1l (Table 4) were cal-
culated based on the measured kinetics. Our CYP4Al
was purified after recombinant expression in E. coli, and
the value of 14:1 cannot be influenced by any other
contaminating rat cytochromes P450 and is based on a
fully validated assay method using authentic standards
of the 11-OH and 12-OH lauric acid metabolites. Initial
characterization of CYP4A1l by Tamburini et al. [25]
reported a ratio of 6:1 for lauric acid metabolism.
Others have reported a range from 17:1, from a rat liver
preparation [20], to 11:1 for microsomes from HepG2
cells infected with vaccinia virus containing the gene for
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R? = 0.9977
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Fig. 6. Secondary Hanes—Woolfe Plot of the turnover of lauric acid by CYP4Al in the reconstitution system, illustrating that there is a linear
relationship between the points and therefore the data fit well to a single-substrate Michaelis-Menten plot. n = 3 for 11-OH lauric acid, n = 6 for

12-OH lauric acid.

Table 5
Summary of the kinetic data for lauric, myristic, and palmitic acids turnover by CYP4Al in the reconstitution system
Substrate Metabolite Vimax ratio
w_ w /0
K, (uM) Vmax (nmol metabolite/ K, (uM) Vimax (nmol metabolite/
min/nmol P450) min/nmol P450)
Lauric acid 1.5+0.1 22+03 7.1+1.1 30.0+4.3 14
Myristic acid 16.4+7.7 10.0+3.4 11.0£1.7 24.1+8.7 2.4
Palmitic acid NQ NQ NQ 9.1+£7.8 NA

NQ, Not quantifiable, NA, not applicable. For 12-OH lauric acid » = 6 and 11-OH n = 3; 14-OH myristic acid » = 2 and 13-OH n = 3; palmitic

acid n = 2 for 16-OH Pa.
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Fig. 7. Effect of increasing the initial lauric acid concentration on the
metabolism by CYP4Al1 to 12-OH lauric acid. Standard reconstitution
assay system conditions were used as described under Materials and

methods. Each point is the mean of six determinations.

CYP4AL1 [26], and no 11-OH lauric acid at all from a
purified enzyme from rat liver treated with diethylhexyl
phalate [27]. Dierks et al. [28] reported a 20:1 ratio for
lauric acid ®/w-; metabolite production by re-
combinant CYP4Al, although their K,, and V;,,x values
are much larger than ours. Hoch et al. [29] reported a
ratio of 40:1, much higher than previously reported
values but they also reported a much higher turnover
value. However, Hoch et al. [29] also reported w/w_;
ratios for myristic acid turnover of 3:1 and palmitic acid
of 1:1 and these are in good agreement with our ratios of
2.4 and 0.85, respectively. The slight differences in ratio
could be due to differences in CPR and cytochrome bs
molar ratios to CYP4A1, which we have shown could
have a considerable effect on the metabolite ratios
shown. Only the data obtained from recombinantly
produced CYP4AL is likely to be free of contaminating
cytochromes P450 which could produce either 11-OH
or 12-OH lauric acid. In addition, it is probable that the
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11-OH lauric acid has not been measured accurately in
some published data because inaccurate concentration
may have been obtained due to an authentic standard
not being used. Overall, we believe that our assay system
enables the accurate measurement of w and w_; me-
tabolism of fatty acids in both microsomes and a re-
constituted membrane system leading to artifact-free
data on enzyme kinetics.

We have developed a validated, sensitive, and specific
assay for the analysis of the C12, 14, and 16 fatty acids
and their w and w_; metabolites which is an improve-
ment over previously published methods. This assay
method has subsequently been successfully applied to
the study of the effect of a range of site-specific muta-
tions of purified, recombinant CYP4A1 on the kinetics
of w and w_; metabolism of fatty acids in a reconsti-
tuted membrane.
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