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Abstract

Genomic analysis indicated that the genome of Drosophila melanogaster contains more than 80 cytochrome P450 genes. To date,
the enzymatic activity of these P450s has not been extensively studied. Here, the biochemical properties of CYP6A8 were char-
acterized. CYP6A8 was cloned into the pCW vector, and its recombinant enzyme was expressed in Escherichia coli and purified
using Niz*-nitrilotriacetate affinity chromatography. Its expression level was approximately 130 nmol per liter of culture. Purified
CYP6A8 exhibited a low-spin state in the absolute spectra of the ferric forms. Binding titration analysis indicated that lauric acid
and capric acid produced type | spectral changes, with Ky values 28 + 4 and 144 + 20 uM, respectively. Ultra-performance liquid
chromatography—mass spectrometry analysis showed that the oxidation reaction of lauric acid produced (®»-1)-hydroxylated lauric
acid as a major product and w-hydroxy-lauric acid as a minor product. Steady-state kinetic analysis of lauric acid hydroxylation
yielded a Kq value of 0.038 + 0.002 min-" and a K, value of 10 £ 2 uM. In addition, capric acid hydroxylation of CYP6AS8 yielded
kinetic parameters with a ke value of 0.135 + 0.007 min~" and a Ky, value of 21 + 4 uM. Because of the importance of various
lipids as carbon sources, the metabolic analysis of fatty acids using CYP6AS in this study can provide an understanding of the
biochemical roles of P450 enzymes in many insects, including Drosophila melanogaster.
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INTRODUCTION volved in the catalytic reactions of ecdysteroids; they convert
cholesterol to 20-hydroxyecdysone via carbon 25-hydrox-

Cytochrome P450 (P450s, CYPs) constitute a superfam- ylation, which is an essential enzymatic step in ecdysteroid
ily of heme-thiolate proteins that exhibit a specific absorption biosynthesis during insect development (Niwa et al., 2004;
spectrum at 450 nm upon binding to carbon monoxide (CO) Pondeville et al., 2013). The P450 gene superfamily has di-
(Antoun et al., 2006). P450 enzymes catalyze the oxidative versified into 25 different families within the D. melanogaster
reactions of various compounds, including exogenous and en- genome grouped into four large clades, which specialize in
dogenous chemicals (Guengerich, 2018). P450 enzymes are copy number expansions that mostly occur within the CYP4
distributed in various organisms, from bacteria to plants and and CYP6 families within the CYP3 clade (Seong et al., 2018).
animals, including insects (Werck-Reichhart and Feyereisen, The CYP6A family in D. melanogaster has two major physi-
2000). In particular, insect P450 enzymes are involved in the ological roles, insecticide resistance and pheromone synthe-
synthesis of ecdysteroids and juvenile hormones, as well as sis. Baculovirus-directed production of CYP6A2 induced the
in the degradation of foreign insecticidal chemicals of natural metabolism of cyclodiene, organophosphorus insecticides,
or synthetic origin (Feyereisen, 1999). Drosophila melanogas- and dichlorodiphenyltrichloroethane (DDT) (Dunkov et al.,
ter has 90 P450-like sequences, of which 83 appear to be 1997; Amichot et al., 2004). The other function of CYP6 family
functional P450 genes and seven are probable pseudogenes enzymes is the regulation of pheromones to influence behav-
(Tijet et al., 2001). Among the P450s from D. melanogaster, ior patterns. CYP6A20 is expressed in non-neuronal support

CYP306A1, CYP302A1, CYP315A1, and CYP314A1 are in- cells related to pheromone-sensing olfactory sensilla, indicat-
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ing that social experience may influence aggressiveness by
regulating pheromone sensitivity (Wang et al., 2008).

In the CYPG6A family, cyp6a8 is located on the right arm of
chromosome 2 and is clustered with other cyp6a families and
cyp317a1. The amino acid sequence of CYP6A8 has 53.6%
identity with that of CYP6A2, and both enzymes are overex-
pressed in DDT-resistant 91-R D. melanogaster strains (Mai-
tra et al., 1996). The tissue expression level of CYP6A8 has
been found to be high in the fly Malpighian tubules. Since the
Malpighian tubules are the main organ responsible for detoxi-
fication, CYP6A8 has been speculated to play an important
role in the detoxification of exogenous substances.

Here, we cloned CYP6AS8 from Drosophila melanogaster,
expressed the recombinant enzyme in Escherichia coli, and
purified it. The purified CYP6A8 protein was characterized by
spectroscopic and enzymatic analyses using various fatty acids.

MATERIALS AND METHODS

Chemicals

Lauric acid, capric acid, glucose-6-phosphate, glucose-
6-phosphate dehydrogenase, dilauroyl-L-phosphatidylcholine
(DLPC), imidazole, and NADP* were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ni**-nitrilotriacetate (NTA) aga-
rose was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). 3-[(3-Cholamidopropyl) dimethylammonio]-1-pro-
panesulfonate (CHAPS) was purchased from GoldBio (St.
Louis, MO, USA). Rat NADPH-P450 reductase (NPR) was
heterologously expressed in E. coli HMS174 (DE3) cells and
purified as described previously (Park et al., 2017). All the
other chemicals used were of the highest commercially avail-
able grade.

Construction of CYP6A8 expression plasmids

The cDNA of the D. melanogaster P450 6A8 gene was pro-
vided by the Drosophila Genomics Resource Center (DGRC,
Bloomington, IN, USA). The open reading frame (ORF) re-
gions of P450 6A8 were amplified using polymerase chain
reaction (PCR) using the following primers with Ndel and
Xbal restriction sites and 6xHistidine-tag at the C-terminus:
5'-GCCCGGCCATATGTGCGTTGACTTACATC-3' and 5-CT-
GAAGGTGGAGACCGTCCATCATCATCATCATCATTAATC-
TAGAGCC-3'. The 1.5 kb amplified PCR fragment was pu-
rified using agarose gel electrophoresis and cloned into the
pCW expression vector. The constructed vector clones were
confirmed using nucleotide sequencing analysis.

Expression and purification of recombinant enzymes
CYP6A8 was expressed and purified as previously de-
scribed, with some modifications (Park et al., 2017). The E.
coli strain was transformed with a pCW expression vector
and plated on Luria-Bertani (LB) medium containing 50 ng/
mL ampicillin. Individual colonies were inoculated in LB broth
containing 50 pg/mL ampicillin and incubated overnight in a
shaking incubator at 37°C and 230 rpm. The LB liquid cultures
were transferred into 500 mL of Terrific broth (TB) (Thermo
Fisher Scientific) containing 50 ug/mL ampicillin and incubat-
ed at 37°C and 230 rpm until the optimal density at 600 nm
was 0.5. Protein expression was performed by adding supple-
ments (0.5 mM delta-aminolevulinic acid, 1 mM isopropy! -p-
1-thiogalactopyranoside (IPTG), 1 mM thiamine, and trace el-
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ements). The expression cultures were incubated at 28°C and
200 rpm for 44 h and harvested by centrifugation at 4000 rpm
for 30 min. The harvested cells were resuspended in TES buf-
fer [100 mM Tris-acetate, 0.5 mM EDTA, and 500 mM sucrose]
containing lysozyme, incubated at 4°C for 30 min, centrifuged
at 4000 rpm for 30 min, and sonicated with sonication buffer
[0.1 mM dithiothreitol and 100 mM phenyl-methylsulfonyl fluo-
ride]. The sonicated fraction was centrifuged at 5,000xg for 20
min, and the supernatant was ultracentrifuged at 65,100xg for
2 h. The prepared membrane fraction was solubilized over-
night in a solubilization buffer containing 1 mM EDTA, 10 mM
f-mercaptoethanol, and 1% CHAPS (w/v). The solubilized
proteins were purified using Ni?*-nitrilotriacetate (NTA) affinity
column chromatography. The eluted protein fraction was sub-
sequently dialyzed at 4°C in 100 mM potassium phosphate
buffer (pH 7.4) containing 20% glycerol and 0.1 mM EDTA.

Spectroscopic characterization and spectral binding
titration analysis

The purified CYPBA8 enzymes were diluted to 1 uM with
100 mM potassium phosphate buffer (pH 7.6) and split into
two spectroscopic glass cuvettes. Spectroscopic changes
(350-500 nm) were measured upon the addition of ligands us-
ing a CARY 100 Varian spectrophotometer (Agilent Technolo-
gies, CA. USA). Binding spectral titration with fatty acids was
examined. It also worked with azoles. The difference between
the maximum and minimum wavelengths in absorbance was
plotted against the substrate concentration to calculate the
substrate-binding affinities (Kg).

P450 catalytic activity analysis

P450 catalytic activity was determined using purified CY-
PBA8 enzymes and rat NADPH-P450 reductase (NPR) in
reconstituted systems. Hydroxylation of fatty acids was ana-
lyzed using ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) (Waters, Milford, MA,
USA). The reaction mixture included 0.2 uM CYP6AS8, 0.4
uM rat NPR, and 1,2-dilauroyl-sn-glycerol-3-phosphocholine
(DLPC, 30 pug) in 0.5 mL of 100 mM potassium phosphate buf-
fer (pH 7.4). After 3 min of preincubation at 37°C, an NADPH-
generating system [100 mM glucose 6-phosphate, 10 mM
NADP*, and glucose-6-phosphate dehydrogenase] was used
to initiate the enzymatic reactions. The reaction was conduct-
ed for 10 min at 37°C and terminated by the addition of 1 mL of
CH.Cl,. The product was extracted by vortex mixing and cen-
trifugation at 3500 rpm for 15 min. The organic (lower) layer
was transferred to a clean test tube and dried under N gas.
The dried products were dissolved in 100 pL of methanol and
transferred to a glass vial before analysis by UPLC-MS/MS.

These samples were injected into an ACQUITY UPLC™
BEH C18 column (50%2.1 mm, 1.7 uM) equipped with Waters
ACQUITY UPLC™ (Waters) and Waters Quattro Premier™
(Waters). For the analysis of lauric acid hydroxylation, the
mobile phase consisted of H,O containing 10% CHsCN (with
0.05% acetic acid) (A) and 100% CH3CN (with 0.05% acetic
acid) (B), at a flow of 0.3 mL/min. Mobile phase B was initially
held at 30% for 0.5 min and then increased to 53% for 4 min,
followed by 100% for 5.5 min. For the analysis of capric acid
hydroxylation, the mobile phase composition was identical to
that of lauric acid at a flow of 0.2 mL/min. Mobile phase B was
initially held at 10% for 0.5 min and then increased to 65% for
6 min, followed by 100% for 7.5 min. The analytes were ob-
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served using negative electrospray ionization and the selected
ion recording (SIR) mode. The capillary voltage was —2.5 kV
and the cone voltage was —36 V. The source temperature was
120°C, desolvation temperature was 300°C, desolvation gas
flow rate was 400 L/h, and cone gas flow rate was 30 L/h. The
column temperature was maintained at 40°C. The negative
ionization transitions of lauric acid (m/z 199.3), hydroxylauric
acid (m/z 215.3), capric acid (m/z 171.2), and hydroxycapric
acid (m/z 197.2) were analyzed.

Molecular docking modeling of CYP6A8

Docking analysis of CYP6A8 with capric and lauric acids
was performed using the Autodock 4.2 software (The Scripps
Research Institute, La Jolla, CA, USA). Homology structure
modeling of CYP6A8 was performed on the basis of the struc-
ture of CYP3A4 (PDB ID:5VCD) using SWISS-MODEL (Swiss
instrument of Bioformatics, Torsten Schwede, Switzerland).
Capric and lauric acid molecules were obtained from the
Protein Data Bank (PDB; PDB ids: DKA and DAO) and used
for docking. All water molecules, except the prosthetic heme
groups, were removed from the PDB prior to docking.

RESULTS

Purification and spectral characterization of P450 6A8

CO-binding different spectral analysis showed that the ex-
pression level of CYP6AS8 in the E. coli whole-cell was ap-
proximately 128.6 nmol/L culture (Fig. 1A). Solubilization us-
ing CHAPS rendered CYP6AS protein in the soluble fraction,
which was purified using Ni?*-NTA affinity column chromatog-
raphy. The SDS—polyacrylamide gel electrophoresis of purified
protein indicated a single band of 56 kDa in size, correspond-
ing to the expected size of the ORF region of CYP6AS8 (Fig.
1B inset). Purified CYP6A8 showed typical CO-binding Soret
spectra at 450 nm and little absorption at 420 nm (Fig. 1B).
The absolute spectra of the ferric forms indicated a low-spin
state with Soret bands at 419 nm and smaller a- and pB-bands
at 570 nm and 536 nm, respectively (Fig. 1C). The ferrous
form of CYP6AS8, reduced by sodium dithionite, showed a
broad peak at approximately 422 nm and shifts of the a- and
-bands to 558 and 533 nm, respectively.

Binding of fatty acids to CYP6A8
Binding titration analysis of P450 6A8 was performed using
various fatty acids. Titration of CYP6A8 with lauric acid displayed
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Fig. 1. Expression, purification, and absolute spectra of purified CYP6A8 enzyme. (A) CO-binding differential spectra of CYPBAS at the E.
coli whole-cell level. (B) CO-binding differential spectra of purified CYP6AS8. (C) Absolute spectra of purified CYP6A8. Absolute spectra of
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Fig. 2. Binding of octanoic, capric, and lauric acid to CYP6A8 enzyme. Octanoic acid (A), capric acid (B), lauric acid (C) binding titration
with purified CYP6A8 enzyme. The insets show the plots of A(Abs,.,—Abs,) vs. the concentration of fatty acids.
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typical type-I spectral changes, with an increase at 390 nm and
a decrease at 420 nm, indicating a low-spin hexa-coordinated
P450 heme (Fig. 2). The calculated Ky value for lauric acid was
27.5+ 4.2 uM (Table 1). Similarly, capric acid and octanoic acid
showed type | spectral changes, with Ky values 713 + 46 pM
and 144 + 20 uM, respectively (Table 1). This result suggested
that saturated fatty acids could be substrates for CYP6AS.

Table 1. Fatty acid binding affinities of CYP6A8
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Fatty acid hydroxylation of CYP6A8

The hydroxylation of lauric acid and capric acid catalyzed
by CYP6A8 was analyzed using UPLC-MS/MS. Purified CY-
P6A8 converted lauric acid to two hydroxylated products elut-
ing at 3.3 min and 3.4 min, in the SIR mode at m/z 215.3 (Fig.
3). The minor product was w-hydroxylated lauric acid at 3.4
min and the major product was (®-1)-hydroxylated lauric acid,
as identified using co-chromatography with a standard hy-
droxylated compound and comparison with the reaction prod-
ucts from human CYP4A11 (Antoun et al., 2006). The steady-
state kinetics of lauric acid hydroxylation was calculated. The
kinetic parameters, that is, the k. and Ky, values for (w-1)-
hydroxylation of lauric acid were 0.028 + 0.002 min~" and 10.1
+ 2.0 uM, respectively, and those for w-hydroxylation were
0.009 + 0.001 min™ and 9.3 + 2.8 uM, respectively (Fig. 4,
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Fig. 3. Ultra-performance liquid chromatography (UPLC)-mass spectrometry chromatogram o- and (»-1)-hydroxylation of lauric and capric
acid by purified CYPBA8 enzyme. (A) The retention time of lauric acid is 6.2 min, 11-hydroxylauric acid is 3.3 min, and 12-hydroxylauric acid
is 3.4 min. (B) The retention time of capric acid is 7.8 min. The retention time of 9-hydroxycapric acid is 4.5 min and that of 10-hydroxycapric
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Table 2). In the capric acid hydroxylation reaction catalyzed
by CYP6AS8, the (»-1)-hydroxylated product was found to be
the major metabolite (4.5 min) in the chromatogram in the SIR
mode at m/z 187.26 (Fig. 3). A steady-state kinetic analysis
of capric acid (o-1)-hydroxylation yielded a k.. value of 0.097
+ 0.007 min~" and a K., value of 35.0 + 7.5 uM (Fig. 4, Table
2). The turn-over number for m-hydroxylation of capric acid
was lower than that of (o-1)-hydroxylation with a k. of 0.042
+ 0.002 min~'; however, the K, value decreased to 7.1 + 1.6
uM (Fig. 4, Table 2). These turn-over numbers of fatty acids
hydroxylation by CYP6AS8 are relatively lower than that of hu-
man CYP4A11 enzyme, which has been reported as 8.6 min
(Kim et al., 2014).

DISCUSSION

In this study, the recombinant CYP6A8 enzyme from D. me-
lanogaster displayed (w-1)-hydroxylation of fatty acids, includ-
ing lauric and capric acid. The binding spectrum analysis of the
CYP6A8 enzyme to octanoic, capric, and lauric acids showed
type | spectral changes, indicating that the active site architec-
ture of this enzyme accommodates the productive substrate
binding of many fatty acids with C8-C12. However, other
longer saturated or unsaturated fatty acids, such as palmitic,
stearic, oleic, arachidonic, and myristic acids, did not show
any binding spectral titration for the CYP6A8 enzyme (data
not shown). In addition, certain clinical drugs (bupropion, tol-
butamide, and acetylsalicylic acid) and azole compounds (ke-
toconazole, econazole, miconazole, and clotrimazole) failed
to display changes in their binding spectra for the CYP6A8
enzyme (data not shown). The calculated Ky value of octanoic
acid was very high (Table 1), and no product was observed ac-

cording to the UPLC-MS/MS analysis of the enzyme reaction
(data not shown). We speculate that the length of the active
access channel of CYP6AS8 can only fit C10-C12 chained fatty
acids to achieve the optimum orientation above the heme.

Rat NADPH-P450 reductase (NPR) was used as an elec-
tron redox partner for the purified CYP6AS8 in the reconsti-
tuted P450 system. In a previous study on yeast microsome,
a successful P450 catalytic reaction was achieved using D.
melanogaster P450 reductase (DMR) (Helvig et al., 2004).
Sequence alignment of rat, human, and fly P450 reductases
showed very strong similarity in the putative P450 interaction
domain, as well as FMN, FAD, and NADPH binding regions
(Supplementary Fig. 1). The similarity score was 89.6%. The
Arg at 246 in human and rat NPR was indicated as a key resi-
due for electron transfer to P450 and was well conserved in
fly reductase (Supplementary Fig. 1) (Campelo et al., 2017).
Our results suggest that eukaryotic reductase can universally
support any P450 system, including the Drosophila P450 en-
zyme. Our previous study showed that fungal NADPH-P450
reductase displayed successful transfer of electrons to the
mammalian P450 system (Park et al., 2010, 2017).

In this study, CYP6A8 predominantly showed an oxidative
catalysis reaction at the (w-1)-position of the fatty acids rather
than at the w-position. Generally, fatty acid hydroxylase en-
zymes oxidize the terminal methyl group, which is thermody-
namically disadvantageous compared to the methylene group
(Cadacob et al., 1988). However, a specific o-hydroxylation
reaction of fatty acids was observed in certain P450 enzymes
by presenting the terminal carbon of fatty acids to the heme
iron through narrow channels, limiting access to other carbon
atoms (Maitra et al., 1996; He et al., 2005; Kim et al, 2007).
The active site architecture of P450 enzymes allows for the
localization of fatty acid substrates in the form required for a

Table 2. Steady-state kinetic parameters of lauric acid and capric acid hydroxylation by CYP6A8

Capric acid hydroxylation

Lauric acid hydroxylation

Ko, min™ K., uM Kool Ky Min™ pM™" Ko, min™' Ko, uM Kool Ky min™ pM™"
Total hydroxylation 0.135 £ 0.007 21.2+4.2 0.0067 +0.0017 0.038 +0.002 10.7+2.0 0.0038 + 0.0009
(w-1)-hydroxylation 0.097 + 0.007 35.0+£7.5 0.0030 + 0.0084 0.028 + 0.002 10.1£2.0 0.0028 + 0.0007
w-hydroxylation 0.042 + 0.002 71+16 0.0063 + 0.0017 0.010 £ 0.001 93+28 0.0012 + 0.0005

Fig. 5. Molecular docking models of CYP6A8. The molecular docking model was constructed using the SWISS-homology model structure
of CYP6AS8. (A) The amino acid residues interacting with lauric acid in the CYP6A8. The distance between the Arg241 residue of CYP6A8
and the hydrogen-bonded lauric acid was 3.0 A and 3.1 A, respectively. (B) The view of lauric acid in the active site space of CYPGAS.
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particular reaction and exhibits regioselectivity through the ac-
tive site structure (Hammerer et al., 2018). However, CYP6A8
appeared to possess a relatively large number of active sites.
The estimated volume of the CYP6AS8 active site obtained
using CASTp and the USCF Chimera program was approxi-
mately 3764 A®. Additionally, the molecular model of CYP6A8
obtained using the SWISS MODEL program indicated that
the active site appeared to be wide and not narrow or long
(Fig. 5). This suggests that fatty acids in the active site could
be obtained in a relatively flexible manner and that (o-1)-
hydroxylation could dominate without regioselectivity. Sub-
strate docking modeling was performed using the AutoDockVi-
na software, and the best docking model was selected on the
basis of the heme-facing substrate for a productive reaction
(Fig. 5A). The docking energy was —5.8 kcal/mol (RMSD of
7.553). In this docking model, the carboxyl group of lauric acid
interacted with Arg residues and heme, with close distances of
3.0 Aand 3.1 A, respectively; however, the overall molecule of
lauric acid is flexible in a large active site (Fig. 5B).

The physiological role of CYP6AS8 in the oxidation of fatty
acids has not yet been established; however, many previous
studies on insects have demonstrated that the oxidation of fat-
ty acids plays an important role in the formation of pheromones
in honeybees. The fatty acids of insects are converted to long-
chain fatty aldehydes by acyl-CoA reductase; eventually, the
CYP4G family catalyzes the production of hydrocarbons, which
serve as cuticular waterproofing agents in insects (Plettner et
al., 1997; Qiu et al., 2012; Miura, 2013). In addition, the locust
Locusta migratoria o-hydroxylase lauric acid in the fat body
microsome (Feyereisen and Durst, 1980). Changes in the
fatty acid content of insects can affect reproduction because
they affect female fertility, reproductive performance, and sex
hormone production (Fougeron et al., 2011). In mammals,
CYP4A11 is an w-hydroxylase that catalyzes lauric acid in the
liver and kidney (Kim et al., 2014). This catalysis by CYP4A11
may reduce free fatty acid cellular accumulation and play an
important role in maintaining membrane integrity (Adas et al.,
1999). D. melanogaster may use P450 fatty acid hydroxylase
enzymes for the similar role in the cellular membrane.

In conclusion, we overexpressed and purified CYP6A8
from D. melanogaster and performed a biochemical charac-
terization. Characterization of the catalytic properties of this
protein may provide a key to the P450-mediated reaction of
various fatty acids in D. melanogaster. The physiological ef-
fects of fatty acids in D. melanogaster need to be determined
in future studies, such as confirmation of the phenotype and
generation of a mutant for determining the changed catalytic
activity and studying the structure—function relationship of the
P450 enzyme, including the role of the amino acid.
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