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ABSTRACT

CYP4Z1 is an ‘orphan’ P450 enzyme that has provoked interest because of its hypothesized role
in breast cancer through formation of the signaling molecule 20-HETE. We expressed human CYP4Z1 in
Saccharomyces cerevisiae and evaluated its catal ytic capabilities towards arachidonic and lauric acids
(AA and LA). Specific and sensitive mass spectrometry assays enabled discrimination of the
regioselectivity of hydroxylation of these two fatty acids. CYP4Z1 generated 7-, 8-, 9-, 10- and 11-
hydroxy LA, while the 12-hydroxy metabolite was not detected. HET0016, the prototypic CY P4
inhibitor, only weakly inhibited laurate metabolite formation (ICsp ~15 uM). CYP4Z1 preferentially
oxidized AA to the 14(S),15(R)-epoxide with high regio- and stereoselectivity, a reaction that was also
insensitive to HET0016, but neither 20-HETE nor 20-carboxy-AA were detectable metabolites. Docking
of LA and AA into a CYP4Z1 homology model was consistent with this preference for internal fatty acid
oxidation. Thus, human CY P4Z1 has an inhibitor profile and product regioselectivity distinct from most
other CY P4 enzymes, consistent with CYP4Z1’s lack of a covalently-linked heme. These data suggest
that, if CYP4Z1 modulates breast cancer progression, it does so by a mechanism other than direct

production of 20-HETE.
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INTRODUCTION

The CY P4 family in humans contains 12 genes and 13 transcribed enzyme products that typically
oxidize fatty acids at their o-termini (Hsu et al., 2007; Edson and Rettie, 2013). This substrate and
product selectivity has been documented extensively for the CY P4A and CY P4F sub-families (Johnston
et d., 2011). Indeed, the metabolic conversion of arachidonic acid (AA) to the active signaling molecule,
20-HETE, has physiological relevance in a plethora of tissue types (Fan et al., 2015; Johnson et al., 2015).
The importance of this metabolite has been elegantly demonstrated in transgenic mice, where increased
formation of 20-HETE caused elevation in blood pressure that could be linked to the functional activities

of CYP4A11 and CYPAF2 (Lai et a., 2012; Savas et al., 2016).

In contrast, much less is known about the substrate selectivity of other human CY P4 sub-family
members, resulting in many of them being referred to as ‘orphan’ P450s (Stark and Guengerich, 2007;
Kelly et a., 2011). Within the last 10 years, an important physiological role has been established for
CYP4F22 (Ohno et a., 2015) and significant progress has been made in better defining the catalytic
activities of CYPAF11 (Tang et a., 2010; Edson et al., 2013), CY P4V 2 (Nakano et a., 2009; Nakano et

a., 2012) and CYP4X1 (Stark et al., 2008).

However, CYPA4Z1 isthe least well characterized of the CY P4 enzymes. Originally, CYP4Z1 was
identified in breast tissue and noted to be up-regulated in breast carcinoma (Rieger et al., 2004). In amore
recent study, MCF-7 breast cancer cells exhibited aberrant CY P4Z1 protein targeted to the cell surface,
and anti-CY P4Z1 autoantibodies were observed in breast cancer patient, but not control, sera (Nunna et
a.). CYPA4Z1 expression has aso been proposed as a biomarker for the existence of malignancy and/or
progression of ovarian and prostate cancer (Downie et al., 2005; Tradonsky et al., 2012). Notably, stable
over-expression of CYPA4Z1 in breast cancer cells has been reported to promote angiogenesis and tumor
growth in mice with a concomitant increase in cellular 20-HETE (Yu et al., 2012). The foregoing studies

prompt the hypothesisthat CY P4Z1 may act as a prognostic biomarker through generation of 20-HETE in
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cancer cells. However, many oxidized metabolites of AA can act as signaling molecules and afull

evaluation of the metabolite profile generated from AA by CY P4Z1 has not been previously performed.

Here, we report the first analysis of AA metabolism by recombinant CY P4Z1 expressed in
Saccharomyces cerevisiae. CY P4Z1 forms no detectable oxidized metabolites at the w-terminus, but
instead epoxidizes AA at the 14,15-double bond with high regio- and stereo-selectivity. In addition,
CYP4z1 isrelatively insensitive to inhibition by the prototypic CY P4 inhibitor, HET0016. If CYP4Z1
has arole to play in modulating cancer progression, these new data suggest that the mechanism does not

involve direct 20-HETE generation by this enzyme.
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MATERIALSand METHODS
General Reagents

18-HETE, 19-HETE, 20-HETE, 20-HETE-ds, 14,15-EET and 14,15-EET-d:1 chemical standards
were purchased from Cayman Chemical (Ann Arbor, MI). The 9-, 10-, 11- and 12-hydroxy LA standards
were previously synthesized (Guan et a., 1998). Recombinant CY P2C19 and CY P4F2 Supersomes, co-
expressed in insect cells with cytochrome P450 oxido-reductase (CPR) and cytochrome b5, were procured
from Corning Inc. (Corning, N.Y.). The CPR and cytochrome b5 utilized in CY P4Z1 incubations were
expressed and purified according to established protocols (Chen et a., 1998). Organic solvents were
obtained from Fisher Scientific (Pittsburgh, PA), and al other chemicals (including LA, AA, NADPH,

BSTFA, 15-OH PDA, etc.) were purchased from Sigma Aldrich (St. Louis, MO).

Cloning and vector construction

The p41KGAL 1 vector was derived from the p416GAL 1 vector (Mumberg et al., 1995) and the
pUGH6 vector (Guldener et al., 1996) using PCR and Gibson assembly to clone the KanM X cassette into
p416GAL 1 (Supplemental Table 1: primers KAS381, KAS382; KAS378, KAS379). To construct the
p41KGAL1 CYPA4Z1-HA vector, the S. cerevisiae codon-optimized CY P4Z1 sequence (Uniprot:
Q86W10) with a C-terminal HA tag (Integrated DNA Technologies) was directionally cloned into the
p41K GAL1 vector using Spel-HF and Sall-HF (New England Biosciences). Ligated plasmids were
transformed into F* competent E. coli and verified by Sanger sequencing (Supplemental Figure 1: plasmid

sequences).

Expression of CYP4Z1 in yeast
The yeast strain Y MD3289 (S288C MATo HAP1+ ura3A0 leu2A1 his3A1 trplA63) was
transformed with p41KGAL1 CYP4Z1-HA. When required, yeast media was supplemented with 200

ug/mL G418 to maintain the plasmid. Unless otherwise specified, al cultures were grown at 28°C. To
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induce CY P expression, a single yeast colony was inocul ated into 30 mL SC+-Ade medium (synthetic
complete, 2% glucose, 30 mg/L additional adenine) with G418 and grown at 30°C overnight. A 1/100
dilution of the overnight culture was inoculated into 500 mL Y PGE medium (10 g/L yeast extract, 20 g/L
peptone, 5 g/L glucose, 3% ethanol) with G418 and grown for 24 hrs at which point 2% gal actose (w/v)
was added to induce CY P expression. Cells were grown for an additional 15 h pelleted by centrifugation

for 10 min at 4,000 x g and then frozen at -80°C for microsome preparation.

Western Blotting

One microgram of microsomes from control yeast or from yeast expressing recombinant human
CY P4Z1 were separated on a 4-12% Bis-Tris SDS polyacrylamide gel (Invitrogen) and transferred
electrophoretically to nitrocellulose. After blocking for 2.5 h with 5% w/v BSA, 5% wi/v nonfat dry milk
in PBS, 0.1% Triton X-100, the nitroceull ose was reacted overnight with a 1:2000 dilution of rabbit anti-
human CY P4Z1 primary antibody (Sigma Atlas) followed by incubation with a 1:10,000 dilution of anti-

rabbit 1gG, HRP-linked antibody (Cell Signaling Technology).

Preparation of Yeast Microsomes

Y east microsomes were prepared as described previously (Pompon et al., 1996) using the
enzymatic breaking procedure and PEG-4000/NaCl method with modifications to buffer volumes.
Harvested cdlls (~3 g wet weight) were washed with 15 mL TEK buffer (50 mM Tris-HCI pH 7.4, 1 mM
EDTA, 0.1 M KCI), resuspended in 15 mL TEM buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 70 mM
2-mercaptoethanol) and incubated at room temperature for 5-10 min. Cells were recovered and
resuspended in 1.5 mL TMS buffer (1.5 M sorbitol, 20 mM TrissMES pH 6.3, 2mM EDTA) and 5 mg
20T Zymolyase was added. Cells were incubated for 1 h at 28°C. Further steps were performed on ice.
Spheroplasts were pelleted at 6,732 x g and washed with 15 mL TES-A buffer (50 mM Tris-HCI pH 7.4,
1mM EDTA, 1.5 M sorbitol) and the centrifugation step was repeated. Spheroplasts were resuspended in

10 mL TES-B buffer (50 mM Tris-HCI pH 7.4, 1 mM EDTA, 0.6 M sorbitol), and lysed using a Braun
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Labsonic U sonicator at arelative output power of 0.25 with 0.9 duty period using 2 x 15 sec pulses. After
waiting 5 min onice, lysed cells were centrifuged for 4 min at 1,700 x g, and the supernatant was
centrifuged for 10 min at 10,700 x g to remove the mitochondria. The supernatant volume was measured
and TES-B buffer was added to 30 mL total volume. 8 mL 50% PEG 4000 was added dropwise to this
mixture, followed by 2 mL 2.5 M NaCl, and the mixture was incubated on ice for 15 min. The mixture
was then centrifuged for 10 min at 10,700 x g. The microsomal pellet was resuspended in 2 mL TEG

buffer (50 mM Tris-HCI pH 7.4, 1 mM EDTA, 20% (v/v) glycerol) and frozen at -80°C.

CYP4Z1 Quantitation by CO Binding UV-Visible Spectroscopy

Carbon monoxide binding spectra by reduced CY P4Z1 were recorded on an Olis modernized
Aminco DW-2 spectrophotometer (Olis, Bogart, GA). CYP4Z1 yeast microsomes were diluted 2-fold in
50 mM KPi buffer, pH 7.4, containing 20% glycerol, 1 mM EDTA and 0.2% emulgen. Sodium dithionite
(excess, powder) and methyl viologen (1.2 uM) were added and the microsomes were then split equally
between sample and reference quartz cuvettes before taking a baseline scan from 400 to 500 nm, at 25°C.
CO gas was bubbled to saturation through the sample cuvette microsomes, and difference scans were
taken of the CO-bound enzyme. Holo-CYP4Z1 concentrations were calculated according to Beer’s law
taking the absorbance difference between the peak maximum (at ~450 nm) and the baseline (at 490 nm),

and using an extinction coefficient of 91 mM-1cm™ (Liu and Franklin, 1985).

General Microsomal Incubation Procedures
AA Assay

CYP4Z1 yeast microsomes (5-15 pmol per reaction), CPR and cytochrome b5 (ina 1:2:1 molar
ratio) were added to 100 mM potassium phosphate buffer, pH 7.4, and incubated on ice for 30 min.
Sodium pyruvate (1 mM final concentration), HET0016 (1 uM, added only for inhibition reactions) and

AA (75 uM) were successively added, and reactions were pre-incubated at 37°C/75 rpm in awater bath
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for 3 min prior to initiation through the addition of NADPH (1 mM in a200 puL fina reaction volume). A
high AA substrate concentration was chosen to better ensure saturation and facilitate identification of the
full complement of metabolites without Kinetic concerns. After 15 min incubation, reactions were
guenched with 1 mL ethyl acetate, containing 0.01% butylated hydroxytoluene (BHT), and 100 ng each
of 20-HETE-ds and 14,15-EET-d1; were added asinternal standards. Reaction mixtures were vortexed,
centrifuged and the organic layer collected, and then the extraction process was repeated with another 1
mL of ethyl acetate/BHT. The combined organic layers were evaporated at room temperature under a
nitrogen gas stream, and the residue reconstituted in 10 uL of DM SO, with another 40 pL of a50:50
solution of a4:1 mix of acetonitrile/methanol in water subsequently added, for LC-MS analysis.
Incubations and work-up were al carried out in the dark, and all organic solvents (including those used to
make up substrate and standard stock solutions, which were stored at -80°C) were degassed prior to use.
Methanol, from the AA and HET0016 stock solutions, did not exceed 1% of the final reaction volume.
Reactions with P450 Supersomes (Corning Inc., Corning, NY) contained 15 pmol P450 enzyme, 1 mM
sodium pyruvate, 75 uM AA and 1 mM NADPH in 200 uL of 100 mM potassium phosphate buffer, pH
7.4. Incubation and work-up conditions were identical to those described above for CYP4Z1. Calibration
curves were prepared by spiking variable amounts of 18-HETE (for CY PAF12 metabolic analysis) or 19-
HETE and 14,15-EET into 200 uL potassium phosphate buffer, containing 1 mM sodium pyruvate, to
generate standard mixtures with final concentrations of between 2.5 and 500 pg/uL buffer. These
standard solutions, prepared in duplicate, were immediately worked-up and analyzed in an identical

fashion to that described for the incubation samples above.

LA Assay
CYP4Z1 yeast microsomes (5-15 pmol per reaction), CPR and cytochrome b5 (ina 1:2:1 molar
ratio) were reconstituted in 100 mM potassium phosphate buffer, pH 7.4, and incubated on ice for 30 min,

after which LA was added (1 mM final concentration). Reactions were pre-incubated for 3 min at
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37°C/75 rpm in awater bath, prior to initiation through the addition of NADPH (1 mM in a500 uL fina
reaction volume). After 30 min incubation, reactions were quenched with 50 pL of 10% HCI, 10 nmol of
15-OH PDA were added asinternal standard, and the solutions were extracted twice with 900 L of ethyl
acetate. The organic solvent was evaporated under a nitrogen stream, and the residues dissolved in 50 uL
of ethyl acetate. BSTFA reagent (Sigma), 50 L, was added and the silylation reactions were heated to
90°C for 60 min. After cooling, the samples were analyzed by GC-MS. Calibration curves were prepared
by spiking concentrated standard mixtures, containing variable amounts of 9, 10, 11 and 12-hydroxy LAS,
into 500 uL of potassium phosphate buffer (0.005 to 25 uM final concentrations). The standard buffer

solutions, prepared in duplicate, were worked-up and analyzed in identical fashion to the incubation

reactions described above.

Analysisof LA Metabolitesby GC-MS

GC-M S analyses were performed on a Shimadzu QP2010 Gas Chromatograph Quadrupole Mass
Spectrometer (Shimadzu Scientific, Columbia, MD) using electron impact (El) ionization. The various
hydroxylated LA metabolites as well asthe internal standard, 15-OH PDA, were analyzed as their
respective bis-trimethylsilylated derivatives by selected ion monitoring (SIM) of the following mass
channels: mVz 345 (12-OH LA), mVz 173 (7-OH LA), m/'z 159 (8-OH LA), m/z 145 (9-OH LA), m/z 131
(10-OH LA), Mz 117 (11-OH LA) and myz 387 (15-OH PDA). The derivatized metabolites were
separated on a Restek Rxi-5Sil M'S (fused silica), 30 m, 0.25 pm GC column with 0.25 mm i.d. at an
injection temperature of 250 °C. The method employed an initial column temperature of 80°C, which was
held for 0.5 min, and then increased to 160°C at arate of 30%min. From there the rate was slowed to
5°/min up to atemperature of 225°C and was subseguently increased to 40°%min until reaching a final
temperature of 290°C. The 9, 10, 11 and 12-hydroxy LA metabolites were quantified by comparing peak
arearatios (relative to the internal standard, 15-OH PDA) to ratios from the appropriate calibration curve,

determined with previoudly synthesized hydroxy LA standards (Guan et a., 1998), using linear regression

10
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analysis. Since standards of the 7- and 8-hydroxy LAs were unavailable, rates of LA metabolism to these

compounds were estimated using the 9-hydroxy LA calibration curve.

Analysis of AA Metabolitesby LC-MSMS

LC-MS/MS analyses were conducted on a Waters Xevo TQ-S Tandem Quadrupole Mass
Spectrometer (Waters Co., Milford, MA) coupled to an ACQUITY Ultra Performance LC™ (UPLC™)
System with integral autoinjector (Waters). The Xevo was operated in ESI-MS/MS (MRM) mode at a
source temperature of 150°C and a desolvation temperature of 200°C. The following mass transitions
were monitored in separate ion channels for the various oxidative AA metabolites/standards: m/z 337 >
145 (5,6-DHET), m/'z 337 > 127 (8,9-DHET), m/z 337 > 167 (11,12-DHET), m/z 337 > 207 (14,15-
DHET), m/z 334 > 289 (20-COOH-AA), m/z 330 > 219 (14,15-EET-dhs), Mz 325 > 281 (20-HETE-ds),
Mz 319 > 115 (5-HETE), m/z 319 > 155 (8-HETE and 8,9-EET), m/z 319 > 151 (9-HETE), m/z 319 >
167 (11-HETE and 11,12-EET), m/z 319 > 179 (12-HETE and 11,12-EET), m/z 319 > 191 (5,6-EET), n/z
319> 208 (12-HETE and 11,12-EET), m/z 319 > 219 (15-HETE and 14,15-EET), m/z 319 > 245 (20-
HETE), mz 319 > 247 (17-HETE), m/z 319 > 261 (18-HETE) and myz 319 > 275 (19-HETE). The cone
voltage was set to 20 V for all compounds and optimized collision energies were set to 16 eV for 20-
COOH-AA, 17-HETE, 18-HETE, 19-HETE, 20-HETE and 20-HETE-ds, 10 eV for al other HETEs as
well asfor al of the EETs, and 15 eV for all DHETs. Note: 17-HETE and 18-HETE metabolite
formation was only monitored for CY P4F12 Supersomes (Supplemental Figure 2).

Metabolic products from the AA incubations were separated on an Acquity BEH Shield Cig, 1.7
u, 2.1 x 100 mm, UPLC column (Waters, Corp) using a binary solvent gradient, solvent A: 0.05%
aqueous acetic acid and solvent B: 4:1 acetonitrile/methanol plus 0.05% acetic acid, with a constant flow
rate of 0.3 mL/min. From O to 5.5 min the method was isocratic at 55% B and was then increased to 58%
B over 0.5 min. The concentration was maintained at 58% B for another 12 min. Metabolites were

guantified through comparison of their peak arearatios (relative to the 20-HETE-ds or 14,15-EET-d11

11

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on October 10, 2017 as DOI: 10.1124/dmd.117.078188
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #78188

internal standard peak areas) to calibration curves using linear regression analysis. Limits of detection for

19-HETE, 20-HETE and 14,15-EET were below 50 fmol injected on column.

Inhibition of Fatty Acid Metabolism by HET0016

CYP4z1 (5 pmoal), CPR and cytochrome b5 were incubated in potassium phosphate buffer onice
for 30 min, asdescribed. LA (100 uM final concentration) and HET0016 (variable concentration, 0 — 500
uM) were then added from 200 x concentrated methanolic stock solutions. Reactions were incubated and
worked-up as previously described for the LA assay. Duplicate incubations were carried out at each
inhibitor concentration.

Alternatively, CY P4F12 Supersomes (15 pmol) were incubated with AA (75 uM), sodium
pyruvate (1 mM) and NADPH (1 mM) in 200 uL of potassium phosphate buffer for 15 min, as described
above for the AA assay, with the addition of HET0O016 in the incubation mixtures (at variable
concentration, 0— 500 uM). Again, reactions were incubated and worked-up as previously described and

duplicate incubations were carried out at each inhibitor concentration (Supplemental Figure 3).

Preparation of 14,15-EET-Pentafluorobenzyl Ester (PFB) Derivatives

AA metabolites were converted to their pentafluorobenzy! ester derivatives according to the
procedure of Mesaros, et al. (Mesaros et al., 2010). AA, at 5 uM, was incubated with either CYP4Z1
yeast microsomes or CY P2C19 Supersomes as described above. 14,15-EET-di; (50 ng) was added as
internal standard and the incubations were extracted with ethyl acetate/BHT and evaporated under
nitrogen. The evaporated residue was reconstituted in 100 puL of dichloromethane (DCM) and 100 uL of
a 1:19 solution of diisopropylethyl aminein DCM followed by 100 uL of a 1:9 mixture of
pentafluorobenzyl bromidein DCM were subsequently added. The reactions were allowed to shake, in
the dark, at room temperature for 30 min, then solvent was removed under a nitrogen stream. Residues

were re-solubilized in 300 uL of a 97:3 hexane/ethanol solution for LC-MS/MS analysis.

12
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Chiral Resolution and Electron Capture APCI-M S of 14,15-EET-PFB Esters

LC-MS/MS analyses of the derivatized EET-PFB esters were conducted on the Waters Xevo TQ-
SMSACQUITY UPLC™ System (Waters) described above. The Xevo was operated in APCI'-MSMS
(MRM) mode at a source temperature of 150°C and a probe temperature of 500°C. The following mass
transitions were monitored: m/z 330 > 219 (14,15-EET-d11), m/z 319 > 219 (14,15-EET) with acone
voltage of 40 V and a collision energy of 10 eV set for both channels (under APCI conditions, EET-PFB
esters undergo in-source loss of PFB to (re)generate the 14,15-EET anion). The 14,15-EET-PFB
enantiomers were resolved on a Chiralpak AD 2.1 x 250 mm, 10 p column (Daicel Chemical Industries,
Ltd., West Chester, PA) at aflow rate of 0.7 mL/min using an isocratic solvent gradient of 98.5% hexane

(solvent A) and 1.5% hexane/IPA (4:6, solvent B) as described (Mesaros et ., 2010).

Homology modeling of CYP4Z1 and ligand docking.

A homology model for CY P4Z1 was constructed using the I-TASSER server (Yang et a ., 2015),
with no templates or experimental constraints specified. The primary template identified by I-TASSER
was the CY P4B1 structure (PDB ID: 5T6Q), along with other CY P crystal structures (PDB IDs: 1TON,
3MDM and 4J14).

Ligand docking was performed in AutoDock Vina (Trott and Olson, 2010). The hydrogen bond
weight was doubled to better model the interactions between the carboxylate of the ligands and
basic/hydrogen bonding amino acids in the active site, following a previoudy described protocol for CYP
ligand docking (Hsu et al., 2017a). Models of AA and LA were generated in Open Babel (O'Boyleet dl.,
2011) at pH 7.4 with Gasteiger charges added, and ligand and protein files were processed using
AutoDock Tools. The side chains of active site residues of Leul17, Va 126, Val 379, Asn381, and Ser383
were set to be flexible, while backbone atoms and all other remaining residues (and heme) of the
homol ogy model were held rigid. Visualization of the docked ligands in the active site was performed in

Chimera (Pettersen et d., 2004).

13
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Homology model coordinates have been deposited in the Protein Model Database

(https://bioi nformatics.cineca.it/PMDB/) with ID PM0081238.

Data Analysis

Quantitative incubation experiments for measurement of LA and AA CY P4Z1 metabolites were
performed with three replicate samples on two different preparations of yeast microsomes. Dueto
enzyme constraints imposed by low CYP4Z1 expression levels, the HET0016 1Csp values for inhibition of
LA metabolism were determined in a single experiment using duplicate data points. All other
experiments, unless otherwise indicated, were performed with three replicate samples. Data presented are
means £ S.D. unless otherwise stated. 1Cso values were determined in GraphPad Prism v. 7.00 using the

one sitefit log(inhibitor) vs response (3 parameters) model.
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RESULTS
Characterization of CYP4Z1 expressed in yeast

CYP4Z1 expression in microsomes prepared from Saccharomyces cerevisiae was eval uated by
SDS-PAGE followed by Western blot analysis using a CY P4Z1 polyclonal peptide antibody. The blot
identified a single band at approximately 58 kDa (Figure 1A) in yeast microsomes, which displayed a
typical P450 difference spectrum (Figure 1B) following reduction with dithionite and saturation with
carbon monoxide. The specific content of CY P4Z1 ranged from 10-20 pmol/mg protein across multiple
expression attempts. The exact position of the Soret band could not be determined because of the
relatively high ratio of cytochrome ¢ oxidase to CY P4Z1 in these microsomal preparations, which
dominated the Soret region of CO binding spectra of microsomes prepared from empty vector controls

(not shown).

M etabolism of lauric acid by CYP4Zz1

First, we evaluated CY P4Z1-dependent metabolism of LA because medium-chain saturated fatty
acids are the only substrates for the enzyme to have been examined, abeit in whole yeast cells (Zollner et
al., 2009). CY P4Z1-expressing yeast microsomes incubated with LA and NADPH generated five internal
alcohol metabolites, but none of the terminal 12-hydroxy metabolite (Figure 2). Alcohols were analyzed
by gas chromatography-mass spectrometry as their trimethylsilyl derivatives, which permitted
unambiguous assignment of the biologically-generated 7-OH, 8-OH, 9-OH, 10-OH and 11-OH
metabolites from their characteristic fragmentations. Formation of mid-chain LA alcoholsby CYP4z1
was expected because the 7-OH, 8-OH, 9-OH and 10-OH metabolites are also generated by CY P4Z1-
expressing Schizosaccharomyces pombe cells (Zollner et a., 2009). However, our findings expand the
CYP4Z1 metabolite profileto include 11-OH LA, generated by CY P4Z1-expressing yeast microsomes.
The 7-OH, 8-OH, 9-OH, 10-OH and 11-OH LAswere formed in aratio of ~1:20:3:8:4 (Table 1).
Although, HET0016 is a nanomolar inhibitor of most CY P4 enzymes, it inhibited CY P4Z1-mediated LA

8-, 9- and10-hydroxylation relatively weakly with an average ICsp of 15 uM (Figure 3).
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M etabolism of arachidonic acid by CYP4Z1

P450 enzymes can transform AA into a plethora of metabolites, as exemplified by the diversity of
regioisomeric EETs and HETEs generated by CY P2C19 (Figure 4, upper panel). In contrast, NADPH-
supplemented CY P4Z1 microsomes formed only (cis) 14,15-EET and atrace amount of 19-HETE (Figure
4, lower panel; Table 1). CY P41 formed no detectable 20-HETE or 20-carboxy AA metabolites, despite
the fact that these are prominent metabolites of CYP4F2 (Figure 4, middle panel). Similar to metabolism
of LA, HET0016 was not an effective inhibitor of CY P4Z1-catalyzed AA metabolism, showing no
inhibition at the commonly used concentration of 1 uM (Figure 4, lower panel). Finally, we evaluated
the stereochemistry of the magjor 14,15-EET metabolite generated by CYP4Z1. Chira-phase analysis
demonstrated that CY P4Z1 generated the cis-14(S),15(R)-EET with 80% enantiomeric excess (Figure 5).
Stereochemistry was assigned on the basis of the relative elution of 14,15-EET enantiomers produced by

CYP2C19, as reported previously (Mesaros et d., 2010).

Homology modeling of CYP4Z1 and ligand docking.

The homology model for CY P4Z1 shows an active site containing the hydrophobic amino acid
residues Leull7, Val126 and Val 379 that help confine aliphatic regions of fatty acid substrates. Towards
the *‘mouth’ of this substrate-binding pocket are the hydrogen bonding residues Asn381 and Ser383
(Figure 6A, B). The highest affinity lauric acid pose is situated with the w-1,2,3,4 positions al within
close proximity to the heme iron, with measured distances of 5.0, 4.7, 3.7, and 4.7 A. These correspond to
the 11-,10-,9-, and 8-OH products, respectively. The highest affinity pose generated for arachidonic acid
is positioned for 14,15-EET production, with carbons 14 and 15 situated 4.9 A and 6.1 A, respectively,
from the heme iron (Figure 6B). The carboxylate moieties of arachidonic and lauric acids are located 2.4
A and 1.9 A, respectively, from Asn381, suggesting that hydrogen-bonding interactions with this amino
acid may serve to position the internal aliphatic sections of the substrates over the heme for oxidation.

Although Ser383 islocated, respectively, 4.7 A and 6.4 A away from the LA and AA carboxylate
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moieties in these models, other dightly lower affinity configurations place the residue within hydrogen-
bonding distance of the acid groups (not shown), suggesting that Ser383 might also play arolein
positioning the fatty acids within the CYP4Z1 active site. Given the limitations of homology modeling
and computational docking, these poses should not be regarded as atomically precise. Instead, they
represent plausible models of CY P4Z1/substrate complexes that are fully consistent with our

experimental data.
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DISCUSSION

Prior to our work the only data available regarding catalysis by CYP4Z1 was obtained from
expression of the enzyme in Schizosaccharomyces pombe followed by whole-cell biotransformation
studies with lauric and myristic acids (Zollner et a., 2009), and in microsomes from T47D cells that had
been transfected with CYP4Z1 (Yu et d., 2012). The former effortsidentified internal
monochydroxylated fatty acid metabolites rather than formation of the expected w-hydroxy products by
CYP4z1. The microsomal studies reported here, with budding yeast-expressed CY P4Z1, confirm the
formation of several mid-chain alcoholsfrom LA and extend the metabolite profile to include 11-OH LA.
This somewhat unusual profile for aCY P4 enzyme is, nonetheless, in-line with expectations based on the
absence of aheme covalent link in CYP4Z1 (Table 2). The covalent link cannot exist in this enzyme
because CY P4Z1 lacks the I-helix glutamic acid residue that forges an ester bond with the heme (LeBrun
et d., 2002; Zheng et a., 2003). Instead, CYP4Z1 has an alanine at this position (Table 2). The reported
substrate selectivity of CY P4F8, CY P4F12 and CY P4X 1 supports this theory as each of these enzymes
also lack the I-helix glutamate residue and have likewise been shown to prefer internal rather than o-fatty

acid oxidation of arachidonic acid (Table 2),

Given the structural argument above, 20-HETE generation by CYP4Z1 asreported by Yu et al.,
(2012), seemed unusual and so we examined the full metabolite profile of AA by LC-MSMS. These
studies reveaded 14,15-EET to be the major metabolite, with no evidence for 20-HETE production.
Cognizant of the differences between the two studies, we went to extreme lengths to ensure that we were
not overlooking, or mis-assigning, a 20-HETE pathway in CY P4Z1-expressing yeast microsomes. First,
we devel oped a recombinant expression system that provided demonstrably active CYP4Z1 (viathe
generated CO-difference spectrum) in the microsomal preparations used for the metabolic studies.
Second, we confirmed that our microsomal enzyme preparations recapitul ated the internal hydroxylations
of lauric acid that were expected based on, (i) an earlier study in whole yeast cells (Zollner et al., 2009),

and (ii) the structural features of the enzyme. Third, we developed a highly sensitive and highly specific
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LC-MS/MS assay for 20-HETE that had alimit of detection of 50 fmol on column, equivalent to a
turnover rate of ~5 pmol/min/nmol CYP4Z1. Therefore, if CYP4Z1 generated 20-HETE in any
significant amount, we would have observed it. Additionally, since we found earlier that CY P4AF2 could
sequentially metabolize vitamin K to aterminal acid metabolite (Edson et al., 2013), we considered the
possibility that CY P4Z1 might convert 20-HETE to 20-carboxy-AA. However, LC-MSMS analysis did
not support this scenario, despite an appropriate enzyme control (CY P4F2). A final control was re-
investigation of the AA metabaolite profile generated by CY P4F12, which also lacks a heme covalent link.
As expected, we found that this enzyme generated 18-HETE instead of 20-HETE as the major
hydroxylated metabolite (Supplementa Figure 2), further validating our analytica procedures. In the
aggregate, our studies provide convincing evidence against o-hydroxylation of fatty acids by CY P4Z1,
in-line with the evolving structure-function relationships for CY P4 enzymes that cannot forge a coval ent
heme link. Reasons for the differences between the two studies are unknown at this time, but may reflect
the varied cell systems and /or analytical procedures employed. Additional studies with purified
reconstituted CYP4Z1 are needed to fully define the enzyme’s substrate and product specificities.
Interestingly, CY P4Z1 also demonstrates rel atively modest inhibition by the prototypic CY P4
inhibitor, HET0016. CY P4 enzymes that are committed w-hydroxylases typically exhibit 1Cs, values for
this formamidoxime inhibitor that are less than 100 nM (Parkinson et al., 2012; Edson and Rettie, 2013).
However, HET0016 inhibited LA hydroxylation catalyzed by CY P4Z1 with an 1Csp of only 15 puM.
Presumably, the structural features that promote w-hydroxylation by most CY P4 enzymes (Hsu et al.,
2017b) also impart tighter binding and inhibition by HET0016. We attempted to test this hypothesis by
looking at HET0O016 inhibition of AA metabolism by CY P4F12 Supersomes — the only commercially
available CY P4 enzyme lacking the I-helix glutamate residue that enables formation of the covalent heme
link. We were able to confirm literature reports that CY P4F12 primarily metabolizes AA to 18-HETE
with little to no 20-HETE formation (Stark et al., 2005), although we did also observe the production of

17-HETE and 19-HETE as minor metabolites (Supplemental Figure 2). HET0016 inhibited CY P4F12-
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mediated AA metabolism with an 1Csp of ~600 nM (Supplemental Figure 3). Whilethisvalueis
significantly lower than what we observed for HET0016 inhibition of CYP4Z1-mediated LA metabolism,
itisdtill ~10-fold higher than literature values reported for HET0016 inhibition of more typical CY P4 -
hydroxylase enzymes. More extensive studies with other CY P4 enzymes lacking the heme covalent link

are needed to confirm this apparent co-segregation.

While both 20-HETE production and CY P4 enzyme expression are increased in a number of human
cancers (Alexanian et d., 2012), our findings are suggestive of arolefor 14,15-EET in these malignant
events, in accord with several literature reports (Jiang et ., 2007; Mitraet a., 2011; Wei et a., 2014).
Indeed, a specific role for racemic 14,15-EET, formed by CY P3A4 and acting to mediate breast cancer
cell growth through Stat3, has been advanced (Mitraet al., 2011). In preliminary studies, we have
confirmed that CY P3A4 forms 14,15-EET with little stereochemical bias (data not shown). Therefore,
since CYP4Z1 formed 14(S),15(R)-EET with high stereosel ectivity, it will be interesting to contrast the
effects of the two epoxide enantiomers on breast cancer cell growth and invasiveness. Findly, our data
provide a cautionary note about the use of HET0016 as a pan-CY P4 inhibitor, particularly at low
micromolar concentrationsin cellular studies to diagnose involvement of CY P4 enzymes that do not

possess a covalently modified heme.
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FIGURE LEGENDS
Figure1l: Characterization of CYP4Z1 expressed in yeast microsomes. A) Western blot of
microsomes harvested from un-transformed yeast (lane 1) and from yeast expressing CY P4Z1 (lane 2).

B) Carbon monoxide difference spectrum of reduced CY P4Z1 microsomes.

Figure 2: GC-M S chromatogram of LA metabolites generated by recombinant CYP4Z1. The
chromatograms show resolution of the hydroxylated products generated from incubations of LA with

CY P4Z1-expressing yeast microsomes, in the presence (bottom traces) and absence (top traces) of
NADPH cofactor (LA metabolites were quantitatively converted to their (bis)trimethylsilyl derivatives
prior to analysis). Individual metabolites were identified by selected ion monitoring (SIM) of the optimal,
differentiating mass fragmentation ions for each derivatized regioisomer (7-OH LA, m/z=173; 8-OH LA,
m/z=159; 9-OH LA, m/z=145; 10-OH LA, m/z=131; 11-OH LA, m/z= 117 and 12-OH LA, nV/z =
345). 12-OH LA (Rt = 15.6 min) concentrations were below the limit of detection (i.e. < 0.02 pmol were

produced/min/pmol CY P4Z1).

Figure 3: HET0016 inhibition of CYP4Z1-catalyzed L A metabolism. The overlaid graphs show the
relative 1Csp curves for inhibition of yeast microsomal CY P4Z1-mediated LA 8-, 9- and 10-hydroxylase
activity by HET0016, alow nM inhibitor of most CY P4 enzymes. Data points denote the mean turnover
rate of LA to each metabolite, obtained from duplicate incubations of 100 uM LA and HET0016 (at
concentrations ranging from 0.1 — 500 uM) with CY P4Z1 microsomes, expressed as a percentage of the
rate obtained in the absence of inhibitor. HET0016 inhibited formation of 8-OH LA, 9-OH LA and 10-
OH LA with ICso values of 14.7, 14.9 and 15.9 uM, respectively (we were unable to generate reasonable
I Cso curves in this experiment for either 7-OH LA, due to low turnover rates, or 11-OH LA, dueto

overlap of the derivatized metabolite peak with HET0016).
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Figure4: ESI- LC-M S/M S chromatograms of AA metabolism by cytochrome P450s. Total ion
chromatograms (T1Cs) of metabolites produced from incubations of 75 uM AA with CYP2C19 and

CY P4F2 Supersomes and with CY P4Z1 yeast microsomes, in the presence and absence of NADPH (TICs
=sum of 17 individua AA metabolite MRM channels plus channels for the internal standards, 20-HETE-
ds and 14,15-EET-d11). An additiona TIC isincluded to show (the lack of) HET0016 inhibition of
CYP4Z1 AA metabolismat 1 uM HETO0O016. Insets represent magnifications of individua MRM
chromatograms from the (+) NADPH incubations of P450 with AA (peaks are normalized to the same
scale): A) miz=325> 281 (20-HETE-ds) B) nvz= 333> 271 (20-COOH-AA) C) m/z=319 > 245

(20-HETE) D) miz = 319 > 275 (19-HETE).

Figure5: LC-M SM S chromatograms showing ster eoselective formation of 14,15-EET by CYP4Z1
and CYP2C19. The chromatograms show chiral resolution of the 14,15-EET metabolic productsisolated
from incubations of AA with either CY P4Z1 yeast microsomes or CY P2C19 Supersomes (with (+)14,15-
EET-d:1 added asinternal standard). Metabolites and standards were derivatized to their
pentafluorobenzyl (PFB) esters and then analyzed by electron capture APCI- LC-MS/M S (resolution was

achieved on a Chirapak AD column).

Figure6: 3D Homology models of the CYP4Z1 active sitewith LA and AA docked. The CYP4zZ1
amino acid residues shown in light blue are believed to be of primary importance to substrate binding,
with Leull7, Va126 and Va 379 forming a hydrophobic pocket encapsulating the fatty chains of LA
(green, panel A) and AA (lavender, panel B). Asn381 appears to anchor both substratesin the active site,
likely through electrostatic interactions formed between the Asn amine and the fatty acid carboxylate
moieties (~ 2 A distant). A) The model of LA bound to CY P4Z1 shows internal carbons of the fatty acid
centered over the heme (brown), with C-8 through C-11 of LA all located between 3.7-5.0 A from the

hemeiron atom. By contrast, the terminal carbon of LA is oriented away from the hemeiron at a distance
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of 6.3 A. B) Themodel of AA bound to CY P4Z1 likewise shows the terminal carbon of the fatty acid to
be pointed away from the heme, while the Cy2-Cis double bond of AA isonly 5-6 A distant from the heme
iron. Inthe figure, oxygen atoms are shown in red, nitrogen atoms arein dark blue, sulfur atoms arein

yellow and the heme iron is shown as a brown sphere.
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Tablel. Ratesof lauric acid (LA) and arachidonic acid (AA) metabolite formation by CYP4Z1

micr osomes.

Substrate?  Metabolite  Rate (pmol/pmol/min)

LA 7-OH LA ~2b

LA 8-OH LA ~40°

LA 9-OH LA 6.1+0.7
LA 10-OH LA 16.0+ 1.4
LA 11-OH LA 8.8+0.2
LA 12-OH LA n.d.

AA 19-HETE 0.048 + 0.004
AA 20-HETE n.d.

AA 20-COOH-AA n.d.

AA 14,15-EET 1.9 + 0.06

“Substrate concentrations: 1 mM LA; 75 uM AA

b

Since we lacked synthetic standards for the 7- and 8-hydroxy metabolites of LA, these values
were estimated using the 9-OH LA calibration curve.
n.d. = not detected
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Table 2: Relationship between the presence of a predicted heme covalent link and 20-HETE

formation in human CY P4 enzymes

Sub-family Enzyme Localization

Covalent Heme

Arachidonic acid metabolite

CYP4A  4A11
4722
CYP4FB  4B1
CYPAV  4v2
CYP4F  4F2
4F3A
4F3B
4F11
4F22
4F8
4F12
CYP4X  4X1
CYP4z  4z1
471

Liver, kidney
Liver, kidney
Lung, bladder
Retina

Liver, kidney
Myeloid tissues
Liver, kidney
Liver, kidney
Skin
Urogenital
Liver, intestine
Brain, skin
Breast tissue
Breast tissue

Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
Yes (FEGHDT)
No (FGGHDT)
No (FGGHDT)
No (LAGHDT)
No (FAGHDT)
No (FAGHDT)

20-HETE (Powell et dl., 1998)

20-HETE (Nakano, 2011)
20-HETE (Powell et al., 1998)
20-HETE (Fer et a., 2008)
20-HETE (Christmas et al., 2001)
20-HETE (Tang et al., 2010)
18-HETE (Bylund et al., 2000)
18-HETE (Bylund et al., 2001)
14,15-EET (Stark et al., 2008)
20-HETE (Yu et al., 2012)
14,15-EET (Current study)
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Supplemental Table 1: Primersused for vector construction

Primers Sequence 5’-3’

KAS381 gcatctgtgeggtatttcacaccgcataCGACATGGAGGCCCAG

KAS382 gtggtatggtgcactctcagtacaatctgcCAGTATAGCGACCAGCATTCA

KAS378 tatgcggtgtgaaataccgcacagatgcgtaaggagaaaatacc

KAS379 gtggtatggtgcactctcagtacaatctgctctgatgecg
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SUPPLEMENTAL FIGURES

Supplemental Figure 1: Plasmid sequences.

p416GAL 1.

gacgaaagggcctcgtgatacgectatttttataggttaatgtcatgataat aatggtttcttaggacggatcgcettgectgtaacttacacgegectegtatct
tttastgatggaataatttgggaatttactctatgtttatitatttttatgtttgtattiggattttagaaagtaaataaagaaggtagaagagttacggaatgaaga
adacoacat saacasagtttasacaatttcaacasaaagCytactitacat atatatttattagacaagaasagcagattaaatagat atacattcgattaac
gataagtasaatgtasaatcacaggattttcgtgtgtggtcttctacacagacaagatgasacaattcggcattaatacctgagagcaggaagagcaagat
aaaaggtagtatttgttggcgatcecectagagtcttttacatcttcggaaaacaaaaactattttitctitaattcttttittactttctatttttaatttatatatttatat
tancaaatttasattat aattatttttatagcacgtgat gasaaggacceaggtggcacttttcggggaaatgtgcgeggaaccectatttytttattittctasat

acattcaaatatgtatcegctcatgagacaataaccctgataaatgettcaat aatattgaasaaggaagagtatgagtattcaacatttcegtgtegeecttat

tcecttttttgeggeattttgecttectgtttttgetcacccagaaacgctggtgaaagtasaagatgetgaagatcagttgggtgcacgagtgggttacatcg
aactggatctcaacagcggtaagatcettgagagttttcgccccgaagaacgttttccaatgatgageacttttasagttctgetatgtggegeggtattatee
cgtattgacgccgggcaagagceaactcggtegecgcatacactattctcagaatgacttggttgagtactcaccagtcacagasaageatcttacggatg

gcatgacagtaagagaattatgcagtgctgecataaccatgagtgataacactgeggecaacttacttctgacaacgatcggaggaccgaaggagctaa
ccgcttttttgcacaacatgggggat catgtaactcgecttgategtigggaaccggagctgaatgaagecat accasacgacgagegtgacaccacgat
gectgtagcaatggcaacaacgttgegcasactattaactggegaactacttactctagettcccggeaacaattaatagactggatggaggeggataaag
ttgcaggaccacttctgegetcggecctteeggetggetggtttattgetgatasat ctggageeggtgagegtgggtetegeggtatcattgcageactgg
ggccagatggtaageccteccgtatcgtagttatctacacgacggggagtcaggcaact alggat gaacgaaatagacagat cgctgagataggtgect
cactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttasaacttcatttttaatttasaaggat ctaggtgaagatecttttiga
taatctcatgaccaaaatcccttaacgtgagttttcgttccactgagegtcagacceegtagaaaagat caaaggatcticttgagatectttttttctgegegt

aatctgctgcttgcaaacaaasaaaccaccgctaccageggtggtttgtttgecggatcaagagctaccaactctttttccgaaggtaactggettcageag
agcgcagataccaaatactgtccttctagtgtagecgtagttaggecaccacttcaagaactctgtageaccgcctacatacctegetctgctaatectgtta
ccagtggctgctgecagtggegataagtegtgtettacegggttggactcaagacgatagttaccggataaggegcageggtcgggctgaacyggggy
ttcgtgcacacageccagcttggagegaacgacctacaccgaactgagatacctacagegtgagct atgagaaagegecacgcttccegaagggaga

aaggcgyacaggtatceggtaagcggcagggteggaacaggagagegeacgagggagettccagggggaaacgectggtatcittatagtectgtey
3
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ggtttcgecacctctgacttgagegtcgatttttgtgatgetcgtcaggggggeggagect atggasaaacgecageaacgeggcectttttacggttectg

gecttttgetggecttttgetcacatgttetttectgegttateecctgattetgtggataaccgtattacegectttgagtgagetgataccgetegecgeagee
gaacgaccgagegcagegagtcagtgagegaggaageggaagagegeccaatacgcaaaccgcctcteceegegegttggecgatteattaatgea
gctggeacgacaggtttcccgactggaaagegggeagtgagegcaacgcaattaatgtgagttacctcactcattaggcaccecaggctttacactttatg
cttccggctectatgttgtgtggaattgtgageggataacaatttcacacaggaaacagctatgaccatgattacgecaagegegcaattaaccetcactaa
agggaacaaaagctggagcetctagtacggattagaageegecgagegggtgacagecctccgaaggaagactctectcegtgegtectegtettcace

ggtcgegttectgaaacgcagatgtgectcgegecgeactgetccgaacaatasagattctacaatactagettttatggttatgaagaggaaaaattggea
gtaacctggecccacaaaccttcaaatgaacgaatcasattaacaaccat aggatgataatgegattagttttttagecttatttctggggtaattaatcagey

aagcgatgatttttgatctattaacagatatatasatgcasaaactgcataaccactttaact aatactttcaacattttcggtttgtattacticttattcasatgtaa
taaaagtatcaacaaaaaattgttaatatacctctatactttaacgtcaaggagaaaaaacceeggattctagaactagtggatcceccgggctgcaggaat

tcgatatcaagcttatcgataccgtegacctcgagtcatgtaattagttatgtcacgcttacattcacgeccteeceecacatcegetctaaccgaaaaggaa
ggagttagacaacctgaagtctaggtecctatttatttititatagttatgttagtattaagaacgttatitatatttcaaatttttctttttitictgtacagacgegtgta
cgcatgtaacattatactgasaaccttgcttgagaaggttttgggacgctcgaaggctttaatttgeggecggtacceaattegecctatagtgagtegtatta
cgegegctcactggeegtegttttacaacgtcgtgactgggaaaaccetggegttacceaacttaatcgecttgcageacatceecctttegecagetgge

gtaatagcgaagaggeccgeaccgatcgeccttcccaacagttgegeagectgaatggegaatggegegacgegecctgtageggegcattaagege
ggcgggtgtggtggttacgcgeagegtgaccgcetacacttgecagegecctagegeccgetectttegctttetteecttectttctegecacgttcgeegy
ctttcecegtcaagctctaaatcgggggctecctttagggttecgatttagtgctttacggeacctcgaccecaaaaaacttgattagggtgatggttcacgta
gtgggccatcgecctgatagacggtttttegecctitgacgttggagtecacgttctttaatagtggactcttgttccaaactggaacaacactcaaccetatet
cggtctattcttttgatttataagggattitgecgatttcggectattggttanaaaatgagetgatitaacasaaatttaacgcgaattttaacasaatattaacgt

ttacaatttcctgatgeggtattttctecttacgcatctgtgeggtatttcacaccgcatagggtaataact gatat aatt asattgaagctetaatttgtgagttta

gtatacatgcatttacttataatacagttttttagttttgctggecgeatcttctcaaatatgetteecagectgettttetgtaacgttcacectetaccttageatee
cttecctttgcaaatagtectcttccaacaataataatgtcagatcectgtagagaccacat catccacggttctatactgttgacccaatgegtcteccttgteat
ctaaacccacaccgggtgtcataatcaaccaatcgtaaccttcatetettccacceatgtetctttgagcaatasagecgataacaaaatctttgtegctcttey
caatgtcaacagtacccttagtatattctccagtagatagggageccttgcatgacaattctgcetaacat caaaaggectctaggttectttgttacttettetge
cgcctgcttcasaccgctaacaatacctgggeccaccacaccgtgtgeattegtaatgtetgeccattctgctattetgtatacaccegcagagtactgeaat

ttgactgtattaccaatgtcagcaaattttctgtcttcgaagagtasaaaattgtacttggeggat aatgectttageggcttaactgtgeectecatggasaaa

4
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tcagtcaagatatccacatgtatttitagtasacaaattttgggacctaatcticaactaactccagtaattcettggtggtacgaacat ccaatgaageacac
aagtttgtttgcttttcgtgcat gatattaaatagettggcageaacaggactaggatgagtageageacgttecttatatgtagetttcgacatgatttatctteg
tttcctgeaggtttttgtictgtgcagttgggttaagaatactgggcaatttcatgtitcticaacactacat atgegtatatataccaat ctaagtctgtgetecttc
cttcgttcttecttetgttcggagattaccgaat caasaaaat ttcanagaaaccyaaat cansaaaaagaat sacascasaat gatgaat tgaattgaaaagy
ctgtggtatggtgcactctcagtacaat ctgetctgatgecgeatagttaagecageeccgacacccgecaacaccegetgacgegecctgacgggctty

tctgcteccggcatcegcttacagacaagcetgtgacegtetecgggagetgeatgtgtcagaggttttcacegtcatcaccgaaacgegega

pUGE:
GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACAACCCTTAATATAACTTCGT

ATAATGTATGCTATACGAAGTTATTAGGTCTAGAGATCTGTTTAGCTTGCCTCGTCCCCGCCG
GGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAG
CTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATGTATAATCATT
TGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCAGA
CCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTG
TAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAA
ATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATGGGTAAGGAAAA
GACTCACGTTTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAAT
GGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGAT
GCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGAT
GGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTA
CTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGCAAAACAGCATTCCAGGTATTA
GAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTT
GCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGC
GCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCT
GGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTC

GTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGT
5
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ATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTG

CCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCC

TGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATCAGTACTGACAAT

AAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTAT

TTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGA
AGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTG
CTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAGCTCTCGAGAACCCTTAAT
ATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTGATATCAGATCCACTAGTGGCCT
ATGCGGCCGCGGATCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTCGATAAGCCAGGTT
AACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTC
CGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC
ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTG
AGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCAT
AGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACC
CGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTT
CCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCT
CAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGT
GCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCA
ACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAA

GGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGC

TCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGAT

TACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTC

AGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACC

TAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTG

GTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTC
6
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ATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTG
GCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATA
AACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCC
AGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAAC
GTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGC
TCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAG
CTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTAT
GGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGA
GTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGT
CAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACG
TTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCA
CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAA
CAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCA
TACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACA
TATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTG
CCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCAC
GAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCC
CGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGC
GTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTAC
TGAGAGTGCACCATATGGACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTA
TGTATCATACACATACGATTTAGGTGACACTATA

p41KGAL1

gacgaaagggcctegtgatacgcctatttttataggttaatgtcatgataataatggtttcttaggacggategcttgectgtaacttacacgegectegtatct

tttaatgatggaataatttgggaatttactctgtgtttatttatttitatgtittatatttggattttagasagtasatasagaaggtagaagagttacygaatgaaga

aaoaaoaat aaacasagtttcaasaattt caacaaaaagcgtactttacatatatatttattagacaagaaaagcagattaaat agat atacattcgattaac

gataagtaaaatgtasaatcacaggattttegtgtgtggtcttctacacagacaagatgaaacaattcggcattaatacctgagagcaggaagagcaagat
7
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asaaggtagtatttgttggcgatceecctagagtcttttacatcticyganaacaaaaact attttttctitaattctitttttacttictatttitaatttat at atttatat
tanaaadtttasattataattatttttatagcacgtgatgaaaaggacceaggtggceacttticggggaaatgtgegcggaaccectatttgtttatttttctasat
acattcaaatatgtatcegctcatgagacaataaccctgatasatgettcaataatattgasaaaggaagagtat gagtattcaacatttcegtgtegeecttat
teccttttttgeggeattttgecttectgtttttgetcacccagaaacgctggtgaaagtasaagatgetgaagatcagttgggtgcacgagtgggattacatcg
aactggatctcaacagcggtaagatcettgagagttttcgccccgaagaacgttttccaatgatgageacttttasagttctgetatgtggegeggtattatee
cgtattgacgccgggcaagagceaactcggtegecgcatacactattctcagaatgacttggttgagtactcaccagtcacagasaagcatcttacggatg

gcatgacagtaagagaattatgcagtgctgecataaccatgagtgataacactgeggecaacttacttctgacaacgatcggaggaccgaaggagctaa
ccgcttttttgcacaacatgggggat catgtaactcgecttgategttgggaaccggagctgaatgaagecat accasacgacgagegtgacaccacgat
gectgtagcaatggcaacaacgtigegcasactattaactggegaactacttactctagettcccggeaacaattaatagactggatggaggeggataaag
ttgcaggaccacttctgegeteggecctteeggetggetggtttattgetgat aatctggageeggtgagegtgggtetegeggtatcattgeageactgg
ggccagatggtaageccteecgtategtagttatctacacgacggggagtcaggcaact alggatgaacgaaatagacagatcgctgagataggtgect
cactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttasaaggat ctaggtgaagatecttttiga
taatctcatgaccaaaatcccttaacgtgagttttcgttccactgagegtcagacceegtagaaaagat caaaggatcticttgagatectttttttctgegegt

aatctgctgcttgcaaacaaasaaaccaccgctaccageggtggtttgtttgecggatcaagagctaccaactctttttccgaaggtaactggettcageag
agcgcagataccaaatactgtccttctagtgtagecgtagttaggecaccacttcaagaactctgtageaccgcctacatacctegetctgctaatectgtta
ccagtggctgetgccagtggegataagtegtgtcttaccgggttggactcaagacgatagttaccggataaggegcageggtegggctgaacggggag
ttcgtgcacacageccagettggagegaacgacctacaccgaactgagatacctacagegtgagctatgagaaagegcecacgcticcegaagggaga
aaggcggacaggtatccggtaageggcagggtcggaacaggagagcgcacgagggagcettccagggggaaacgcctggtatctttatagtectgteg
ggtttcgecacctctgacttgagegtegattittgtgatgetcgtcaggggggeggagect atggasaaacgccageaacgeggcctttttacggttectg

gecttttgetggecttttgetcacatgttetttectgegttateeectgattetgtggataaccgtattacegectttgagtgagetgataccgetegeecgeagee
gaacgaccgagegcagegagtcagtgagegaggaageggaagagegeccaatacgcaaaccgcctcteceegegegttggecgatteattaatgea
gctggeacgacaggtttceccgactggaaagegggcagtgagegeaacgcaattaatgtgagttacctcactcattaggecacceccaggctttacactttatg
cttceggctectatgttgtgtggaattgtgageggat aacaatttcacacaggaaacagctatgaccatgattacgecaagegegcaattaacectcactaa
agggaacaaaagctggagctctagtacggattagaageegecgagegggtgacagecctccgaaggaagactctecteegtgegtectegtettcace
ggtcgegttectgaaacgcagatgtgectcgegecgeactgetecgaacaatasagattctacaatactagettttatggttatgaagaggaaaaattggea
gtaacctggecccacaaaccticaaatgaacgaat casattaacaaccataggat gataat gegattagttttttagecttatttctggggtaattaatcagey
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aagcgatgatttttgatctattaacagatatat aaat gcaaaaactgeataaccactttaactaat actttcaacattttcggtttgtattacttcttattcaaat gtaa
tasaagtatcaacanaaaattgttaatatacctctatactttaacgtcaaggagaasasaccceggattctagaactagtggatcecececgggetgcaggaat
tcgatatcaagcttatcgataccgtcgacctcgagtcatgtaattagttatgtcacgcttacattcacgecctceccccacatcegctctaaccgaasaggaa
goagttagacaacctgaagtctaggteectatttattittttatagttatgttagtattaagaacgttatttatatttcaaatttttcttttttttctgtacagacgegtgta
cgcatgtaacattatactgasaaccttgcttgagaaggttttgggacgctcgaaggctttaatttgcggecggtacceaattcgecctatagtgagtegtatta
cgcgcgctcactggecgtegttttacaacgtcgtgactgggaaaaccetggegttacccaacttaatcgecttgcageacatcecectttcgecagetgge
gtaatagcgaagaggcccgcaccgatcgeccttcccaacagttgegeagectgaatggegaatggegegacgegecctgtageggegceattaagege
ggcgggtgtggtggttacgegcagegtgaccgctacacttgecagegecctagegeecgetectttegetttctteecttectttetegecacgttegecgg
ctttcceegtcaagctctasatcgggggctecctttagggttecgatttagtgctttacggcacctcgaccecaaaaaacttgattagggtgatggttcacgta
gtgggccatcgecctgatagacggtttttcgeectttgacgttggagtecacgttctttaatagtggact cttgttccasactggaacaacactcaaccctatct
cggtctattcttttgatttataagggattttgccgatttcggectattggttanaaaat gagctgatttaacasaaatttaacgcgaattttaacaaaat attaact
ttacaatttcctgatgeggtattttctccttacgcatctgtgeggtatttcacaccgcataCGACATGGAGGCCCAGAATACCCTCCT
TGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCA
TACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAA
AATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAA
TTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCT
TCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATA
AACAACCATGGGTAAGGAAAAGACTCACGTTTCGAGGCCGCGATTAAATTCCAACATGGAT
GCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTA
TCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTG
CCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCG
ACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGC
AAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCT
GGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCG
CGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATT

TTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAGCTTTTG

9



DMD #78188

CCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGAC
GAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGG
ATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTC
AAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAG

TTTTTCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGT

TTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTC
GACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTAT
GTGAATGCTGGTCGCTATACT Ggtggtatggtgcactctcagtacaatctgetctgatgecgeatagttaagccagecccgacacce
gccaacaccegctgacgegecctgacgggcttgtetgetcceggeatcegcttacagacaagcetgtgacegtctccgggagetgeatgtgtcagaggttt

tcaccgtcatcaccgaaacgcgega
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Supplemental Figure2: ESI- LC-MSM S chromatograms showing AA metabolism by CY P4F12

Supersomes. A). Total ion chromatograms (T1Cs) of metabolites produced from incubations of 75 uM
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AA with CY P4F12 Supersomes in the presence and absence of NADPH. TICs = sum of 19 individual
AA metabolite MRM channels plus channels for the internal standards, 20-HETE-ds and 14,15-EET-d11
(i.e. the same 19 channels used in the analysis of CY P4Z1-mediated AA metabolism plus additional
channelsfor the analysis of 17-HETE and 18-HETE). Turnover rates for CY PAF12 AA metabolites. 18-
HETE = 0.099 + 0.001 pmol/min/pmol; 19-HETE = 0.031 + 0.002 pmol/min/pmol; B). Magnifications
of individual MRM chromatograms from a (+) NADPH incubation of CY P4F12 Supersomes with AA
(the amplitudes for the individual metabolite MRM chromatogram peaks are normalized to 5x the scale of
theinternal standard 20-HETE-ds peak, in arbitrary units). MRM channels: 20-HETE-ds (m/z = 325 >
281); 17-HETE (mz = 319 > 247), 18-HETE (m/z = 319 > 261), 20-HETE (m/z = 319 > 245), 19-HETE
(m/z=319 > 275). Theminor peak at 8.2 minin (B) is presumed to be 17-HETE based on its LC-
MS/MS profile (i.e. the M-72 daughter ion should be specific to the m-4 AA monohydroxy metabolite
due to the neutral loss of a CH;CH.CH,CHO fragment), however we are unable to confirm the

metabolite’s identity (or quantify it), because we lack a 17-HETE synthetic standard.

Note: While the major daughter ion for 18-HETE occurs at M-58 (m/z 261), this metabolite also produces
minor fragment ions at MYz 245 and m/z 275 that can be seen in the 19-HETE and 20-HETE channels.

The peak arearatios for the MRM channels m/z 319 > 275 : 319 > 245, determined from an 18-HETE
standard calibration curve, is ~2.5 and matches the ratio observed here for the 18-HETE metabolite peaks.
By contrast, 20-HETE consistently produces aratio of ~1.0 for these same MRM peaks under standard
experimental conditions. From this observation, we can determine that the peak at m/z 319 > 245 (20-
HETE channel) is mostly, if not entirely, dueto 18-HETE, rather than 20-HETE which might overlap
with the 18-HETE signal. Taken together with the low relative amplitude of the peak in the m/z 319 >
245 channel in comparison to other signals, we conclude from this data that little to no 20-HETE is

produced in this reaction.
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Supplemental Figure 3: HETO0016 inhibition of CYP4F12-catalyzed AA metabolism. The overlaid

graphs show the relative 1 Cso curves for inhibition of CY P4AF12-mediated AA 17-, 18- and 19-
hydroxylase activity by HET0016. Data points denote the mean turnover rate of AA to each metabolite,
obtained from duplicate incubations of 75 uM AA and HET0016 (at concentrations ranging from 0.1 —
500 uM) with CY P4F12 Supersomes, expressed as a percentage of the rate obtained in the absence of

inhibitor. HET0016 inhibited formation of 17-HETE, 18-HETE and 19-HETE with |Csy values of 0.82,

0.58 and 0.63 uM, respectively.
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