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Abstract: CYP2J2 epoxygenase is a membrane bound cytochrome P450 that converts omega-3 and
omega-6 fatty acids into physiologically active epoxides. In this work, we present a comprehensive
comparison of the effects of N-terminal modifications on the properties of CYP2J2 with respect to the
activity of the protein in model lipid bilayers using Nanodiscs. We demonstrate that the complete trun-
cation of the N-terminus changes the association of this protein with the E.coli membrane but does
not disrupt incorporation in the lipid bilayers of Nanodiscs. Notably, the introduction of silent muta-
tions at the N-terminus was used to express full length CYP2J2 in E. coli while maintaining wild-type
functionality. We further show that lipid bilayers are essential for the productive use of NADPH for
ebastine hydroxylation by CYP2J2. Taken together, it was determined that the presence of the N-ter-
minus is not as critical as the presence of a membrane environment for efficient electron transfer from
cytochrome P450 reductase to CYP2J2 for ebastine hydroxylation in Nanodiscs. This suggests that
adopting the native-like conformation of CYP2J2 and cytochrome P450 reductase in lipid bilayers is
essential for effective use of reducing equivalents from NADPH for ebastine hydroxylation.
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Introduction

Eicosanoids are signaling molecules that mediate
inflammation in the body and are implicated in many
disorders including cancer, arthritis, and cardiovascu-
lar disease.! One class of eicosanoid-synthesizing
cytochrome P450s, known as the CYP epoxygenases,
catalyzes the epoxidation and/or hydroxylation of
various dietary polyunsaturated fatty acids and xeno-
biotics.2® CYP2J and CYP2C are the two primary
mammalian subfamilies that comprise the CYP epox-
ygenases. In humans, CYP2J2 is highly expressed in
cardiac myocytes and the endothelium of coronary
arteries where it plays significant roles in cardiovas-
cular diseases and inflammation.*” This enzyme
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catalyzes the metabolism of arachidonic acid (AA)
into epoxyeicosatrienoic acids (EETs). These metabo-
lites are stereo- and regio-isomers that exert isomer-
specific anti-inflammatory, vasodilatory, and proan-
giogenic effects.®® Additionally, CYP2J2 catalyzes the
conversion of the omega-3 fatty acids into physiologi-
cally active products.® Both the omega-3 and omega-6
fatty acid metabolites are known dilators of the
microvasculature and are essential for heart homeo-
static equilibrium.?1°

Recently, CYP2J2 has also been found to be rel-
evant in both cancer and preeclampsia pathophysiol-
ogy.11"1* EETs are recognized as major promoters of
angiogenesis and consequently enhance tumor cell
survival. 12131516 Iy g study by Jiang et al., CYP2J2
was found to be predominantly localized in tumor
cells when compared with the adjacent normal tis-
sue samples.’® Additionally, Zeldin and coworkers
recently found that EETs stimulate extensive multi-
organ metastasis and escape from tumor dormancy
in several cancer models.'? In preeclampsia, CYP2J2
was found to be highly upregulated in placental tis-
sues and administration of CYP2J2 inhibitors
reversed preeclampsia-associated symptoms in
women.'! Hence, the development of drugs inhibi-
ting CYP2J2 has tremendous pharmaceutical poten-
tial for the prevention of cancer metastasis and
preeclampsia. 1141718

CYP2J2 also plays an important role in the
first-pass metabolism of astemizole, terfenadine, and
ebastine and is essential for understanding the
pharmacokinetic and pharmacodynamic relation-
ships of these drugs in the body.!”!® Thus, to begin
to elucidate the structure—function relationships of
pharmaceutically relevant CYP2J2, we expressed
the protein with high yields in Escherichia coli and
focused on understanding the role of the N-terminus
of CYP2J2 in association with lipid bilayers and in
ebastine hydroxylation activity.

N-terminus role in association with lipid
bilayers, activity, and protein-protein
interactions

The N-termini of membrane-bound cytochrome
P450s have been shown to play an important role in
lipid association, protein—protein interactions, and
substrate access. There are many reports of the
hydrophobic N-terminal domain mediating the P450
membrane-binding association.2°"?®> Based on this
observation, a soluble and monomeric form of
CYP2C5 and CYP2C3 was engineered by deleting
the N-terminal membrane-spanning region.?%2%
Additionally, the N-terminus of CYP1A2 was shown
to be involved in membrane anchoring and N-
terminal modifications had an effect on the catalytic
activity.2® Interestingly, it was also demonstrated
that membrane insertion of CYP1A2 was promoted
by the presence of anionic phospholipids and this
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association with membrane is dependent on the N-
terminus of CYP1A2.27 In addition to playing a role
in association with membrane, the N-terminus can
be involved in P450-P450 interactions.?® Tracy and
coworkers demonstrated that the hydrophobic N-
terminus-binding domains of CYP2C9 and CYP3A4
are involved in heterodimer complex formation and
truncation of the N-terminus of CYP2C9 led to the
abolition of inhibition by CYP3A4.2° In separate
studies, it was hypothesized that the N-terminal
domain might be critical for orientation of the pro-
tein into the lipid bilayer.?* Thus, the N-terminus
affects the localization on the membrane and can
influence orientation and activity. Although the
N-terminus is considered to be responsible for mem-
brane association, one cannot always obtain a solu-
ble protein by simply truncating the N-terminus.
This is likely due to the presence of additional
hydrophobic residues, which contribute to membrane
association. The other regions thought to be involved
in membrane anchoring are the F' and G’ helices
and F-G loop. Hence, it is strongly believed that
membrane lipid molecules may play an important
role in gating the entrance of substrates and/or
release of products, implying that these pathways
are likely partially immersed in the membrane.?132

Model lipid bilayers of Nanodisc for functional
interrogation of CYP2J2

Here, we use Nanodiscs for rigorous biochemical
interrogation of CYP2J2 and the role of N-terminus
in membrane association and activity. Nanodiscs are
nanoscale lipid bilayers that are surrounded by a
membrane scaffold protein.®3=2% Incorporation of a
CYP protein into Nanodiscs mimics the endogenous
membrane environment of the protein, producing a
macromolecule amenable to several important bio-
chemical and biophysical assays hitherto reserved
for soluble proteins. Nanodiscs have proven to be
excellent for the solubilization and mechanistic
investigation of many diverse membrane protein sys-
tems. Moreover, this technology has enabled the sta-
bilization of membrane proteins both in solution®¢~4°
and on surfaces.3%41744

Focus of the article

In this article, we functionally characterize CYP2J2
in model lipid bilayer Nanodiscs. We demonstrate
the role of the N-terminus in association with the
E. coli membrane and with the lipid bilayers
of Nanodiscs. We further evaluate whether lipid
bilayers are essential for the productive use of
NADPH and product formation by CYP2J2.

Notably, we introduce silent mutations at the
N-terminus to express full-length CYP2J2 in E. coli
while maintaining wild-type functionality.*® The
full-length CYP2J2 provides a nearly identical wild-
type construct for comparison to the N-terminus
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Figure 1. Design and expression of CYP2J2 mutants. (A) CYP2J2 wild-type and design of N-terminal mutant constructs. Boxed
residues denote substitution of native Leu with Ala (GCT). Bolded residues represent introduction of AT-rich silent mutations.
Underlined residues signify introduction of a hydrophilic motif. Gaps represent deletion of N-terminal amino acids. (B) CYP2J2
N-terminal mutant expression and solubility in DH5alpha cells. The bar graph denotes expression yields that were highly
dependent on N-terminal modifications. The line plot signifies percentage of protein found in the soluble fraction during purifica-

tion, which largely corresponded to N-terminal truncations.

truncated constructs being explored in this work.
Although some of the results corroborate more anec-
dotal results for other P450s, this study presents a
more thorough and comprehensive comparison of
the effects of N-terminal modifications on the prop-
erties of CYP2J2 in native-like lipid bilayers with
respect to membrane association and activity.

Results and Discussion

Construction of CYP2J2 N-deletion mutants

The native human CYP2J2 gene was obtained from
OriGene. The Kyte-Doolittle hydropathy plot for
CYP2J2 (Supporting Information Fig. S1) shows
that approximately the first 33 amino acids form the
hydrophobic membrane-spanning domain. From lit-
erature, it is known that removal of hydrophobic
regions from the N-terminus increases the yields of
expression of cytochrome P450s.25%¢ Therefore, we
prepared five different CYP2J2 constructs with
varying N-terminal modifications for the purpose of
increasing the yield of expression without eliminat-
ing their ability to associate with the lipid bilayers.
The different N-terminally modified CYP2J2
constructs are listed in Figure 1(A), and the list of
primers used for each respective construct are repre-
sented in Supporting Information Table S1. The
N-terminal modifications made to the CYP2J2 con-
structs are the following: (1) Replaced the second
codon in the gene sequence with Ala (GCT), as
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many E. coli genes controlled by the lacZ operator
have been found to contain this codon.*”*® (2) incor-
porated silent mutations in the first five to seven
codons to render them both AT rich and to minimize
the free energy of mRNA secondary structure.®>!
(3) Truncated part or all of the hydrophobic (mem-
brane spanning) region of the N-terminus as done
previously.?! Finally, (4) incorporated hydrophilic
sequence AKKTSS into the N-terminus.?%5

One complication in the molecular cloning of
CYP2J2 was the presence of an internal Ndel site in
the gene.’* We circumvented this problem by using
an easy and elegant method of digesting the
CYP2J2 gene with a different enzyme, Asel, which
produced an overhang compatible with the Ndel
digested fragment and enabled ligation producing
the desired constructs.

Heterologous expression of CYP2J2 in E. coli

All the constructs of CYP2J2 were transformed into
DHb5alpha cells along with the pTGro7 plasmid
encoding for the expression of the GroEL-GroES
chaperonin system.’® The average yields obtained
after Ni-NTA column purification from each of the
constructs are shown in Figure 1(B). The overall
protein expression yields corresponded to the size of
the N-terminal deletion with yields following:
M2D34G > M2D19HG > M2D5HG ~ M2SMG. The
protein expression yields of the full-length CYP2J2

Functional Studies of CYP2J2-Nanodiscs
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Figure 2. Characterization of CYP2J2 constructs. (A) CYP2J2 mutants were incorporated into Nanodiscs and purified using
SEC-HPLC. SDS-PAGE was used to verify successful isolation of each respective CYP2J2-ND. The first column contains a
protein ladder standard showing that the molecular weight of M2D19HG is close to the ~50-60 kDa standard and the scaffold-
ing protein MSP1T2 has molecular weight close to ~24 kDa. The exact molecular weights were confirmed using ESI-MS.

(B) CO-binding spectra were used to characterize each construct and gauge the protein folding after expression and purifica-
tion. Each construct exhibited ~100% P450 content, which is indicative of a well-folded and functional CYP. (C) SEC-HPLC
was applied to characterize CYP2J2 mutant oligomerization states in phosphate buffer (0.1M). The CYP2J2 elution profile was
produced by monitoring the heme absorbance at 417 nm. Using water-soluble protein standards, we observed that the
constructs smaller oligomeric state corresponded closely with the size of the N-terminal truncation and followed M2SMG ~

M2D5HG > M2D19HG > M2D34G.

significantly varied for constructs M2G and M2SMG
with yields of 1-2 and 27 nmol L™ of purified pro-
tein, respectively. Interestingly, both M2G and
M2SMG are full-length proteins similar to wild-type
CYP2J2 with a single substitution (Leu2Ala) at the
second amino acid in the N-terminal domain [Fig.
1(A)]. The difference between these two constructs
was the introduction of silent mutations at the third,
fourth, and sixth codons of M2SMG that increased
expression 20-fold as represented in Figure 1(B).
Thus, we were able to greatly enhance the expres-
sion of full-length CYP2J2 (M2SMG) with the intro-
duction of silent mutations at the N-terminus,
thereby minimizing the free energy of the mRNA
secondary structure formation (AG of M2G = -3.94
and AG of M2SMG = -1.69) as calculated in the
experimental procedures section. The expression of
full-length CYP2J2 in high yields was essential to
fully elucidate the role of the N-terminus of CYP2J2
in membrane binding and association with its redox
partner cytochrome P450 reductase.

The complete truncation of the N-terminal
hydrophobic region in the M2D34G construct
resulted in the protein being located in the soluble
fraction at a much higher percentage (~40%)
than the proteins expressed from other constructs
[Figure 1(B)]. M2D19HG, which was modified by
truncating 19 N-terminal amino acids, was primarily
purified from the E. coli membrane fraction (~85%).

McDougle et al.

This indicated that the additional 14 hydrophobic
amino acids of D19HG provided a much stronger
membrane anchor for association during purification
when compared with M2D34G.

Oligomerization studies

The oligomerization states of the different constructs
were estimated by size exclusion chromatography
(SEC). In Figure 2(C), we see that the N-terminal
hydrophobic regions of M2SMG and M2D5HG
induce significantly greater oligomeric states with
predominant retention times at 22 min and a much
smaller peak at 30 min. The N-terminal truncations
of M2D19HG exhibited a different elution profile
with two predominant oligomeric states at 22 and 31
min. Most dramatically, the N-terminal deletions of
M2D34G produced a large monomeric state at 31
min with a smaller aggregated peak at 19 min. The
overall quantity and stokes radius for the larger oli-
gomeric states corresponded closely with the size of
the N-terminus, thus following the pattern M2SMG
~ M2D5HG > M2D19HG > M2D34G.

Spectrophotometric characterization of CYP2J2
N-terminus mutants

The purified oxidized CYP2J2 constructs were ana-
lyzed using UV-visible spectra. All the constructs
had typical peaks at 417 nm and the « and B bands
(Q-bands) at 536 and 570 nm, respectively. The pro-
teins were reduced and the Fe(II) CO spectra were
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measured for each of the constructs.’® Figure 2(B)
shows the Fe(II)-CO spectra of all the different con-
structs. They all exhibited prominent peak at 450
nm with little or no presence of a peak at 420 nm.
This confirmed that the axial-thiolate ligand was
retained and suggested maintenance of a typical
P450 fold for this motif in the active site.

Spectroscopic substrate-binding assay
Typically for drug-metabolizing and
synthesizing human cytochrome P450s, binding sub-
strate produces a spin state shift accompanied by
the shift of Soret from 417 to 393 nm.3?5758 To
probe the active site of a full-length versus trun-
cated CYP2J2, we studied the substrate binding in
Nanodiscs. CYP2J2 is primarily expressed in the
human heart where its main function is the conver-
sion of AA into EETs by epoxidation. Using this
assay, we did not detect an observable spectral spin
state change for AA binding. However, we did mea-
sure a modest increase in NADPH consumption
rates (data not shown) that indicated binding of the
substrate. Additionally, Zeldin and coworkers previ-
ously determined the in vitro metabolism rate of
AA.®® In contrast, the other epoxygenases (CYP2C8
and CYP2C9) directly interact with AA, as evi-
denced by a 27% spin state change for CYP2C8.5%-¢1
However, this is not unprecedented as there are sev-
eral examples where substrate binding does not sub-
stantially change the spin state for substrates
capable of being metabolized. For instance, CYP3A4
metabolizes erythromycin despite a minor spin state
shift (5-10%) upon binding.3°

CYP2J2 is also involved in the metabolization of
certain drugs including ebastine, astemiozole, and
terfenadine.2%2 We measured the UV-vis spectra of
ebastine binding to CYP2J2-Nanodiscs. As shown in
Figure 3, type I substrate-binding spectra are
obtained upon titration with ebastine. This is also
true for binding of terfenadine to CYP2J2 (data not
shown). The spectral dissociation constant of ebas-
tine binding to the two constructs of CYP2J2-Nano-
discs was calculated to be 7.3 = 1.9 uM for M2SMG
and 6.8 = 0.7 uM for M2D19HG. This reveals that
the spectral dissociation constant is likely to be inde-
pendent of the N-terminus composition of CYP2J2 in
Nanodiscs. Unlike other drug-metabolizing P450s,
the binding of ebastine fits to a single-substrate
binding equation and does not exhibit cooperativity.

steroid-

Association of CYP2J2 with lipid bilayers

Nanodiscs are native-like lipid bilayer membranes
that have been used to stabilize membrane proteins
in solution. We assembled the different N-terminal
variants of CYP2J2 into Nanodiscs in order to:
(a) functionally stabilize the cytochrome P450s,
(b) study the stability of the association of different
CYP2J2 constructs with the lipid bilayers over time,
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(c) and assess the role of lipid bilayers in controlling
the function of P450s.

The N-terminus of membrane-bound native
CYP2J2 is hydrophobic and is thought to be involved
in association with the membranes. We analyzed the
P450 content of the different N-terminally modified
CYP2J2 constructs in both the soluble and membrane
fractions of E. coli cells [Figure 1(B)]. We found that
M2D34G CYP2J2 (complete N-terminus truncation)
was purified from both soluble (40%) and membrane
fraction (60%), whereas M2SMG CYP2J2 (full length)
was primarily obtained from the membrane fraction
(96%) as seen in Figure 1(B). The membrane fraction
of M2D34G still contained the majority of protein, indi-
cating that the intrinsic membrane-binding affinity
was not completely abolished. These results suggested
that the solubility of the protein was increasing owing
to the truncation of N-terminal hydrophobic residues
similar to other membrane-bound CYPs.2*

To evaluate if the N-terminus modifications
conferred stable association with lipid bilayers, we
measured the stability of the CYP2J2-Nanodisc com-
plex over a period of 7 days at 4°C using SEC. The
CYP2J2-Nanodiscs peak eluted at 26 min (flow rate
is 0.5 mL min ') and was measured by monitoring
the absorbance at 417 nm. The area under the peak
was integrated and used to quantitate percent loss
of the CYP2J2-Nanodisc complex. Over 7 days at
4°C there was loss of ~10-25% of the starting
amount of CYP2J2-Nanodiscs [Figure 4(D)]. We did
not observe the formation of an empty Nanodisc
peak or free CYP2J2 in solution, indicating that the
macromolecular complex was likely precipitating
upon dissociation and lost in the prefiltration step of
this assay.

Interestingly, despite the truncation of 34 amino
acid residues in the M2D34G construct, we obtained
stable Nanodiscs comparable to that of the full-
length M2SMG. Surprisingly, M2D19HG demon-
strated the greatest stability over the same time
course. Thus, the trends observed when purifying
proteins from cell lysates do not directly translate to
in vitro protein-membrane-associated systems in
standard conditions. These observations indicated
that additional residues separate from the N-
terminus were also responsible for membrane associ-
ation. To explore this further, we modeled CYP2J2
in membranes using Phyre and OPM software.®3:64
We found that similar to other membrane-binding
CYPs, the A helix, F-G loop, and F'-G’ helices con-
tain hydrophobic groups that likely aid in the associ-
ation of this protein with the membrane [Figure
4(B)]. These residues provide interesting targets for
additional mutations to further explore the
membrane-binding properties of CYP2J2 and engi-
neer a soluble and monomeric CYP2J2 construct.

Additionally, we measured the P450 content by
CO binding at the beginning and end of 7 days to

Functional Studies of CYP2J2-Nanodiscs
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Figure 3. Ebastine-binding spectra were fitted to a single binding isotherm. (A) Difference spectra of D19HGND ebastine titra-
tion. Ebastine was added incrementally from 0 to 120 uM. (B, C) The change of absorbance (AA) from 393 to 417 nm was cal-
culated for each titration and plotted against the corresponding ebastine concentration (uM). Data were fitted with Origin Lab to
the single binding isotherm. A single binding isotherm was applied to calculate the K4 of M2SMG and M2D19HG, which were

determined to be 7.3 = 1.9 and 6.8 = 0.7 uM, respectively.

gauge CYP2J2 functionality. The Fe(II)-CO P450 for-
mation at the beginning (day 1) and end (day 7) of
the time course produced 100% P450 (data not
shown), indicating that all the proteins in Nanodiscs
retained the typical P450 protein fold with the
heme-thiolate motif intact when stored at 4°C.

CYP2J2 activity and role of membranes

We further studied the role of the N-terminus of
CYP2J2 in modulating the activity of the protein
with respect to the rate of NADPH oxidation and

ebastine hydroxylation. The rate of steady-state
NADPH consumption was measured for the four
constructs in the presence or absence of ebastine in
a three different systems—detergent-solubilized sys-
tem, phospholipid-reconstituted system, and incorpo-
rated into Nanodiscs.

Additionally, the enzymatic activities of CYP2J2
constructs were determined in the three systems by
measuring the rate of ebastine hydroxylation.5>¢%
We measured the ebastine hydroxylation activity of
the protein to determine whether the protein is

g
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Figure 4. Incorporation of CYP2J2 constructs in Nanodiscs and Nanodisc stability assay. (A) Visual molecular dynamics (VMD)

was used to construct a representative model of CYP2J2 incorporated into Nanodiscs (CYP2J2 model was obtained using Phyre).
In the model, blue represents the membrane scaffolding protein (MSP1D1), the gray are the phospholipids, and the protein ribbon
model is the CYP2J2 enzyme. (B) Membrane association of M2D34HG model. Highlighted residues in the A helical region (Trp48,
Arg49, Leu50, Pro51, Phe52, Leu53, Phe57, Leu58, and Phe61), Lys122 in B’ helix and in the FG loop region (Trp235, Phe239, and
Leu240) are predicted by OMP software to be associated with the lipid membrane. Predicted Gibbs free energy for this interaction
is 13.8 kcal mol™". (C) CYP2J2 constructs were incorporated into Nanodiscs and monitored at 417 nm SEC-HPLC. The single
peak corresponds to homogeneous CYP2J2-Nanodiscs. (D) The relative stability of each CYP2J2 construct incorporated into Nano-
discs was monitored using SEC-HPLC over a 7-day period at 4°C. The percent area of the 417-nm peak corresponding to heme
absorption was monitored at the established CYP2J2-Nanodisc elution time (~26 min). We observed a similar relative stability for
each of the constructs with an approximate 10-20% degradation over the time course.
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Figure 5. Schematic of NADPH oxidation and ebastine hydroxylation by a CPR-CYP2J2 Nanodisc complex. Electrons are
shuttled from NADPH to CYP2J2 via cytochrome P450 reductase redox centers (step 1). These electrons subsequently drive
CYP2J2 P450 catalysis of ebastine to hydroxyebastine (step 2). Coupling efficiency is measured as the ratio of ebastine
hydroxylation (step 2) over NADPH oxidation (step 1). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

using the transferred electrons from NADPH for a
productive pathway to generate desired products or
using them unproductively in generating unwanted
reactive oxygen species.®” We measured the coupling
efficiency, which is defined as the ratio of rate of
product formation to the rate of NADPH oxidation
(Figure 5). These experiments provided insight of
the role of N-terminus and that of membranes in
controlling the NADPH oxidation and
hydroxylation in CYP2J2-CPR system.

ebastine

NADPH oxidation, product formation, and
coupling efficiency in CYP2J2:CPR-Nanodiscs
The Nanodisc rates reported here are for a coincor-
porated 1:1 homogeneous complex of CYP2J2:CPR.%®

On average, for the CYP2J2:CPR-Nanodiscs
substrate-free form the rate of NADPH consumption
was ~10 nmol min~! nmol ! for the four constructs.
When a saturating concentration of ebastine
was added, a doubling of the NADPH oxidation
rate was observed, in the range of 20.3-27.1
nmol min ' mol !. Notably, in this defined lipid
membrane system, we observed similar NADPH
oxidation rates for all the constructs, with
M2D19HG:CPR-ND exhibiting a slightly higher con-
sumption rate. Taken together, when the ratio of
CYP2J2:CPR was equal and incorporated into
membrane bilayers we do not detect a significant
difference in the NADPH turnover rates for the
constructs.

Table 1. NADPH oxidation and ebastine hydroxylation rates of CYP2J2 constructs in detergent solubilized and

membrane bound systems. Each of the four constructs were incorporated into Nanodiscs, reconstituted with lipids or
solubilized in 0.1% CHAPS and used to measure NADPH consumption and hydroxyebastine product formation. The
coupling efficiency was calculated by taking the ratio of ebastine hydroxylation measured using LC/MS/MS versus
the NADPH Oxidation monitored via UV-Vis spectroscopy at 340 nm.

Substrate-Free

NADPH Rate Ebastine NADPH Ebastine Hydroxylation Coupling
CYP2J2 Constructs (nmol/min/nmol) Rate (nmol/min/nmol) Rate (nmol/min/nmol) Efficiency
CYP2J2-CPR Nanodiscs
M2SMG 9.2 1.5 20.3 = 0.9 3.8 0.7 17.0 = 0.8
M2D5HG 7.8 = 0.8 21.3 =04 3.7+ 0.6 17.1 = 0.7
M2D19HG 12.9 = 0.7 271=*16 45 *04 16.5 = 0.9
M2D34G 12.2 = 0.3 21.2 £ 0.3 29 = 0.1 13.6 = 1.3
CYP2J2-POPC Reconstituted
M2SMG 34.0 £ 1.7 69 * 2.0 4.3 0.2 6.1 0.2
M2D5HG 31.8 £ 2.8 72 + 6.4 44 +03 6.1 0.7
M2D19HG 38.9 + 3.3 88 * 6.3 54 + 0.1 6.2 0.4
M2D34G 65.1 £ 1.3 121 = 8.5 3.1+0.7 2.5 0.3
CYP2J2-Detegrent
M2SMG 21.5 + 1.7 50.6 + 3.7 1.6 = 0.2 3.2+*0.1
M2D5HG 23.2 = 1.0 449 x 6.1 1.4x03 3.1x02
M2D19HG 273 =15 72.2 = 17.3 2.6 0.9 3.5*09
M2D34G 28.0 * 1.4 142.5 + 18.6 24 + 0.5 1.7+0.1
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To gauge functionality, we measured the ebas-
tine hydroxylation activity of this system as given in
Table 1 for M2SMG, M2D5HG, M2D19HG, and
M2D34G. Because of the narrow range of product
formation it was necessary to calculate the coupling
efficiencies to directly compare the four constructs
in this system. The coupling efficiencies in
Nanodiscs for M2SMG: CPR, M2D5HG:CPR,
M2D19HG:CPR, and M2D34G:CPR were determined
to be 17.0% = 0.8%, 17.1% * 0.7%, 16.5% * 0.9%,
and 13.6% * 1.3%, respectively. We considered each
of these efficiencies to be very similar, with a slight
reduction in the efficiency of M2D34G. Overall,
these coupling efficiencies were approximately six-
fold greater than the detergent-solubilized system
and threefold greater than the phospholipid-
reconstituted system (Table 1). This shows that
interaction of CYP2J2 and CPR in a membrane
environment plays a more important role in control-
ling the coupling efficiency when compared with the
N-terminus hydrophobic domain of CYP2J2.

NADPH oxidation, product formation, and
coupling efficiency in a phospholipid-
reconstituted system

In the absence of substrate the phospholipid-
reconstituted system provided a range of NADPH con-
sumption rates (31.8-65.1 nmol min ! nmol !) that
followed the extent of the N-terminal truncation. Sim-
ilarly, in the presence of excess substrate a similar
trend in NADPH oxidation was observed (69-121
nmol min~ ! nmol 1). However, the ebastine hydroxy-
lation rates for all the constructs were similar (Table
1). Interestingly, the NADPH oxidation rates and
ebastine hydroxylation rates for the M2SMG and
M2D5HG constructs with the majority of the N-
terminus intact were nearly identical, indicating a
similar association with CPR within the reconstituted
system. The M2D19HG construct consumed a margin-
ally higher amount of NADPH yet produced the high-
est amount of product when compared with the other
constructs. Strikingly, M2D34G while consuming a
relatively high level of NADPH produced the lowest
level of product. The coupling efficiencies of this lipid-
reconstituted system for M2SMG, M2D5HG,
M2D19HG, and M2D34G were calculated to be 6.1%
+ 0.2%, 6.1% = 0.7%, 6.2% * 0.4% and 2.5% =+ 0.3%,
respectively. Thus, within this reconstituted system
the presence of the full or partially truncated N-
terminal domain exhibited similar utilization of
NADPH for ebastine hydroxylation. Moreover, it
would indicate that despite the different oligomeriza-
tion states of the different N-terminus constructs, the
three constructs’ orientation with the exogenous CPR
leads to the formation of a productive complex. How-
ever, the fully truncated M2D34G construct exhibited
a more than two-fold decrease in efficiency, suggesting
that the formation of a productive complex between
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the two proteins is significantly reduced in the
absence of the N-terminus. The extent of the analysis
is hindered without a comprehensive understanding
of the complexes formed within the 1-palmitoyl-2-ole-
oyl-sn-glycero-3-phosphocholine (POPC)-reconstituted
system. However, sufficient evidence is present to
suggest that in the absence of a uniform membrane
bilayer environment, the N-terminus is important for
productive interaction with CPR.

NADPH consumption, product formation, and
coupling efficiency in a CYP2J2-detergent-
solubilized system

For detergent-solubilized CYP2J2, there was a
dramatic increase of NADPH consumption when ebas-
tine was added and like the phospholipid-reconstituted
system the rates ranged from 44.9 nmol min ! nmol !
of protein for M2D5HG to 142.5 nmol min™ ' nmol !
for the M2D34G mutant. Interestingly, the differences
in the NADPH consumption rates in this system fol-
lowed the order of the N-terminal truncations:
M2D34G > M2D19HG > M2SMG ~ M2D5HG.

The functional activity of the constructs
was measured in the detergent-solubilized system (Table
1). We found that the rate of product formation correlated
with the rate of NADPH consumption observed. This
observation was reinforced upon calculation of the cou-
pling efficiencies for the different constructs. Notably, the
coupling efficiencies containing all or part of the N-
terminus used NADPH with the same efficiency, whereas
the fully truncated construct exhibited ~50% reduction.

NADPH consumption using AA as a substrate
We also determined that the rate of NADPH oxidation
in the presence of excess AA increases marginally
(~1.5-fold) above the substrate-free system (data not
shown). Overall, the NADPH oxidation rate with AA
and ebastine bound to CYP2J2 was slower when com-
pared with other CYPs bound to substrate.®® In
CYP3A4, the presence of a spin state changing sub-
strate can significantly affect NADPH oxidation rates;
for instance, the rate in the absence of the substrate
is 25 nmol min ! nmol !, whereas in the presence of
the substrate and a spin state change it can reach
272 nmol min ! nmol ! Thus, the modest 1.5-fold
increase in NADPH consumption during AA metabo-
lism by CYP2J2 in detergents and Nanodiscs affirms
the previous observation that AA does not produce a
significant spin state change. Previously, Isin and
Guengerich have shown a strong correlation between
the steady-state NADPH oxidation rate and the first
electron transfer, which can be related to the degree
of spin state change.5%7°

Comparison of ebastine hydroxylation rate of
CYP2J2 isolated from different systems

We compared the ebastine hydroxylation rates of the
E. coli-expressed protein to previous recombinant
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human CYP2J2 expressed in mammalian, yeast, and
insect cells. The values obtained had a range of ebas-
tine hydroxylation rates in the different microsomal
preparations.®2%¢ Previous studies using mamma-
lian COS-1 and insect baculovirus cells yielded rates
(Vi) of 5.5 and 8.1 nmol min~! nmol !, respec-
tively.!%% The ebastine hydroxylation rates using
yeast microsomes exhibited a relatively high V.. of
40.1 nmol min~! nmol ! possibly owing to different
post-translational modifications in these systems.®?
In this work, the E. coli-expressed CYP2J2 constructs
in Nanodiscs exhibited similar catalytic rates to what
was reported for microsomal preparations of CYP2J2
from insect and mammalian expression systems. Spe-
cifically, the turnover numbers of CYP2J2-CPR-
Nanodisc systems were the most similar when com-
pared with the aforementioned systems.

Within the Nanodisc system we were able to con-
trol the oligomerization state of CYP2J2:CPR and
incorporate these proteins in a 1:1 ratio in a defined
lipid membrane environment. This model system
enabled us to deconstruct the complex interactions of
the N-terminally modified CYPs, which revealed in
the membrane lipid bilayer of Nanodiscs, the NADPH
consumption rates and coupling ratio were quite sim-
ilar for the different constructs. This suggests that
when the different N-terminal constructs of CYP2J2
are incorporated into lipid bilayers they adopt
orientations and conformations that enable similar
interactions with CPR. Alternatively, in the deter-
gent- and phospholipid-reconstituted system, the
truncation of the N-terminus leads to the increased
NADPH oxidation rates and reduced coupling effi-
ciency. It is difficult to delineate the exact factors
affecting these rates in detergent- and phospholipid-
reconstituted systems in the absence of detailed
knowledge of the macromolecular protein complex in
these systems.

In Nanodiscs, the dual incorporation of CPR
and CYP favors a more productive alignment of the
two proteins’ redox centers via electrostatic interac-
tions as found in other P450 systems.”*"® Addition-
ally, it is possible that the complementary charge
interactions of the incorporated CPR with CYP2J2
could be prompting a more productive orientation in
membrane, especially for fully N-terminus truncated
M2D34G. Our data show strong evidence that the
presence of membrane environment is more critical
than the presence of N-terminus for efficient elec-
tron transfer from NADPH to CYP2J2 orchestrated
by CPR. This suggests the adoption of the native-
like conformation in lipid bilayers is essential for
effective use of reducing equivalents from NADPH.

Conclusions

In this article, we significantly enhanced the expres-
sion of full-length CYP2J2 in E. coli with the intro-
duction of silent mutations at the N-terminus of the
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protein. The expression of full-length CYP2J2 in
high yields was essential to elucidate the role of the
N-terminus of CYP2J2 in substrate binding, electron
transfer, and association with its redox partner cyto-
chrome P450 reductase. We demonstrated that the
use of hydrophilic motifs and truncations of the N-
terminal domain dramatically increases CYP2J2
expression in E. coli. All of the constructs expressed
exhibited close to 100% P450 content, indicating the
maintenance of a typical P450 protein fold. Binding
assays revealed that the K4 of binding of ebastine to
M2D20HG and M2SMG was similar, thus showing
that the N-terminus does not affect the binding of
this substrate to the protein.

We further studied the association of CYP2J2
with lipid bilayers. During purification we observed
that 40% of the fully truncated M2D34G construct
was found in the soluble fraction. However, when
the four constructs were incorporated into Nano-
discs, we observed sufficient incorporation and
stability over a week at 4°C. Therefore, we con-
cluded that the association of CYP2J2 with lipid
bilayers is mediated by other residues besides the
N-terminus.

The NADPH consumption and ebastine hydroxy-
lation functionality of each construct was investigated
in a detergent-solubilized system, phospholipid-
reconstituted system, and CYP2J2-CPR-Nanodiscs.
The coupling efficiencies were calculated to compare
enzyme productivity, and it was found that the
CYP2J2-CPR Nanodisc system was approximately
sixfold more efficient than the detergent-solubilized
system and threefold more efficient than the
phospholipid-reconstituted system.

We concluded that the N-terminus does not inter-
fere with effective coupling of NADPH oxidation with
ebastine hydroxylation when the protein is in the
membrane environment. However, in a detergent-
solubilized system or phospholipid-reconstituted sys-
tem, an intact N-terminus is required for effective
coupling. This suggests that in Nanodiscs, the protein
is in a more native-like membrane environment.
Additionally, the proteins are monomeric and are
effectively interacting with their redox partner CPR.
Thus, the membrane environment likely facilitates
the proper docking of CPR to CYP2J2.

This study incorporates novel findings with
respect to comparing the effects of N-terminal modi-
fications on the properties of CYP2J2 and its ability
to interact with its redox partner CPR in the lipid
bilayers of Nanodiscs.

Experimental Procedures

Materials

Human CYP2J2 cDNA was obtained from OriGene
(Catalog No. SC321730). PCR reagents and other
enzymes for molecular biology were purchased from
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Invitrogen. Qiagen kits were used to purify the plasmid
DNA from bacterial cells and from agarose gels. The
bacterial strains used were E. coli XL1 Blue obtained
from Agilent and DH5a from Invitrogen. Ampicillin,
arabinose, chloramphenicol, isopropyl B-p-1-thiogalac-
topyranoside (IPTG), and Ni-NTA resin were bought
from Gold Biotechnology. 3-Aminolevulinic acid was
bought from Frontier Scientific. NADPH and NADP
were obtained from P212121.com. 3-[(3-Cholamido-
propyl) dimethylammonio]-1-propanesulfonate
(CHAPS) was acquired from BioVision. POPC was pur-
chased from Avanti Polar Lipids. Amberlite XAD 2 was
acquired from Supelco. Nanosep MF (0.2 uM) and Ami-
con Ultra (10,000 MWCO) centrifugal filters were pro-
cured from Millipore. AA and ebastine were obtained
from Cayman Chemical. The protein standards—thy-
roglobulin, ferritin, bovine serum albumin, and cyto-
chrome ¢, were purchased from Sigma. All other
materials and reagents used were purchased from
Sigma and Fisher Scientific.

Design of CYP2J2 constructs and cloning

into pCWori+ vector

CYP2J2 c¢cDNA obtained from OriGene was cloned
into the pCWori vector. All the constructs were
grown in the presence of chaperonin system, hence
“G” is used for all constructs. Construct 1-M2G: The
amino acid sequence of this construct is similar to
the wild-type amino acid sequence except for the
substitution of the second amino acid residue leucine
(CTC) by alanine (GCT). Construct 2-M2SMG: The
sequence of this construct is similar to M2G with
the introduction of silent mutations in the third,
fourth, and sixth codons to make them AT rich and
thereby minimizing the free energy of the mRNA
secondary structure formation. The AG of first seven
codons at N terminus of M2SMG is —1.69, AG of
WT is —4.27, and AG of construct M2G is —3.94.
Values were obtained using RNAFold Web-
Server.*?®® Note that M2G and M2SMG: share iden-
tical primary sequences but differ in N-terminus
codon usage. Construct 3-M2D5HG: This construct
was designed not only to increase the yields of
expression of human CYP2J2 but also for maintain-
ing the association of this protein with lipid bilayers.
Therefore, in this construct, we have replaced the
first five amino acids from the N-terminus with a
hydrophilic sequence AKKTSS and maintained most
of the original hydrophobic sequence.*® Construct
4-M2D19HG: To optimize and enhance the expres-
sion while preserving some part of the hydrophobic
region to interact with membranes we deleted
codons, 2 to 19, from the N-terminus and inserted
the hydrophilic sequence AKKTSS. Insertion of a
hydrophilic sequence in combination with truncation
of a major part of the native hydrophobic sequence
has been shown to give higher protein expression.
Construct 5-M2D34G: It was engineered with the
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goal of enhancing yield and making the protein solu-
ble and suitable for crystallization and structural
determination by X-ray diffraction studies.”*"® It
has been shown previously that deletion of the first
34 amino acids with a hydrophilic region naturally
following this deletion increases the yields of
CYP2J2 protein in E. coli.”® In all the constructs, we
added a penta-His tag to the C-terminus to facilitate
purification using metal chelating affinity columns.

The different constructs of the CYP2J2 gene
were prepared and amplified by PCR using the
appropriate sets of primers listed in Supporting
Information Table S1. The PCR conditions are also
mentioned. CYP2J2 gene has an internal Ndel site.
Hence, an Asel site was introduced within the for-
ward primer. Asel site overhangs are compatible
with the overhang produced from digesting Ndel
site in the vector. Therefore, all of the constructs
had an Asel restriction site in the forward primer
along with the various N-terminal modifications.
The reverse primer incorporated a penta-His tag
and an Xbal restriction site at the C-terminus. The
amplified CYP2J2 genes were digested with Asel-
Xbal and then ligated with the Ndel-Xbal-digested
pCWori vector and cotransformed with chaperonin
plasmid pTGro7 into DH5«a-competent cells. pTGro7
encodes for the GroEL-GroES gene and is selected
via chloramphenicol resistance. Transformed colo-
nies were confirmed for the presence of the respec-
tive constructs by DNA sequencing.

Expression and purification of CYP2J2

Double transformant colonies containing the
CYP2J2 gene and pTGro7 gene were cultured in
30 mL of Luria Bertani (LB) media with chloram-
phenicol (20 pg mL %) and ampicillin (100 pg mL 1)
at 37°C and 250 rpm overnight. Five milliliters of
this culture was used to inoculate 500 mL of Terrific
Broth (TB) media supplemented with trace ele-
ments, ampicillin (100 pg mL™!) and chlorampheni-
col (20 pg mL™1). The culture was grown for 2.5 h at
37°C and 220 rpm. Delta-aminolevulinic acid (500
uL of 0.5 mM) was then added and the culture was
grown for another 2 h at 26°C and 160 rpm. After
reaching a target absorption (Aggp = 1.2), 1 mM of
IPTG was added to induce protein expression. In
addition, 2 g of arabinose was added to each 500 mL
culture.”” The cultures were grown for 44 h and
then the cells were harvested by centrifugation. The
cell pellet was resuspended in buffer 1 (100 mM
potassium phosphate pH 7.4, 20% glycerol, 6 mM
magnesium chloride, 0.1 mM dithiothreitol (DTT),
and 0.2 mM phenylmethanesulfonylfluoride (PMSF),
~1 mg each of DNase and RNase). The cells were
sonicated on ice for six cycles of 1 min with breaks
of 1 min at an output of 4, 40% duty cycle with a
Heat Systems Ultrasonics (Qsonica, Newtown, CT)
sonicator. This was followed by centrifugation at
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35,000 rpm at 4°C for 45 min using a Beckman
ultracentrifuge (Beckman Coulter, Brea, CA). The
supernatant was collected to quantitate protein in
the soluble fraction. The membrane fraction pellet
was resuspended in a solubilization buffer 2 (100
mM potassium phosphate pH 7.4, 20% glycerol, 200
mM sodium chloride, 0.1 mM DTT, and 1% CHAPS)
for 3-5 h at 4°C. This was further centrifuged at
4°C and 35,000 rpm for 45 min to obtain the super-
natant, which contained the target membrane
protein. The supernatant was then loaded onto a
Ni-NTA column equilibrated with the column buffer
3 (100 mM potassium phosphate pH 7.4, 20% glyc-
erol, and 0.5% CHAPS). The column was washed
with five column volumes of the wash buffer (100
mM potassium phosphate pH 7.4, 20% glycerol, 0.5%
CHAPS, and 20 mM imidazole). It was further
washed with four column volumes of ATP-containing
buffer 4 (100 mM potassium phosphate pH 7.4, 20%
glycerol, 0.5% CHAPS, 5 mM ATP, 10 mM magne-
sium chloride, and 150 mM potassium chloride) to
remove the GroEL that may be bound to the CYP
proteins.” Finally, the protein was eluted with four
column volumes of the elution buffer (100 mM potas-
sium phosphate pH 7.4, 20% glycerol, 0.5% CHAPS,
and 200 mM imidazole). The eluted protein was con-
centrated and buffer exchanged to remove imidazole
using Amicon centrifugal filters (10,000 MWCO) and
stored at —80°C.

Characterization of CYP2J2

CYP2J2’s purity was analyzed using 10% SDS-
PAGE where it separated as a single band with an
R, ratio (A417 nm/Asgo nm) of 1.3 or higher obtained
by measuring the UV—visible spectra [Figure 2(A)].
CYP2J2 concentration was measured by carbon
monoxy difference spectra as described previously by
Omura and Sato using an extinction coefficient of
91 mM ' cm 1.5 The protein content from both
cytosol and membrane fractions was quantified. For
CO analysis we modified the Omura and Sato’s
method by purging a 500-uL aliquot of the buffer-
exchanged sample with nitrogen for 20 min and
then adding 10-20 uL of dithionite solution anae-
robically. This was then used for CO addition and
monitored using a Cary Bio 300 UV-Vis spectropho-
tometer (Agilent Technologies, Santa Clara, CA).
The difference spectra were recorded to quantify the
protein as well as to assess the quality of the
protein.

Oligomerization states of detergent-solubilized
CYP2J2 using SEC

SEC was performed using a Superdex 200 10/300
column (GE Life Sciences, Piscataway, NJ) coupled
with a high-performance liquid chromatography
(HPLC) system consisting of an Alliance 2695 ana-
Iytical separation module (Waters, Milford, MA) and
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a Waters 996 photodiode diode array detector
(Waters). The different CYP2J2 constructs were
loaded individually at 15 pM on the SEC column
and were run with an isocratic mobile phase consist-
ing of 100 mM of potassium phosphate buffer (pH
7.4) containing 150 mM sodium chloride and 0.1 mM
EDTA at 0.5 mL min * flow rate. The oligomeriza-
tion states of the CYP2J2 constructs were estimated
using a standard curve plotted using thyroglobulin
(669 kDa), ferritin (440 kDa), BSA (67 kDa), and
cytochrome ¢ (14 kDa) as standards.

Expression and purification of cytochrome

p450 reductase

A 10 mL volume of starter culture (grown from a
single colony for 18-20 h at 37°C and 220 rpm) was
used to inoculate 1 L of LB media supplemented
with ampicillin and riboflavin.*® The culture was
grown at 37°C and 220 rpm for 4 h (O.D. was
0.8-1). Expression of the reductase was induced by
adding IPTG (1 mL of 1 mM) and growing the cul-
ture at 30-33°C and 220 rpm for 18-20 h. Cells
were harvested by centrifuging at 4000 rpm for
15 min in a JA-10 rotor (Beckman Coulter) at 4°C.
The pellet was resuspended in 500 mL of cold lyso-
zyme buffer (75 mM Tris pH 8.0, 0.25 M sucrose,
0.25 mM EDTA, and 0.02 mg mL ™! lysozyme) and
allowed to stir at 4°C for 30 min. The spheroplasts
were obtained by centrifuging at 4000 rpm for
30 min in the JA-10 rotor at 4°C and then resus-
pended in 40 mL of lysis buffer (50 mM Tris pH 8.0
and 1 mM PMSF) at 4°C for 30 min. Sonication was
carried out on ice with five cycles of 30 s with 1-min
breaks. Membranes were isolated by centrifuging at
30,000 rpm for 30 min at 4°C in a Ti-45 rotor. This
membrane pellet was then solubilized in 40 mL of
column buffer (50 mM Tris pH 7.7, 0.1 mM EDTA,
0.1 mM DTT, and 20% glycerol) containing 0.2%
Triton for an hour at 4°C. Subsequent centrifugation
at 30,000 rpm for 30 min at 4°C in a Ti-45 rotor
(Beckman Coulter) gave the protein in the superna-
tant fraction, which was then loaded onto a 2’5’ ADP
Agarose column equilibrated with the column buffer.
The column was then washed with 10 column vol-
umes (c.v.) of the wash buffer (100 mL of column
buffer containing 2 mM adenosine) and eluted with
5 c.v. of the elution buffer (50 mL of column buffer
containing 2 mM NADP or 2 mM AMP). To remove
the detergent and obtain high purity of protein, the
eluate was passed through a DEAE column equili-
brated with the wash buffer, washed with 10 column
volumes of the wash buffer, and eluted with 5 col-
umn volumes of the elution buffer. The final eluate
was concentrated and the CPR concentration was
measured with a Cary Bio 300 UV-Vis spectropho-
tometer (Agilent Technologies) at 456 nm. Purified
CPR was characterized by measuring the cyto-
chrome c¢ reduction for 10 min at 550 nm in a
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solution of 1 mL of 0.3M potassium phosphate buffer
pH 7.4 containing 50 uM cytochrome ¢, 50 puM
NADPH, and 2 uM of the purified CPR. The purified
reductase was stored at —80°C.

Assembly of CYP2J2-Nanodiscs

The lipid, POPC was solubilized using 100 mM chol-
ate and added to the membrane scaffold protein
MSP1D1 (65:1 ratio) and allowed to mix at 4°C for
1 h. To assemble the Nanodiscs with the protein,
CYP2J2 in 100 mM potassium phosphate pH 7.4,
20% glycerol, and 0.5% CHAPS was added to the
mixture at a CYP:MSP ratio of 1:15 and allowed to
mix for an additional hour. Amberlite beads were
then added to the final mixture to remove the deter-
gent overnight at 4°C. The mixture was separated
from the beads by filtration. The resulting solution
was concentrated, loaded onto a SEC column, and
the protein-incorporated Nanodiscs peaks were col-
lected and concentrated. The concentrated CYP2J2-
ND complex was stored at —80°C in the presence of
10% glycerol.

Assembly of CYP2J2-CPR Nanodisc complex

for activity assay

The assembly of the CYP2J2 and CPR into a single
macromolecular complex was achieved following pre-
viously described methods.?® Briefly, CYP2J2 and
CPR were incubated in a 1:1.5 ratio in 0.1% (v/v)
cholate for 1 h at 4°C before being added to the
detergent-solubilized MSP1E3D1- and POPC mix-
ture described above. The final molar ratio of the
mixture contained a CYP2J2/CPR/MSP1E3D1(-)/
POPC ratio of 0.1:0.15:1:130. Amberlite beads were
then added to the final mixture to remove the deter-
gent overnight at 4°C. For the isolation of Nanodiscs
containing both CPR and CYP2J2 the filtered solu-
tion was passed through an ADP agarose column to
selectively bind CPR and eluted with 2.5 mM NADP
phosphate buffer (7.4). The eluent was then passed
through a Ni-NTA column to selectively bind the
His-tagged CYP2J2 protein and eluted phosphate
buffer (7.4) containing 200 mM imidazole. The
eluent was concentrated and then loaded on a SEC
column where the relatively large Nanodisc contain-
ing both CPR and CYP was confirmed by the elution
time at ~21.5 min. The final reconstitution molar
ratio of all components was 0.1:0.2:240:120:1
CYP2J2/CPR/cholate/POPC/MSP1E3D1(—). The
1:1 ratio of CYP2J2 and CPR was confirmed with a
UV-Vis scan using the respective absorbance of
CYP2J2 at 417 nm (¢ = 110 mM ! em™!) and CPR
at 456 nm (¢ = 24 mM ' ecm ™ 1).

Preparation of CYP2J2 and CPR in a
POPC-reconstituted system

The in vitro activity of CYP2J2 and the redox part-
ner CPR was assessed in a standard phospholipid-
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reconstituted system following previously described
methodology.”® The lipids were prepared by reconsti-
tuting POPC in 100 mM phosphate buffer (pH 7.4)
containing 100 mM sodium cholate to a final lipid
stock concentration of 10 mM. The solution was
then dispersed by sonication until clarity was
achieved before mixing with the proteins. The
detergent-solubilized POPC stock was then added at
a final concentration of 50 uM into a cuvette con-
taining 0.6 pM CPR and 0.2 pM CYP2J2 and incu-
bated at 37°C for 5 min before use in the NADPH
oxidation and ebastine hydroxylation assay.

Stability of CYP2J2-Nanodiscs

The effect of N-terminal modifications on association
of CYP2J2 with lipid bilayers of Nanodiscs was
investigated by monitoring the stability of CYP2J2-
Nanodiscs at 4°C using SEC-HPLC. Samples con-
taining CYP2J2 N-terminal mutants incorporated
into Nanodiscs were prepared with 50 mM POPC,
290 nmol of MSPIT2(—) (MSP1T2 His-tag was
cleaved using TEV protease),®® and 29 nmol of
CYP2J2 as described above. Ni-NTA affinity column
was used to remove empty Nanodiscs from CYP2J2-
Nanodiscs mixture because the CYP2J2 constructs
contained a His-tag but the MSP1T2(—) did not.
Samples were aliquoted and stored in 100 mM phos-
phate buffer (pH 7.4) at 4°C and analyzed over a
period of 7 days with an isocratic gradient consisting
of a 100 mM phosphate buffer (pH 7.4) mobile phase
over a 60-min period. The CYP2J2-ND assembly
was monitored at 417 and 280 nm. Overall stability
of M2SMG-ND, M2D5HG-ND, M2D19HG-ND, and
M2D34G-ND was calculated from the integrated
areas of each time point relative to the initial injec-
tion for each respective construct. The day 0 and
day 7 samples were also evaluated for stability using
a CO binding assay as described above.

Binding titration of CYP2J2-Nanodiscs

with ebastine

The binding of ebastine to CYP2J2 constructs was
calculated by monitoring the spin state shift using a
Cary Bio 300 UV-Vis spectrophotometer (Agilent
Technologies). Two constructs, M2SMG and
M2D19HG, were incorporated into Nanodiscs and
purified using the methods listed above. Samples
contained 2-5 pM of CYP2J2-ND, 100 mM phos-
phate buffer (pH 7.4), and ebastine. Ebastine was
added incrementally from a 10 mM ethanol stock
with the final concentration of ethanol not exceeding
1%. The absorption spectra were measured between
800 and 200 nm after each ebastine titration. Spec-
tra were plotted and analyzed in Origin Lab (Origin
Lab, Northampton, MA). For each titration the char-
acteristic type I spectral shift difference, from a low
spin to a high spin state, was calculated (by meas-
uring difference Aszgg — A417) and plotted against the
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ebastine concentration. The data were then fitted
using the Hill equation [Eq. (1)]. Additionally, the
percent of high spin was calculated using a standard
MATLAB subroutine.

AA=ApxS" /(KT +S™), (D

where AA is the absorbance difference at 386 and
417 nm, A, . is the amplitude corresponding to
maximal spin shift, K, is the spectral dissociation
constant, S is the substrate concentration, and n is
the Hill coefficient. The ebastine-binding data fit n
= 1 better than n = 2; therefore, for final fitting a
single binding isotherm was used. The calculated
spectral binding constants are averages of three
independent experiments.

NADPH activity assays

CYP2J2 NADPH oxidation rates were examined
native-like in membrane-bound systems (Nanodiscs)
and detergent-solubilized systems (0.1% CHAPS).
The NADPH oxidation rates were measured using
kinetics mode in a Cary 300 UV-Vis spectrometer
(Agilent Technologies). Incubation mixtures were cal-
culated in the presence of saturating concentrations
of substrate (AA or ebastine) and electron donor
(NADPH). The incubation mixtures contained 100
mM phosphate buffer (pH 7.4), 150 pmol CPR, 50
pmol CYP2J2 N-terminal mutant, and either AA (70
uM) or ebastine (50 puM). Samples were equilibrated
at 37°C for 5 min before reaction initiation with 200
uM NADPH (total volume 250 uL). NADPH oxidation
was monitored for 10 min at 340 nm and the slope
was used to determine the absorption change over
time. The NADPH consumption rate was calculated
using an extinction coefficient of 6.22 mM ! em L.
Reactions were quenched and products of the reaction
were further analyzed as given in the next section.%®

Ebastine hydroxylation assay

CYP2J2 N-terminal mutant ebastine metabolism
rates were examined in membrane-bound systems
(Nanodiscs) and detergent-solubilized systems (0.1%
CHAPS). Saturating concentrations of the substrate
(ebastine) and electron donor (NADPH) were used to
calculate the reaction V. (nmol min ' nmol ! of
CYP) for each respective CYP2J2 N-terminus mutant.
The incubation mixture for ebastine hydroxylation
was the same as above. After a 10-min incubation
period, the reaction was terminated with 100 pL of
ice-cold acetonitrile (ACN) and then spiked with the
internal standard terfenadine (100 ng mL™!). The
reactions were stopped at 10 min to minimize second-
ary metabolite formation. Quenched samples were
centrifuged at 10,000 rpm for 15 min on a desktop
minicentrifuge (Eppendorf AG Hamburg, Germany).
A 100-uL sample of supernatant was flash frozen for
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hydroxyebastine concentration determination via
LC/MS/MS analysis. Each construct assay was com-
pleted in duplicate or greater. Rates and coupling effi-

ciency (%) are reported as the mean + SE.

Liquid chromatography-tandem mass
spectrometry for quantitation of ebastine

and hydroxyebastine

Liquid chromatography-tandem mass spectrometry
(LC/MS/MS) was used for quantitation of ebastine,
hydroxyebastine, and terfenadine parent ions [M +
H]+ and their corresponding fragment ions. The
LC/MS/MS system consisted of a Waters Alliance
2795 analytical HPLC separation module (Waters)
coupled with an electrospray ionization mass spec-
trometer (Waters QuattroUltima, Waters) operated
in positive mode. Samples were analyzed using a
reversed-phase C18, 1.3 A, 2.1 mm X 20 mm, and
2.5 ym pore size column (Waters). The solvent sys-
tem was composed of two solutions: solvent A [95%
H,0, 5% ACN, and 0.1% formic acid (FA)] and
solvent B (5% HyO, 95% ACN, and 0.1% FA).
The 10-min gradient LC separation included
eight steps: (1) 90-80% solvent A in 0-1 min (lin-
ear); (2) 80-65% solvent A for 1-4 min (linear); (3)
65% solvent A for 4-5 min (isocratic); (5) 65-50%
solvent A for 5—7 min (linear); (6) 50% solvent A for
7-8 min (isocratic); (7) 50-90% solvent A for 8-9
min (linear); and (8) 90% solvent A for 9-10 min
(isocratic).

The MRM data acquisition consisted of monitor-
ing the following analytes in positive mode using
these transitions (parent ion — fragment ion, cone
voltage, collision voltage): ebastine (470.4 — 167.0,
30 eV, 30 eV and 470.4 — 203.1, 30 eV, 30 eV), terfe-
nadine (472.4 — 57.2, 30 eV, 35 eV and 4724 —
436.3, 30 eV, 25 eV), and hydroxyl-ebastine (486.4 —
167.0, 30 eV, 30 eV and 486.4 — 219.1, 30 eV, 30 eV)
all with 100-ms dwell time. Quantitation of ebastine
and hydroxyebastine was determined using the peak
areas normalized to the internal standard (terfena-
dine 100 ng mL™!) from a previously calculated
standard curve. Analytical data were processed
using Waters Mass Lynx software (version 4.1).

Modeling of CYP2J2

The primary amino acid sequence of M2D34G was
used as input to generate a three-dimensional model
of CYP2J2 created using the Phyre Web server.®3
The resulting pdb file was used as input for the
Orientations of Proteins in Membranes (OPM) data-
base®® to generate a model of M2D34 binding with a
membrane [Figure 4(B)].
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