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Abstract: Lipid composition and macromolecular crowding are key external effectors of protein activity
and stability whose role varies between different proteins. Therefore, it is imperative to study their
effects on individual protein function. CYP2J2 is a membrane-bound cytochrome P450 in the heart
involved in the metabolism of fatty acids and xenobiotics. In order to facilitate this metabolism, cyto-
chrome P450 reductase (CPR), transfers electrons to CYP2J2 from NADPH. Herein, we use nanodiscs to
show that lipid composition of the membrane bilayer affects substrate metabolism of the CYP2J2-CPR
nanodisc (ND) system. Differential effects on both NADPH oxidation and substrate metabolism by
CYP2J2-CPR are dependent on the lipid composition. For instance, sphingomyelin containing nanodiscs
produced more secondary substrate metabolites than discs of other lipid compositions, implying a pos-
sible conformational change leading to processive metabolism. Furthermore, we demonstrate that mac-
romolecular crowding plays a role in the lipid-solubilized CYP2J2-CPR system by increasing the Km and
decreasing the Vmax, and effect that is size-dependent. Crowding also affects the CYP2J2-CPR-ND sys-
tem by decreasing both the Km and Vmax for Dextran-based macromolecular crowding agents, implying
an increase in substrate affinity but a lack of metabolism. Finally, protein denaturation studies show that
crowding agents destabilize CYP2J2, while the multidomain protein CPR is stabilized. Overall, these
studies are the first report on the role of the surrounding lipid environment and macromolecular
crowding in modulating enzymatic function of CYP2J2-CPR membrane protein system.
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Introduction
Membrane proteins are surrounded by lipids. Therefore,
it is important to consider the consequence of mem-
brane lipid composition on enzyme activity. Lipid com-
position is not uniform throughout different organelles
within a cell. For instance, the endoplasmic reticulum
(ER) in particular contains over 50% phosphatidylcho-
line (PC) and approximately 20% phosphatidylethanol-
amine (PE).1 This bears relevance to our investigations
on metabolism and activity because the surrounding
lipid environment can affect protein stability and
activity.2–5 Previous research has shown that GM2
activator protein is inhibited by high levels of choles-
terol (CHOL) and sphingomyelin (SM) in the mem-
brane, whereas sphingomyelinase is activated by high
levels of CHOL.5–7 Membrane lipid composition has
also been shown to affect protein structural conforma-
tions. For instance varying lipid compositions change
the helicity of hIAPP.8 There have been reports that
both CHOL and SM are enriched in lipid rafts and
there have been indications that protein activity is
different in lipid rafts.9–11 Herein, we use different
lipid compositions, to best understand the effects of
lipid type on a well-characterized membrane protein
system.

The cellular environment is also naturally
crowded, with numerous proteins and small mole-
cules. For instance, Escherichia coli contain between
300–400 mg/mL of assorted proteins and RNA,
while mammalian cells are 20%–30% occupied by
macromolecules.12–14 Such a complex environment is
difficult to mimic in an in vitro experiment. Therefore,
most biochemical studies are performed in buffers
where enzymes and substrates are in dilute solutions.
However, it has been noted that some enzymes func-
tion differently in a crowded environment than in
dilute solution that makes it necessary to mimic a
crowded environment in enzymatic studies.15,16 Inves-
tigating enzymatic behavior in the presence of other
cellular components reveals that enzymes have been
evolutionarily optimized to function in crowded condi-
tions.17 While a cell may be filled with macromolecules
at a high overall concentration, individual proteins
are far less concentrated.15 However, the presence
of other macromolecules leaves much of the cellular
volume unavailable, greatly increasing their effec-
tive concentration—often termed the excluded vol-
ume effect.12,18,19 Therefore, instead of floating
uninhibited, molecules are intertwined in a delicate
balance of steric hindrance and soft attractions.20,21

It is commonly hypothesized that such a crowded
environment promotes compact protein conforma-
tions, thus favoring substrate metabolism.22,23 Previ-
ous studies on macromolecular crowding effects have
mostly focused on protein folding, structure, and sta-
bility of soluble proteins.16,24–28 For instance, it was
shown that macromolecular crowding, could affect
subunit association of the tetrameric protein GAPD.16

Other investigations revealed gains in secondary
structure for the proteins flavodoxin and GGBP, as
well as increased thermal stability.27 However, it has
also been shown that macromolecular crowding con-
tributes to protein aggregation.29–34 There have been
numerous previous studies on the enzymatic behavior
in a crowded environment focusing on soluble pro-
teins.17,19,30,35 In some cases, crowding promotes
increased catalytic efficiency. Poggi et al. showed that
malate oxidation by malate dehydrogenase (MDH)
increased in rate when performed in the presence of
charged protein crowding agents.17 In contrast, other
reports have shown that increased solution viscosity
due to macromolecular crowding slows diffusion,
which can alter enzyme kinetics if the rate limiting
step is affected.19 For example, alcohol dehydrogenase
(YADH) was found to have a lower Vmax and Km

when crowded, meaning that although kinetics were
slowed, the enzyme had higher substrate affinity.19

Enzymes with multiple distinct kinetic steps have
even been found to have increased kinetics for one
step, while another is decreased. Myosin ATPase
activity increased by 30% when crowded with Ficoll
70, whereas dissociation and hydrolysis decreased by
45- and 3.5-fold, respectively.30 Hence, while some
research reports report a relation between crowding
agent size and enzymatic activity,35 other groups do
not find such correlation.17,19

Herein, we study the role of both lipid composition
and macromolecular crowding in controlling the func-
tion of membrane bound cytochrome P450 2 J2
(CYP2J2) and its redox partner cytochrome P450
reductase (CPR). CYP2J2 is an epoxygenase expressed
mainly in human cardiomyocytes and brain. It oxi-
dizes a variety of substrates including xenobiotics and
fatty acids.36 It is anchored into the membrane by its
N-terminus hydrophobic residues and F-G loop resi-
dues.37 CPR is an essential oxidoreductase for nearly
all P450s and thus it is important to understand the
protein–protein interactions between CYP2J2 and
CPR. We use nanodiscs that are nanoscale lipid bila-
yers to incorporate CYP2J2-CPR with controlled mem-
brane compositions in order to evaluate the role of
lipid composition on the catalytic activity of this sys-
tem [Fig. 1(A)]. Previous studies have shown that lipid
membrane composition can affect not only P450 sub-
strate metabolism, but also localization.38 CYP1A2
has increased metabolic activity in the presence of cho-
lesterol and sphingomyelin containing membranes
and has been shown to localize to ordered domains
within the membrane.39 CYP2E1, however, localizes
to disordered domains, while CYP2B4 shows no spe-
cific localization.38 Also of importance is the effect of
the membrane environment on redox potential and
protein folding compared to that of a detergent or
lipid-solubilized system. It has previously been shown
that while both soluble- and membrane-bound CPR
have similar structures, the redox potential of CPR in
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a lipid bilayer shifts in the positive direction.40 Herein,
using the CYP2J2-CPR-ND system, we will be able to
specifically tune lipid composition to determine the
effects of lipids on metabolic activity and protein–
protein interactions.

CYP2J2 and its redox partner CPR are membrane-
bound proteins, and there are no previous studies on
the effects of crowding on membrane proteins. Most
studies that show macromolecular crowding can affect
the rate of substrate metabolism are performed with
soluble proteins.17,19,30 Therefore, this is the first
report on the effect of macromolecular crowding on
CYP2J2-CPR enzymatic activity. Cytochrome P450
activity is known to be affected by the presence of
other P450s in CYP–CYP interactions which, while
not an exact equivalent to the effects of a nonspecific
macromolecule, can still be considered a form of mac-
romolecular crowding. Most pertinent to our system
would be the formation of P450–P450 complexes that
affect the binding of CPR or catalytic efficiency.41 Such
phenomena have been noted in literature for the
P450s 1A2, 2B4, 2E1, 3A4, and others.42–44

In our study, we chose to compare the effects of
the branched-chain polymers—Ficoll and Dextran—on
CYP2J2–CPR interactions in nanodiscs. Two sizes of
each crowding agent will be used, one that is similar

in size to the 57 kDa CYP2J2, as well as a larger size
more than seven times the mass of the protein of
interest, which may exacerbate the macromolecular
crowding phenomena. Polymer crowding agents such
as Ficoll are popular in macromolecular crowding
investigations due to their low potential for interaction
with the system of interest.

Overall, we determine the role of lipid composition
on CYP2J2-CPR-ND mediated substrate metabolism.
Then we further use macromolecular crowding agents
to understand if they alter the CYP2J2-CPR-ND
enzyme kinetics with respect to substrate metabolism.

Results

Assembly of CYP2J2-CPR-NDs with varying lipid
composition
In order to study how the variation in lipid composi-
tion affects CYP2J2-CPR-ND activity, we prepared
multiple sets of nanodiscs with different percentages
of various lipids to mimic lipids composition of the cell
membranes as described in materials and methods
section. For our study, lipids were chosen to vary the
amount of zwitterionic, anionic, and sphingolipids, as
well as CHOL as these are all key components of cellu-
lar membranes. The corresponding chromatograms of

Figure 1. Variation of nanodisc lipid composition and its effects on CYP2J2 substrate metabolism. (A) CYP2J2 and CPR
docked in nanodiscs of varying lipid compositions. Gray = POPC; blue = POPS; yellow = cholesterol; green = MSP.
CYP2J2 is docked in the nanodisc via its N-terminus and F-G loop. CPR is added to solution separately and self-associates
with the lipid bilayer. (B) Structures of ebastine and its metabolites. Measurement of rate of NADPH oxidation and rate
of metabolite formation from ebastine metabolism by CYP2J2-CPR-nanodiscs with varied lipid compositions. Inset
shows carebastine production in SM containing nanodiscs. Rates are all calculated from within the initial, linear range.
All metabolism data is compared to 20% POPS. * = P < 0.05; ** = P < 0.01; *** = P < 0.005. SEM is calculated from
multiple measurements.
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the nanodiscs with different lipid compositions are
provided in the Supporting Information Fig. S1. All
the nanodiscs were prepared with POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) as the base lipid,
as the zwitterionic phosphatidyl choline is a principal
component of most mammalian lipid bilayers.1,45 POPS
(1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine)
was used to provide anionic lipid content and its per-
centage was varied from 0% to 80% in the nanodisc.
Previously it was shown that these lipid compositions
lead to the formation of stable nanodiscs.46 We then
used the most optimum 20% POPS nanodiscs and
changed the cholesterol composition from 0% to 20%.
We separately prepared nanodiscs with 20% POPS
and varying sphingomyelin concentration from 0% to
10%. Both sphingomyelin and cholesterol are impor-
tant components of ER membranes where CYP2J2 and
CPR are found inside the cells. All the CYP2J2-CPR-
NDs with different lipid compositions formed uniform,
homogenous nanodiscs according to size exclusion
chromatography (Fig. S1). Both 14% and 20% CHOL-
containing discs were slightly smaller than nanodiscs
with alternate compositions, as shown by the slightly
later elution time [Supporting Information Fig. S1(g),
S1(h)].

Characterization of ebastine metabolism by
CYP2J2-CPR-NDs with varying lipid composition
In order to metabolize drugs, CYP2J2 requires elec-
trons that are provided by NADPH via CPR. Therefore,
we first measured NADPH oxidation by CYP2J2-CPR-
ND in presence of ebastine. CYP2J2 is mainly responsi-
ble for the hydroxylation of the H1-receptor antagonist
ebastine in human liver and intestinal microsomes.47

We observed that NADPH oxidation was the greatest
in 20% POPS discs, followed closely by 40% POPS discs
[Fig. 1(B)]. As shown in Figure 1, nanodisc compositions
containing greater than 60% and 80% POPS had lower
NADPH oxidation rates compared to those at 20%
POPS. Both the 8% and 20% CHOL-containing discs
produced slightly lower oxidation rates. The 7.5% SM-
containing nanodiscs had similar NADPH oxidation
rates to 20% POPS discs.

In order to evaluate if the electrons from NADPH
are productively used to metabolize ebastine, we next
measured ebastine (EBS) hydroxylation by CYP2J2-
CPR-NDs. We found that the production of EBS metab-
olites followed a similar trend to NADPH oxidation
observed for the different nanodiscs [Fig. 1(B)].
Ebastine metabolism gives rise to two products—
hydroxyebastine (HYD) and carebastine (CAR). Car-
ebastine is formed when hydroxyebastine is further
metabolized by CYPs. We developed an HPLC-UV
method to detect EBS, HYD, and CAR as mentioned
in the materials and methods section. The highest
amount of HYD was formed with the 20% POPS discs
and the 40% POPS discs. Interestingly, 100% POPC
NDs had much lower metabolism of EBS indicating a

need for the presence of anionic lipids to facilitate
CYP2J2 and CPR interactions, as has been seen
reported in previous work from our laboratory and
others.4,48,49 All the three CHOL-containing disc com-
positions resulted in similar HYD production. All vari-
eties of POPC/POPS discs and POPC/POPS/CHOL
discs exhibited limited formation of carebastine (CAR).
It is important to note that SM containing discs had a
much higher percentage of CAR formation for the 5%
and 7.5% SM discs, respectively [Fig. 1(B), inset], at
the expense of HYD formation. This was interesting as
this indicated that in SM containing nanodiscs, the
HYD product did not leave the active site and was
metabolized again to CAR.

Next, we evaluated the coupling efficiency, which
is defined as the rate of EBS hydroxylation (HYD for-
mation) divided by the rate of NADPH oxidation and
is used as a measure of efficient use of electrons from
NADPH to facilitate metabolism. While bacterial P450s
such as cytochrome P450cam have high coupling effi-
ciencies, this value is typically low for membrane-bound
CYPs.50–53 For different nanodiscs containing only
POPC and POPS, coupling efficiency increases from
0% to 40% POPS, indicating that having anionic lipids
in the nanodisc increases the efficiency of electron
transfer from CPR to CYP2J2 (Fig. S2). CHOL-
containing discs did not have significant coupling effi-
ciency variation. For further macromolecular crowding
studies, we chose to use the 20% POPS discs, as they
have robust metabolite production and NADPH oxida-
tion, as shown in Figure 1.

Kinetic effects of macromolecular crowding on
the metabolism of ebastine by CYP2J2-CPR-NDs
in comparison to a lipid-solubilized system
To evaluate the role of the macromolecular crowding
agents on the CYP2J2-CPR mediated metabolism of
EBS, we investigated the changes in kinetics of EBS
hydroxylation in the presence of sucrose, Ficoll 70, and
Ficoll 400 in a lipid-solubilized system (LSS). There
was a steady increase in Km with the addition of
increasing sizes of crowding agents. Of note was the
effect of Ficoll 70 on CYP2J2-CPR-LSS, which has a
much lower Vmax (6.64 nmol�min−1�nmol−1) than the
control or other crowding agents. The LSS was also
used to examine the effects of different concentrations
of macromolecular crowding agent. As seen in Figure 2,
Ficoll 70 exhibited a decrease in NADPH oxidation
with increasing crowding agent [Fig. 2(A)], and an
increase both in EBS hydroxylation and coupling effi-
ciency [Fig. 2(B,C)].

To examine the effect of crowded protein–protein
interactions in a more membrane-like environment we
studied the CYP2J2-CPR-ND system with Dextran
75 and Dextran 500 in addition to Ficoll 70 and
Ficoll 400 as macromolecular crowding agents. As
shown in Figure 3(B), uncrowded 20% POPS nanodiscs
exhibited a Vmax of 4.05 nmol�min−1�nmol−1 with a Km
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of 9.44 μM. Nanodiscs crowded by the monomer
sucrose had a similar Vmax of 3.93 nmol�min−1�nmol−1

and a Km of 7.91 μM. Ficoll 70 crowded nanodiscs had
no significant change in Vmax, but the Km did slightly
decrease to 5.87 μM. Ficoll 400 crowded nanodiscs were
the only group that showed an elevated Km (13.34 μM).
Of note were the effects of Dextran crowding on the
CYP2J2-CPR-ND system. While Dextran 500 decreased
the Vmax to 2.72 nmol�min−1�nmol−1, it was Dextran
75 that had the greatest effect—decreasing the Vmax to
1.40 nmol�min−1�nmol−1 and the Km to 2.84 μM. Over-
all, macromolecular crowding exhibits a marked effect
on the CYP2J2-CPR-ND system. This is the first
account of measuring the role of crowding agents on

membrane proteins. In order to understand why the
crowded environment affects membrane protein func-
tion, we studied the effect of macromolecular crowding
on the folding of the individual membrane proteins—
CYP2J2 and CPR.

Protein stability and ΔG unfolding
Macromolecular crowding usually affects protein fold-
ing as shown previously with soluble proteins.18,24,27,54

Therefore, equilibrium protein unfolding of CYP2J2
and CPR was measured in the presence of increasing
concentrations of the chaotropic agent guanidinium
hydrochloride (Gu-HCl), in the presence of different
crowding agents. Tryptophan fluorescence was excited
at 295 nm and measured at 321(λmax, folded) and
360 nm (λmax, unfolded) as described in the material
and methods section. The ratio of A360/A321 was
used to determine the fraction of unfolded proteins.
The equation ΔG = −RT�ln(fD/[1-fD])55 was used to calcu-
late ΔG, with fD representing the fraction of denatured
protein. From this ΔG0 was calculated using ΔG = m
[Gu-HCl] + ΔG0. As shown in Figure 4, CYP2J2 dena-
turation was destabilized by both Ficoll 70 and sucrose.
The ΔG0 value decreased from 4.32 kJ/mol for
uncrowded protein to 3.44 and 2.89 kJ/mol for sucrose
and Ficoll 70 crowded protein, respectively [Fig. 4(A), 4
(C)]. In contrast, for CPR sucrose stabilized CPR while
there was no effect from Ficoll 70. ΔG0 values increased
from 4.56 kJ/mol for uncrowded CPR, to 5.82 kJ/mol for
sucrose crowded protein while remaining at 4.60 kJ/mol

Figure 2. Relative kinetics for a lipid solubilized system with
varying concentrations of macromolecular crowding agent.
(A) NADPH consumption for the CYP2J2-CPR-LSS,
(B) ebastine hydroxylation, and (C) coupling efficiency. The
dashed line indicates the uncrowded control to which the
crowding data is compared. Significant difference from
uncrowded solution is indicated by asterisks: *P < 0.05,
**P < 0.01, ***P < 0.005.

Figure 3. Kinetics for a nanodisc solubilized system and
effects of macromolecular crowding on CYP2J2 and CPR
stability. (A) Michaelis–Menten curves for 80% POPC/20%
POPS nanodiscs crowded with 100 mg/mL of macromolecular
crowding agent. (B) Kinetic constants for nanodisc and lipid-
solubilized CYP2J2 metabolism of EBS. Error shown is the
standard error for all points at that concentration of EBS
(separated by crowding agent).
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for Ficoll 70 crowded protein [Fig. 4(B, C)]. However, in
comparison to CYP2J2, CPR is less stable and
unfolds in the presence of lower concentrations of
denaturant, reaching maximum denaturation
between 3 and 4 M Gu-HCl, while CYP2J2 contin-
ued to denature up to 6–7 M Gu-HCl [Fig. 4(A,B)].

Discussion

The importance of lipid composition
CYP2J2 epoxygenase and its redox partner CPR
were assembled into NDs with controlled ratios of
lipids as described in the materials and methods section
(Table I). Lipids were chosen to test a variety of key ER
membrane lipids at a wide range of concentrations and
their effects on CYP2J2-CPR enzymatic activity as

shown previously with other P450s. The ER is a major
site of lipid and CHOL biosynthesis and consists of
the zwitterionic lipids phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), as well as a smaller
percentage of the anionic lipids phosphatidylinositol
(PI) and phosphatidylserine (PS).56 CHOL and
sphingolipids, both of which are synthesized in the
ER and then transported to other organelles, are
also present in low concentrations.39 CYP2J2 metab-
olizes drugs such as EBS and converts it to HYD
and CAR [Fig. 1(B)]. In order to facilitate the metab-
olism of drugs by CYP2J2, CPR shuttles electrons
from NADPH to the CYP2J2 heme active site.57,58

Therefore, we measured the NAPDH oxidation rates
which are indicative of how fast CPR transfers elec-
trons gained from NADPH oxidation to CYP2J2.
These electrons are used by CYP2J2 either in the
productive pathway to generate ebastine metabo-
lites, or an unproductive pathway to generate reac-
tive oxygen species and water. NADPH oxidation
data showed the highest activity in 20% POPS
nanodiscs implying that anionic lipids aid favorable
interactions between CYP2J2 and CPR that lead to
efficient electron transfer [Fig. 1(B)]. CHOL and
SM-containing nanodiscs had much less variation in
NADPH oxidation and substrate metabolism between
the concentrations tested, as mentioned previously. This
is expected, as the percentages of CHOL and SM were
varied more narrowly than POPS, and remain closer to
physiological membrane composition. CHOL-containing
discs have an overall lower rate of metabolism and
NADPH oxidation compared to 20% POPS discs. There
is a possibility that CHOL may directly bind to the pro-
tein active site as it does for CYP3A4, thus inhibiting
enzymatic function.59 However such binding to CYP2J2
was not observed when CYP2J2-CPR-NDs were incu-
bated with cholesterol. For all nanodisc types, NADPH
oxidation rates were higher than rates of substrate
metabolism and the electrons from NADPH and in such
cases were shunted for the production of excess water
and hydrogen peroxide, leading to poor coupling effi-
ciencies.60,61 This is common in mammalian P450s
which show low coupling efficiency in comparison to

Figure 4. Effects of macromolecular crowding on CYP2J2 and
CPR stability. (A) Denaturation curves for CYP2J2 in the
presence of water, sucrose, and Ficoll 70. (B) Denaturation
curves for CPR under the same conditions. (C) Calculated ΔG0
values for CPR and CYP2J2 in crowded and uncrowded
solution. Higher ΔG0 values indicate a higher degree of stability.

Table I. Lipid composition of all nanodisc varieties used
in this article

Nanodiscs % POPC % POPS % Chol % SM

1 100 0 0 0
2 80 20 0 0
3 60 40 0 0
4 40 60 0 0
5 20 80 0 0
6 72 20 8 0
7 66 20 14 0
8 60 20 20 0
9 75 20 0 5
10 72.5 20 0 7.5
11 70 20 0 10
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bacterial P450s.62 Prokaryotic P450s are known to ori-
ent the A-propionate of the heme to the distal side,
while in eukaryotic P450s it is proximal. This distal
orientation in prokaryotes is due to a stabilizing resi-
due upstream from the heme-binding residue that
closes the substrate access channel and may increase
catalytic efficiency.62

Ebastine metabolism gives rise to two products—
hydroxyebastine (HYD) and carebastine (CAR). While
all the different types of CYP2J2-CPR-NDs produced
HYD from ebastine except for 100% POPC discs
(just below quantifiable range), few lipid compositions
lead to the production of any measurable CAR. SM-
containing discs were the only disc type to produce
quantifiable CAR, the secondary metabolite of CYP2J2.
The increased CAR production in SM nanodiscs may be
due to substrate retention in the binding pocket of
CYP2J2, which would promote the direct conversion of
HYD to CAR as the product release is delayed. This
is not unprecedented, as several other P450s have
exhibited processive metabolism of substrates, such as
the metabolism of dialkylnitrosamines by CYP2A6.63

This indicates that in the presence of SM, the CYP2J2
adopts a conformation where the HYD is unable to
exit the active site and is hydroxylated again to form
CAR. SM is known to have a high phase transition
temperature compared to other lipids, which could
lead to more stable CYP2J2-CPR-ND interactions.64

Another possibility is allosteric modulation of the
CYP-CPR complex by SM. While SM has not yet been
implicated as an allosteric regulator, other membrane
components have been shown to have allosteric effects
on membrane proteins such as the GPCRs β2AR and
A2AR.

65,66 Some CYPs are also known to be allosteri-
cally regulated, though not by membrane lipids.67,68

However, multiple P450s and CPR have been shown
to localize to ordered domains enriched with SM and
CHOL.38 Nanodiscs formed from native membrane
lipids also show similar enrichment.69 Proving allo-
steric regulation by SM is outside the scope of this
article, but it is an important point to consider for
future investigations. Overall the EBS metabolism
by CYP2J2-CPR-ND system shows that the SM
nanodiscs have lower coupling efficiency [Supporting
Information Fig. S2] and lead to the formation of the
secondary metabolite CAR, though the decreased
coupling efficiency may also be attributed to the
increased production of CAR.

Decreased coupling efficiency was also seen in discs
with a high percentage of POPS, and can be attributed
to changes in electrostatic repulsion, as well as differen-
tial metabolite formation. It has been previously shown
that anionic phospholipids can be beneficial to P450
activity in NDs.70 However, anionic phospholipids nor-
mally comprise less than 30% of the membrane.71

Excess anionic phospholipids will experience electro-
static repulsion from one another, destabilizing the
lipid bilayer. Conversely, anionic phospholipids have

been shown to stabilize some CYPs and shift the high-
spin equilibrium.72 There is existing evidence that
repulsion between POPC and the positively charged
rhodopsin has a negative impact on arrestin-1 binding,
which is ameliorated with the addition of anionic
POPS.73 There is also literature evidence of phos-
phatidylserine (PS) and phosphatidylethanolamine
(PE) working in concert to provide opportunities for
protein-membrane binding that are not possible
with lipids like POPC.74

Enzyme kinetics in a crowded system
There have been few investigations centered on the
role of macromolecular crowding in membrane-bound
proteins or protein systems. We first used CYP2J2-CPR
in a lipid-solubilized environment to study for how
macromolecular crowding affects protein–protein
interactions in a membrane-bound protein system in
the absence of lipid bilayers. We then refined this
using CYP2J2-CPR-NDs. Soluble proteins are con-
stantly affected by the contents of the cytosol, whereas
membrane proteins have inherent protection from the
cytosolic contents as they are embedded in a membrane.
The lipid bilayer, while also crowding the proteins it
contains, can simultaneously prevent extraneous inter-
actions with cellular components. Therefore we first
examined the effects of macromolecular crowding on
CYP2J2-CPR kinetics using a LSS before transitioning
to the CYP2J2-CPR-ND system to determine if the
membrane-like environment of the nanodiscs would
serve as a protective buffer for CYP2J2 and CPR. Out-
side the protection of the nanodisc environment, macro-
molecular crowding agents exert notable effects on
NADPH oxidation, substrate metabolism, and coupling
efficiency (Fig. 2). Of note are the effects exerted by
Ficoll 70. A Ficoll 70 crowded LSS produces less EBS
metabolites compared to the uncrowded system, which
could be due to size effects, as Ficoll 70 is similar in
molecular weight to CYP2J2 and CPR. It has been
shown in literature that crowding agents of similar size
to the proteins of interest have the greatest effect, but
we must also consider the effect of crowding agent con-
centration. Because the greatest effects of Ficoll are
seen at the lowest concentrations of crowding agent,
there is a possibility that soft interactions are contribut-
ing to the change in kinetics. Literature shows that
although Ficoll is widely considered to be neutral, it has
a weak negative charge at the pH used for our experi-
ments, likely due to random oxidation of end groups on
its branched chain structure.75 Thus, weak electrostatic
interactions are the main contributor to crowding effects
on NADPH oxidation and EBS hydroxylation at low
concentrations of macromolecular crowding agent.
In the CYP2J2-CPR-LSS, both Ficoll 70 and Ficoll
400 have increased Km values [Fig. 3(B)], and Ficoll
70 has a decreased Vmax—showing that Ficoll 70
affects the kinetics of CYP2J2 substrate metabolism.
Potential variations in structure and folding must
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also be considered, as the CYP2J2-CPR-LSS is out-
side the realm of a protective membrane bilayer.
Solution NMR experiments on cytochrome b5 and
c interactions have shown that while a soluble sys-
tem has faster micro-rates, the productive complex
as a whole is more stable in a membrane bilayer.76

Within CYP2J2-CPR-NDs, Dextran 75 and Dex-
tran 500 exert the greatest effects [Fig. 3(B)]. When
ensconced in a nanodisc, CYP2J2 and CPR no longer
experience macromolecular crowding as independent
entities, but as a larger complex. Thus one might
assume any meaningful steric interactions would
require a crowding agent of similar size35,77 to the
protein-ND complex in order to effectively exclude
volume. However, the Vmax and Km of EBS hydroxyl-
ation are approximately 3-fold lower in Dextran
75 crowded solution compared to uncrowded, and
over 2-fold lower compared to Ficoll 70. This indi-
cates that the effects of macromolecular crowding
are not solely dependent on the molecular mass.
While the Ficoll and Dextran crowding agents used were
of similar masses, Ficoll is much more compressible than
Dextran, and has been shown to adsorb monovalent cat-
ions such as K+. Additionally, at concentrations above
2.5% (wt/vol), relative excluded volume by Ficoll is
reduced, likely due to compression.75,78,79 Dextran has a
larger Stokes-Einstein radius and therefore can exclude
greater volume and more effectively crowd a given solu-
tion. It may also be that various crowding agents alter
the complex formation of CYP2J2 and CPR. Previous
literature on CYP2B4 and CPR shows that the
anionic loop of the FMN domain interacts with cat-
ionic CYP surface to form a productive complex with
the two prosthetic groups in range for electron trans-
fer.80 The presence of larger volume Dextran mole-
cules could force the CYP-CPR complex away from
an optimal position for electron transfer, thus affect-
ing the kinetics. Therefore, we can conclude that
crowding exerts effects on the nanodisc solubilized
system dependent on the molecular volume and
crowding agent identity.

The stabilizing effects of macromolecular
crowding agents
It has been shown previously that the presence of
crowding agents increases the stability of soluble globu-
lar proteins.19 Herein, we see different effects of the
crowding on the two membrane protein CYP2J2 and
CPR. Interestingly, CYP2J2 is destabilized by macro-
molecular crowding agents indicating changes in the
hydration shell of the protein.81 Biological macromole-
cules are normally surrounded by a constrained layer
of water that does not behave as free-flowing liquid and
can have pronounced effects on molecular dynamics.82

Due to the disruption caused by crowding agents, a
compromised hydration shell has led to CYP2J2 dena-
turant susceptibility. Previous experiments have shown
the gradual loss of heme via chaotropic denaturation

and support our findings that uncrowded CYP2J2 is
stable.37 However, it is clear that macromolecular
crowding agents perturb the stability. On the contrary,
CPR is stabilized in the presence of sucrose, causing
the protein to adopt a more compact state. It is known
that CPR has two flavin domains that come together
for electron transfer. While we speculated that the
presence of macromolecular crowders would aid in
bringing the two domains together, thus giving it a
more stable conformation,83–85 there is no evidence that
this occurs in the presence of Ficoll 70. The stabilizing
effects of sucrose may also be due to favorable changes
in the hydration shell. Literature shows that as gua-
nidinum ions induce changes in the hydration shell, the
affected protein becomes more flexible.86 While this
would be undesirable in CYP2J2, as it would eventu-
ally lead to heme loss, in CPR it could cause domain
movement leading to a more compact, stable state.

Conclusions
Taken together, we have found that membrane lipid
composition plays a key role in CYP2J2-CPR interac-
tions and ebastine metabolism. We show that a certain
percentage of anionic lipid increases rate of metabolism
and coupling efficiency. We also observe that including
sphingomyelin along with 20% POPS nanodisc leads to
the formation of the CAR, implying that this particular
lipid composition is either an allosteric regulator or
induces conformational change that disfavors HYD
product release and promotes processive metabolism to
form the CAR product.

We further probe the role of macromolecular
crowding on the CYP2J2-CPR-LSS and CYP2J2-CPR-
ND system. In the CYP2J2-CPR-LSS system, Ficoll
70 decreases the Vmax and increases the Km, implying
that substrate affinity decreases. In CYP2J2-CPR-ND
system, Ficoll has no effect on the kinetics of ebastine
metabolism. However, Dextran decreases Km and Vmax

showing that the substrate is tightly bound in the
active site and does not get metabolized. Separately,
macromolecular crowding agents have differential
effects on the stability of both CYP2J2 and CPR that
depend on a complex combination of macromolecular
hydration, flexibility, and the identity of the protein.
CPR is clearly stabilized by the presence of crowders,
while CYP2J2 is destabilized.

Overall, these studies present the interesting
observation that depending on the environment of
the enzyme (lipid composition or macromolecular
crowding), the affinity for the substrate and rate of
metabolism changes.

Materials and Methods

Materials
Human CYP2J2 cDNA was obtained from OriGene
(Catalog No. SC321730) and N-terminally modified.60

Ampicillin, arabinose, chloramphenicol, isopropyl
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β-D-1-thiogalactopyranoside (IPTG), and Ni-NTA resin
were obtained from Gold Biotechnology and Sigma.
δ-aminolevulinic acid (δ-ALA) was obtained from Fron-
tier Scientific. NADPH and NADP+ were obtained
from Research Products International. POPC and
POPS were purchased from Avanti Polar Lipids, Inc.
Ficoll 70 and Ficoll 400 were purchased from Sigma.
Sucrose and CHOL were purchased from Fisher Scien-
tific. POPC, POPS, and SM were obtained from Avanti
Polar Lipids. Guanidine hydrochloride was also pur-
chased from Sigma.

Protein expression and purification
Truncated M2D34G-CYP2J2 was first expressed in
E. coli and purified via Ni-NTA chromatography as pre-
viously published.60,87 This construct of CYP2J2 con-
tains an N-terminal modification in which residues
3–35 have been deleted, as well as an L2A mutation.
Full length Rattus norvegicus Cytochrome P450 Reduc-
tase (RnCPR) was expressed in E. coli and thereafter
purified via ADP-agarose chromatography following
previously published protocols.88

Lipid solubilized system preparation
A mixture of 80% POPC and 20% POPS was dried on
a rotary evaporator, followed by overnight drying in a
vacuum desiccator. The lipids were then solubilized
to 10 mM in ddH2O via sonication and were stored at
−20�C until needed.

Nanodisc incorporation
Purified CYP2J2 was incorporated into nanodiscs
containing POPC, POPS, CHOL, and SM according to
the concentrations listed in Table I. Lipids solubilized
in CHCl3 were aliquoted to the desired mol% and
dried on a rotary evaporator, then in a vacuum desic-
cator overnight. After resolubilizing the lipids to
50 mM in 200 mM cholate, membrane scaffold pro-
tein (MSP) was added and incubated at 4�C with
rocking for at least 15 minutes. CYP2J2 was then
added to the mixture and incubated again at 4�C
with rocking for at least 45 minutes. Spontaneous
assembly of CYP2J2-NDs was then initiated through
removal of the detergent by addition and incubation
of BioBeads (8 hours, 4�C). All batches of nanodiscs
were prepared according to a 130:1 lipids:MSP ratio
and a 1:10 CYP2J2:MSP ratio. CYP2J2 NDs were
purified by use of high performance liquid chromatog-
raphy (HPLC) on a Superdex 200 10/300 GL size exclu-
sion column in 0.1 M potassium phosphate buffer
(pH 7.4) following established protocols.89 Construc-
tion and stability of nanodiscs has been previously
verified.90–93 Size has been previously verified using
water soluble protein standards on a size-exclusion
column and by small-angle x-ray scattering.60,92

NADPH oxidation assay
NADPH oxidation by CYP2J2 and CPR was completed
following a previously published method on the same
CYP2J2 ND and RnCPR constructs as mentioned ear-
lier by monitoring the decline in NADPH absorption.60

NADPH absorption was measured at 340 nm by use
of a Cary 300 UV–vis spectrophotometer in kinetics
mode. Reaction incubations were completed in a qua-
rtz cuvette. All reactions were carried out by equili-
brating 0.2 μM CYP2J2-ND, 0.6 μM rnCPR, and
40 μM EBS (solubilized in DMSO) in a buffered solu-
tion of 100 mM potassium phosphate (pH = 7.4) and
crowding agent at 37�C for 5 minutes. Following the
incubation, the reaction was initiated at t = 0 min by
the addition of 200 μM NADPH (solubilized in ddH2O)
to reach a final reaction volume of 250 μL. All concen-
trations listed are final. The decline in NADPH absor-
bance at 340 nm was then recorded over the next
10 minutes. At t = 10 min the reaction was quenched
with 250 μL ethyl acetate, after which it was frozen at
−20�C until extraction of the metabolites.

Crowding agents were added to the initial equil-
ibration buffer in concentrations of either 50 mg/mL,
100 mg/mL,150 mg/mL, or200 mg/mLfroma250 mg/mL
stock. All stocks were solubilized in ddH2O. All kinet-
ics experiments shown in Figure 3 were performed at
a crowding agent concentration of 100 mg/mL.Molar con-
centration ranges are as follows: Sucrose, 146–584 mM;
Ficoll 70, 0.714–2.857 mM; Ficoll 400, 0.125–0.500 mM;
Dextran 75, 1.333 mMonly;Dextran 500, 0.200mMonly.

Michaelis–Menten kinetic assay
Michaelis–Menten assays were carried out using the
same basic procedure as the NADPH oxidation assay,
with the amount of substrate varied. EBS concentra-
tion was varied from 5 to 60 μM for the majority of
experiments. Actual reactions were carried out in test
tubes and incubated in an aluminum heat block. These
samples are separate from NADPH oxidation samples.
After quenching, the samples were subjected to metabo-
lite extraction so EBS and its metabolites could be ana-
lyzed by HPLC and LC–MS/MS to determine the rate
of EBS hydroxylation.

Metabolite extraction
EBS and its metabolites were extracted from quenched
NADPH oxidation and Michaelis–Menten samples via
phase separation. Glacial acetic acid (100 μL) and 4 M
NaCl were added to quenched, room temperature sam-
ples to facilitate clean layer separation. Samples were
vortexed for 1 minute, followed by centrifugation for
5 minutes at 3000 rpm, 4�C. The organic layer (top)
was then removed to a clean tube and the remaining
substrates were extracted from the aqueous layer
twice more, for a total of three extractions. The second
and third extractions were facilitated by the readdition
of 250 μL ethyl acetate, followed by the same process
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of vortexing and centrifugation. Combined extractions
were dried on a rotary evaporator and stored at −20�C
until analysis.

HPLC metabolism analysis
HPLC was performed using an Alliance 2695 analyti-
cal separation module (Waters, Milford, MA) and a
Waters 996 photodiode diode array detector (Waters).
Samples were resolubilized in 100 μL mobile phase A
and filtered before injection onto a 250 mm x 4.6 mm
cyano column (5 μm beads, Alltech) Mobile phase
A was composed of 0.012 M ammonium acetate
buffer, methanol, and acetonitrile in a 48:30:20 ratio,
respectively. Acetate buffer and mobile phase A were
prepared according to Matsuda and colleagues.94 A
linear gradient was run over 30 minutes from 100%
mobile phase A to a 50/50 ratio of A and B (100%
acetonitrile) at 40�C. EBS and its metabolites HYD
and CAR were detected at 254 nm. Peak integra-
tion was performed using MassLynx and Origin
software, and data was quantified via an EBS stan-
dard curve.

LC–MS/MS metabolism analysis
EBS and HYD for the nanodisc solubilized Michaelis–
Menten experiments were quantified using a 5500
QTRAP LC/MS/MS system (Sciex, Framingham, MA)
in the Metabolomics Lab of the Roy J. Carver Bio-
technology Center, University of Illinois Urbana-
Champaign, as previously described.95 A linear gradient
was run at a 0.4 mL/min flow rate as follows: 0–2 min,
90% A; 8 min, 55% A; 13–25 min, 40% A; 30 min, 30% A;
35 min, 25% A; 40 min, 20% A; 45–47 min, 15% A;
48–54 min, 90% A. mobile phase A was composed of
0.1% formic acid in water; mobile phase B was composed
of 0.1% formic acid in acetonitrile. The autosampler was
set at 15�C, with a 1 μL injection volume. Mass spectra
were acquired under positive electrospray ionization
(ESI) with ion spray voltage at 5500 V with 450�C source
temperature. The curtain gas, ion source gas 1, and ion
source gas 2 were 32, 50, and 65 psi, respectively. Multi-
ple reaction monitoring (MRM) was used for quantita-
tion: Ebastine m/z 470.4 ! m/z 302.3; Hydroxyebastine
m/z 486.4 ! m/z 318.3; internal standard terfenadine
m/z 472.4! m/z 262.1.

ΔG unfolding
For chemical denaturation experiments, CYP2J2
(2.5 μM) was combined with 50 μM lipids (80% POPC,
20% POPS), 50 mg/mL crowding agent (146 mM
sucrose, 0.714 mM Ficoll 70), and a gradient of gua-
nidinium hydrochloride (Gu-HCl) from 0 to 8 M (100 μL
total volume). After incubating for two hours at room
temperature, endpoint measurement readings were
taken. Fluorescence was excited at 295 nm and mea-
sured at 321 (λmax, folded) and 360 nm (λmax, unfolded).
All readings were taken with a SpectraMax Gemini EM
at room temperature, using a black, half-volume 96-well

plate. The ratio of A360/A321 was used to determine the
fraction of unfolded proteins. The equation ΔG =
−RT�ln(fD/[1-fD])55 was used to calculate ΔG, with fD
representing the fraction of denatured protein. The
two negative controls consisted of protein that not
been exposed to denaturant and protein that had nei-
ther been exposed to denaturant nor incubated. The
same procedure was used for CPR. Ficoll 400 was not
used as it was insoluble at the high concentrations
necessary for this assay (400 mg/mL was brought to
50 mg/mL final).

Statistical analysis
All data were produced from multiple repeats. Statisti-
cal significance was determined based on a two-tailed
t-test with a confidence level of P < 0.05. All curve fit-
tings were preformed using OriginPro 2017 (Origin
Laboratories Inc., Northampton, MA).
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