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ABSTRACT

This symposium summary, sponsored by the ASPET, was held at
Experimental Biology 2015 on March 29, 2015, in Boston, Mas-
sachusetts. The symposium focused on: 1) the interactions of cyto-
chrome P450s (P450s) with their redox partners; and 2) the role of the
lipid membrane in their orientation and stabilization. Two presentations
discussed the interactions of P450s with NADPH-P450 reductase (CPR)
and cytochrome bs. First, solution nuclear magnetic resonance was
used to compare the protein interactions that facilitated either the
hydroxylase or lyase activities of CYP17A1. The lyase interaction was
stimulated by the presence of bs and 17«-hydroxypregnenolone,
whereas the hydroxylase reaction was predominant in the absence of
bs. The role of b5 was also shown in vivo by selective hepatic knockout of
bs from mice expressing CYP3A4 and CYP2D6; the lack of bs caused a

decrease in the clearance of several substrates. The role of the
membrane on P450 orientation was examined using computational
methods, showing that the proximal region of the P450 molecule faced
the aqueous phase. The distal region, containing the substrate-access
channel, was associated with the membrane. The interaction of
NADPH-P450 reductase (CPR) with the membrane was also described,
showing the ability of CPR to “helicopter” above the membrane. Finally,
the endoplasmic reticulum (ER) was shown to be heterogeneous,
having ordered membrane regions containing cholesterol and more
disordered regions. Interestingly, two closely related P450s, CYP1A1
and CYP1A2, resided in different regions of the ER. The structural
characteristics of their localization were examined. These studies
emphasize the importance of P450 protein organization to their function.

Introduction

The cytochrome P450 (P450) system in eukaryotic organisms
comprises numerous proteins that interact within the confines of a
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membrane environment. The microsomal P450s reside in the endo-
plasmic reticulum (ER) and catalyze numerous oxidative reactions of
both exogenous and endogenous substrates (Omura and Sato, 1962;
Omura et al.,, 1965; Rendic and Guengerich, 2015). Because the
proteins are crowded in the ER, there are numerous “opportunities” for
protein-protein interactions, leading to questions regarding how the
P450 system proteins are organized in the membrane. The requirement
for P450 enzymes to interact with their redox partners, NADPH-
cytochrome P450 reductase and cytochrome bs (bs), is well known
(Hildebrandt and Estabrook, 1971); however, the mechanism that
governs formation of these complexes remains unclear. Additionally,
recent studies have shown that some P450 enzymes are capable
of forming both homomeric and heteromeric P450eP450 complexes
that affect monooxygenase function (Davydov, 2011; Reed and
Backes, 2012). Consequently, P450 activities can be modulated by

ABBREVIATIONS: b5, cytochrome b5; CHAPS, (3-[3-cholamidopropyl)dimethylammonial-1-propanesulfonate; CPR, NADPH-cytochrome; DRM, detergent-
resistant membrane; ER, endoplasmic reticulum; GFP, green fluorescent protein; HBN, hepatic bs null; NMR, nuclear magnetic resonance; P450, cytochrome
P450; SM-TIRF, single-molecule total intemal reflectance microscopy; SPLIM, super-resolution protein-lipid interaction map; 2D, two-dimensional.
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the specific substrates present, the relative amount of the catalytically
pertinent P450 present, the relative amounts of the electron donors CPR
and bs, whether the specific reaction is stimulated by the presence of bs,
and whether a second P450 is present that can interact with the P450
responsible for substrate hydroxylation (Jansson and Schenkman,
1987; Im and Waskell, 2011).

The multiple interactions among P450 system proteins occur with-
in a heterogeneous lipid environment of the ER membrane (Brignac-
Huber et al., 2011). At one level, insertion of these proteins within the
membrane restricts their ability to interact to two dimensions; however,
owing to the flexibility of the proteins within the membrane, their
movement around their membrane-binding segments results in a greater
range of motion and increases their ability to form complexes (Baylon
et al., 2013). The heterogeneity of the membrane can also affect P450
function by either concentrating or segregating proteins within
membrane regions.

The goal of this symposium was to address issues related to how
proteins of the P450 system are organized and how these proteins
interact with the membrane. Dr. Emily Scott examined the interactions
among CPR, bs, and CYP17A1 using solution NMR. Dr. Scott
identified residues involved in the interaction of both CPR and b5 with
CYP17A1, and showed that the b5eCYP17A1 complex was enhanced
by the presence of 17a-hydroxypregnenolone, the substrate for the
CYP17A1-mediated lyase reaction.

Dr. Roland Wolf examined the interactions of P450s with their redox
partners in vivo by generating a series of mice having the murine P450
gene clusters deleted and then engineered to express the corresponding
human P450 enzymes. These investigators then selectively knocked out
hepatic b5 and showed the effect on the in vivo metabolism of CYP3A4-
and CYP2D6-selective substrates. In these experiments, both CYP3A4
and CYP2D6 substrates that were known to require bs were cleared
from the hepatic b5 knockout mice.

Because the interactions among these proteins occur in a
membrane environment, the role of the lipid membrane also
serves as an integral component affecting P450 system function.
Dr. Michal Otyepka used a computational approach to better
understand the relationship among substrate, P450, and the
membrane. He showed that the proximal side of the P450 molecule
faced the aqueous environment, whereas the distal side was
associated with the membrane-water interface. Substrate was
modeled to approach the active site from the membrane through
channels.

Using single-molecule total internal reflectance microscopy, Sara
Humphreys reported on the interaction between CPR and the lipid
bilayer and showed that this interaction was affected by the presence of
detergent. In these studies, CPR was shown to move in and out of the
membrane, a response exacerbated by the presence of detergent.
Interestingly, this effect, referred to as helicoptering, is diminished by
the presence of P450 proteins in the membrane.

The heterogeneity of the lipid components of the ER membrane were
considered in the report by Dr. James (Rob) Reed, who showed that
two closely related P450s, CYP1A1 and CYP1A2, reside in different
regions of the ER. Whereas CYP1A2 exists in regions where the lipids
are more ordered, CYPIAI exists in the disordered regions. The
investigators identified sequence motifs that governed their localization
into the different membrane regions by generation of CYP1Al-
CYP1A2 chimeric proteins.

Taken together, these studies show the interplay not only among of
the protein components of the P450 system but also the role of the
membrane on their organization. These protein-protein and protein-
lipid interactions have a profound effect on the function of the P450
system.
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Steroidogenic Cytochrome P450 17A1 Interactions with Catalytic
Partners (D.F.E., J.S.L., and E.E.S.)

During the course of mono-oxygenation reactions, human P450
enzyme interaction with CPR is required to sequentially deliver the two
electrons required for P450 catalysis, whereas interaction with b5 is not
usually required but is variously reported to accelerate, inhibit, or have
no effect on P450 catalysis, depending on the P450 and substrate
(Akhtar et al., 2005; Zhang et al., 2008; Ortiz de Montellano, 2015). A
biophysical and biochemical understanding of these critical protein-
protein interactions has been limited by the absence of crystallographic
structures for human P450 proteins interacting with these protein
partners, although mutagenesis, crosslinking, in silico docking, and
other techniques have provided substantial information (Bridges et al.,
1998; Naffin-Olivos and Auchus, 2006; Im and Waskell, 2011; Zhao
et al., 2012). The generation of X-ray structures of such P450-protein
complexes is likely hindered by the transient nature of these P450-
protein interactions and the fact that they are largely thought to be
mediated by electrostatic interactions; however, defining and charac-
terizing such P450-protein interactions at high-resolution are possible
using solution NMR, which generates information on protein dynamics
and conformations but is amenable to the lower affinities of P450-
protein interactions. The generation of isotopically labeled, catalytically
active, truncated forms of the human steroidogenic CYP17A1, CPR,
and bs proteins has permitted tracking the isotopically labeled
resonances for individual amino acid residues as they broaden and/or
shift upon experiencing changes in environment. In the set of
experiments described herein, one of the three proteins is '*N-labeled
and titrated with one or more of the other proteins that compose the
P450 catalytic system. The human steroidogenic P450 used, CYP17Al,
is saturated with pregnenolone, its substrate for an initial hydroxylase
reaction; 17a-hydroxypregnenolone, the product of this hydroxylation
reaction and substrate for a subsequent lyase reaction generating
androgens; or the type II steroidal inhibitor abiraterone. CYP17A1 is
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Fig. 1. Surfaces of CYP17A1, cytochrome b5, and CPR involved in protein-protein
interactions. The respective binding surfaces are shown as blue sticks for positively
charged residues of CYP17A1, red for the negatively charged a2 helix of bs, and red
for the positively charged loop 1 of the CPR FMN domain. Aggregated from data
from Estrada et al., 2013, 2014, and 2015.
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Fig. 2. Effect of substrate and b5 on the conformational dynamics of CYP17A1. Distinct conformations are observed in the I-helix and G-helix residues of '*N-labeled
CYP17Al1when pregnenolone (black) versus 17a-hydroxypregnenolone (blue) is present in the active site. The addition of bs to either substrate-bound sample further
perturbs the conformations for these residues (top and bottom panels). When saturated with the hydroxylase substrate pregnenolone, serial titration of CYP17A1 with b5
[1:0.3 (red) and 1:0.5 (green)] induced a shift toward conformations more closely resembling those observed for CYP17A1 saturated with the lyase substrate 17a-
hydroxypregnenolone state in the absence of bs. Vertical arrows emphasize differences between spectra. This research was originally published in Estrada et al. 2014.

an important system for evaluating P450-protein interactions because
although CPR is required for both hydroxylase and lyase reactions, bs
results in a 10-fold increase in the lyase reaction without directly
transferring electrons or substantially affecting the hydroxylation
reaction (Auchus, et al.,, 1998). This selective bs facilitation of the
lyase reaction is physiologically important as adrenal increases in bs
levels drive androgen sex steroid production immediately before
puberty in human development (Nakamura et al., 2009).

Previously published NMR studies (Estrada et al., 2013) have used
5N-bs titrated with CYP17A1 to identify residues on bs that are
differentially line broadened (G47, E48, E49, V50, and surrounding
residues) and compose the anionic bs surface of the bs-CYP17A1
interface. Repeating such titration experiments with the R347H,
R358Q, and R449L mutants of CYP17Al reported to selectively
depress the lyase activity (Geller et al., 1999) similarly prevented NMR
changes indicative of bs-CYP17A1 physical complex formation. Thus,
key residues of the CYP17Al-bs interface were identified on the
proximal surface of CYP17A1 and the a2 helix of bs (Fig. 1). These

interacting surfaces were the same regardless of the CYP17A1 ligand,
but the strength of the bs-CYP17A1 interaction was modulated by the
identity of the CYP17A1 substrate, suggesting communication between
the bs binding site on the proximal surface of CYP17A1 and the buried
active site.

The reverse experiments titrating '>’N-CYP17A1 with unlabeled bs
(Estrada et al., 2014) are much more complex owing to the number of
resonances in CYP17A1 (494 amino acids) compared with bs (114
amino acids) and, at present, can be only partially interpreted because of
the availability of only partial resonance assignments; however bs
binding on the proximal surface of CYP17A1 clearly results in
resonance splitting indicative of new backbone conformations for
residues in the N terminus of the I helix (e.g., Fig. 2, 1292 and 1296) and
the F and G helices (e.g., Fig. 2, 1238) on the opposite, distal side of the
protein from the b5 binding site—and does so in a substrate-dependent
manner. Bending and straightening of the I helix and repositioning of
the F and G secondary structure elements are often associated with
ligand entry and exit, consistent with the idea that when the initial
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Fig. 3. Model of CYP17A1 interaction with substrates, NADPH-cytochrome P450 reductase, and cytochrome b5 to perform either the 17a-hydroxylation (state A) or 17,20-
lyase (state B) reaction consistent with current knowledge of the system. Interacting residues are shown as in Fig. 1. The CYP17A1 F-G helices that are altered by bs binding
are shown in cyan. Adapted from research originally published in Estrada et al. (2015).

hydroxylase product 17a-hydroxypregnenolone occupies the CYP17A1
active site that bs binding could promote a conformation that
decreases ligand release, thereby promoting the second, lyase reaction
to yield the androgen product. Differences in processivity have
previously been observed for the two CYP17 enzymes in zebrafish,
although in that case, processivity was not modulated by bs (Pallan
et al., 2015).

The CPR interactions with CYP17A1 have been probed using
solution NMR in a similar manner; however, instead of using the
multidomain CPR protein in which the CPR FAD domain primarily
interacts with its FMN domain and is only transiently available for
interaction with CYP17Al1, the isolated ISN-FMN domain of CPR was

used. Titration of the CPR "’N-FMN domain with unlabeled CYP17A1
revealed that residues in a loop near the flavin (Q87-T90, Fig. 1)
experienced the most significant line broadening, suggesting that this
region is involved in the interaction between the FMN domain and
CYP17A1; however, line broadening was much more broadly distrib-
uted and more severe for '>’N-FMN domain binding to CYP17A1 than
for '"N-bs binding to CYP17Al, consistent with a higher-affinity
interaction in the former case. Like the b5-CYP17A1 interactions, the
affinity for the CYP17A1-FMN domain interaction was modulated by
the identity of the CYP17A1 substrate.

When the experiment was inverted and '"N-CYP17A1 was titrated
with the FMN domain of CPR, select residues in the B’ helix, the F and
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Fig. 4. In vivo pharmacokinetic profiles of triazolam in CYP3A4 and CYP3A4-
HBN mice. CYP3A4 (open circle) and CYP3A4-HBN (black circle) mice
(female, n = 4) were treated with pregnenolone-16«a-carbonitrile (PCN) at a dose
of 10 mg/kg daily i.p. for 3 days. On day 4, mice were dosed p.o. with triazolam at
3 mg/kg body weight, and a pharmacokinetic study was carried out over 8 hours
with blood sampling via the tail vein at the time points shown. Samples were
analyzed for triazolam content by LC-MS/MS, and table shows pharmacokinetic
parameters (mean * S.E.M.). This figure was reproduced from Henderson et al.
(2015).

G helices, and the N terminus of the I helix were line-broadened more
than the average CYP17A1 residue. These resonances did not
demonstrate peak splitting indicative of new backbone conformations,
however, as they had upon addition of b5 (not shown). This suggests
that the binding of the FMN domain alters the dynamics of CYP17Al,
with specific effects on certain structural elements but does not alter the
CYP17A1 conformation like bs does. In other words, bs has been
shown to allosterically modulate CYP17A1 conformation, as suggested
previously (Auchus et al., 1998).

Interactions between CYP17Al1 and its catalytic partners can be
further compared using solution NMR by evaluating the three proteins
together. Experiments with '°N-b5 added to CYP17Al demonstrate
formation of the CYP17A1-bs complex, which is then disrupted when
full-length CPR (or the CPR FMN domain) is added, consistent with
mutually exclusive binding and the partially overlapping binding sites
for CPR and b5 on the proximal face of P450 enzymes as previously
proposed (Zhang et al., 2007; Im and Waskell, 2011). Although single
point mutations of R347H or R449L on the proximal surface of
CYP17A1 were sufficient to prevent binding of bs, neither the R449L
nor the R358Q mutation is individually sufficient to disrupt binding of
the FMN domain of CPR. This result may indicate that these CYP17A1
residues are not involved in binding of the FMN domain or that the
interaction with the CPR FMN domain is not easily disrupted by single
point mutations, either of which is consistent with the functional
observations (Geller et al., 1999).

In aggregate, solution NMR studies, functional data, and structural
data suggest a relatively simple comprehensive model for the observed
CYP17A1 biochemistry, including selective facilitation of the lyase
reaction by bs (Fig. 3). NMR studies clearly demonstrate that in solution
CYP17A1 exists in different conformational states with the hydroxylase
substrate pregnenolone, the lyase substrate 17a-hydroxypregnenolone,
and in the presence of bs. Binding of the hydroxylase substrate
pregnenolone is likely to promote a conformational state that interacts
with CPR and facilitates formation of the typical Fe(IV) oxo catalytic
intermediate for the hydroxylation reaction. CYP17A1 can release the
17a-hydroxypregnenolone product or bind it de novo; however, it is
likely that the 17a-hydroxy intermediate can also remain in the active site

Scott et al.

to undergo the second sequential reaction. Regardless, the presence of the
lyase substrate in the CYP17A1 active site and bs binding generate a
distinct conformational state, which is likely to ultimately facilitate the
subsequent lyase reaction. Because the presence of b5 facilitates the lyase
reaction and because binding of bs alters the backbone of elements
implicated in substrate entry and exit, it is tempting to suggest that the
binding of bs to the CYP17A1/17a-hydroxypregnenolone complex
promotes the processivity of the enzyme by promoting a closed
conformational state. Regardless of how b5 does so, bs and CPR binding
are mutually exclusive, requiring bs to dissociate for CPR to bind and
deliver the two electrons necessary for catalysis. This is consistent with
the NMR studies herein, which suggest that either CPR or the CPR FMN
domain can outcompete bs. This model is internally consistent with the
present state of knowledge regarding the interactions of CYP17A1, CPR,
and bs and significantly expands our knowledge of P450 dynamics and
protein interactions beyond that previously understood for the human
steroidogenic CYP17A1, with implications for other human P450
enzymes.

Role of NADPH-Cytochrome P450 Reductase and Cytochrome b5
as Electron Donors to P450 (C.J.H., L.A.M., and C.R.W.)

Although the role of CPR in P450 function has been extensively
studied and relatively well defined, that of b5 is less well understood,
and, until recently, information on bs had been essentially generated
exclusively from in vitro experiments, yielding data that were not only
difficult to interpret but often contradictory and not easily extrapolated
to the in vivo situation. Within the last few years, however, we have
generated mouse models with either a conditional (liver) or global
deletion of bs and used these, in conjunction with our previously
described model of hepatic CPR deletion (hepatic reductase null mice)
to investigate the role of both CPR and bs in P450-mediated drug
metabolism, disposition, and toxicity. Whereas CPR deletion was
found, as expected, to have a significant effect on P450 activity both in
vitro and in vivo, we also demonstrated, for the first time in vivo, that b5
deletion had a profound effect on P450 drug metabolism in a tissue- and
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Fig. 5. In vivo pharmacokinetic profiles of debrisoquine in CYP2D6 and CYP2D6-
HBN mice. CYP2D6 (open circle) and CYP2D6-HBN (black circle) mice (female,
n = 4) were dosed p.o. with debrisoquine at 10 mg/kg of body weight, and a
pharmacokinetic study was carried out over 8 hours with blood sampling via the tail
vein at the time points shown. Samples were analyzed for debrisoquine content by
LC-MS/MS, and table shows pharmacokinetic parameters (mean * S.E.M.). This
figure was reproduced from Henderson et al. (2015).
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Fig. 6. In vivo pharmacokinetic profiles of olaparib in CYP3A4, CYP3A4-HBN,
and Cyp3a null mice. CYP3A4 (open circle), CYP3A4-HBN (black circle), and
Cyp3a null (open triangle) mice (female; n = 4) were fed on a powdered diet (RM1)
containing 250 mg/kg pregnenolone-16a-carbonitrile (PCN) for 3 days (equivalent
to 50 mg/kg daily). On day 4, mice were dosed p.o. with olaparib at a final
concentration of 25 mg/kg body weight, and a pharmacokinetic study carried out
over 8 hours with blood sampling via the tail vein at the time points shown. Samples
were analyzed for olaparib content by LC-MS/MS. Inset table shows pharmaco-
kinetic parameters (mean = S.D.). *P < 0.05, **P < 0.01 ***P < 0.001; CYP3A4-
HBN or Cyp3a KO versus CYP3A4, ¢ test.

substrate-dependent manner (Finn et al., 2008, 2011; McLaughlin et al.,
2010). Furthermore, investigation of a residual P450 activity (~10%) in
vitro in HRN samples through the generation of a mouse line in which
both CPR and b5 were deleted in the liver (hepatic bs reductase null) led
us to demonstrate that bs-CybSR can act as sole electron donors to the
P450 system both in vitro and in vivo (Henderson et al., 2013).

The importance of b5 in drug metabolism is underlined by the finding
that expression of the enzyme varies significantly—by at least 5-fold—
across the human population (Kurian et al., 2007; Henderson and Wolf,
unpublished). Coupled with a recently discovered genetic variant in bs
(McKenna et al., 2014), there is clearly a need to better understand the
role of bs in relation to human P450 activity and to establish—in vivo—
the extent to which human P450s exhibit a b5 dependency. To this end,
we crossed the hepatic bs null (HBN) (Finn et al., 2008) mouse with two
mouse lines in which key human P450s—CYP2D6 or CYP3A4—are
expressed on a Cyp2d or Cyp3a gene cluster null background
(Hasegawa et al., 2011; Scheer et al., 2012). CYP2D6-HBN and
CYP3A4-HBN mice (Henderson et al., 2015) were fertile and
phenotypically normal and had only minor changes in hepatic lipids,
perhaps surprising given the known involvement of bs in lipid
desaturation (Jeffcoat et al., 1977; Finn et al., 2011). Using substrates
for human CYP3A4 (triazolam) and CYP2D6 (debrisoquine), it was
shown in vitro in hepatic microsomes that the metabolism of these drugs
was significantly reduced in the absence of bs. Moreover, in both cases,
addition of exogenous bs to reaction mixtures restored activity in a
dose-dependent manner (Henderson et al., 2015). When triazolam (Fig.
4) and debrisoquine (Fig. 5) pharmacokinetics were determined in vivo
in CYP3A4-HBN and CYP2D6-HBN mice, respectively, metabolism
was again shown to be profoundly reduced in mice lacking hepatic bs,
with significant increases in Cp,,x and AUC and decreased clearance
relative to control animals. The minor perturbations in hepatic lipids
reported in the CYP3A4-HBN and CYP2D6-HBN mice (Henderson
et al., 2015) strongly support the view that the effects observed on drug
disposition in vivo are not a result of changes to the lipid composition of
the ER but rather reflect the consequences of a lack of bs. It is thus
possible that the expression of bs, and its functionality, may make a
significant contribution to the observed heterogeneity in plasma levels
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of many commonly prescribed drugs. To further illustrate this, the
pharmacokinetics of the anticancer drugs and poly ADP ribose poly-
merase inhibitors olaparib (primarily metabolized by CYP3A4) and
veliparib (primarily metabolized by CYP2D6) were determined in
CYP3A4 and CYP2D6 mice, in the presence or absence of hepatic bs.
For olaparib (Fig. 6), bs significantly affected metabolism of this drug,
with C,.x and area under the curve being increased and clearance
decreased, in mice lacking bs relative to CYP3A4 mice, whereas for
veliparib (Fig. 7), bs made no difference to metabolism. These data
emphasize the importance of taking b5 expression into account for in
vitro-in vivo extrapolation.

Positioning of Microsomal P450s and Drugs in Lipid Bilayers
M.O., M.P.,, V.N,, K.B,, P.A))

Drugs enter cells via active and passive transport processes through
lipid membranes and inside cells; both transport modes significantly
contribute to the final drug disposition (Smith et al., 2014). Besides
the mentioned processes, membrane partitioning, nonspecific protein
binding, and biotransformation dominantly contribute to drug disposi-
tion in a cell (Anzenbacher and Anzenbacherova, 2001; Guengerich,
2006; Balaz, 2009; Seddon et al., 2009; Lucio et al., 2010; Endo et al.,
2011; Nagar and Korzekwa, 2012). In humans, most marketed drugs
undergo biotransformation processes catalyzed by P450 enzymes
(Evans and Relling, 1999; Anzenbacher and Anzenbacherova, 2001;
Zanger and Schwab, 2013), which are attached to membranes of the
ER and mitochondria (Black, 1992). Experimental measurements
suggested that P450 catalytic domains flow on the membrane surface
being anchored to the lipid bilayer by an N-terminal a-helix; however
the exact positioning of P450 in the membrane has not been yet
determined by a direct experiment. This ignited an interest in modeling
of P450s on the lipid bilayer. The early empirical models, which
appeared soon after release of the crystal structures of mammalian
P450s, were, however, not conclusive as they suggested very different
membrane orientations of P450s (cf. Fig. 5 in Berka et al., 2011). Two
independent models of membrane anchored CYP2C9 based on
molecular dynamics simulations (Berka et al., 2011; Cojocaru et al.,
2011) published in 2011 shared many similarities indicating that
molecular dynamics might provide convergent and reliable membrane
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Fig. 7. In vivo pharmacokinetic profiles of veliparib in CYP2D6, CYP2D6-HBN,
and Cyp2d KO mice. CYP2D6 (open circle), CYP2D6-HBN (black circle), and
Cyp2d null (open triangle) mice (female; n = 4) were dosed p.o. with veliparib at a
final concentration of 12.5 mg/kg body weight, and a pharmacokinetic study was
carried out over 8 hours with blood sampling via the tail vein at the time points
shown. Samples were analyzed for olaparib content by LC-MS/MS. Inset table
shows pharmacokinetic parameters (mean * S.D.). **P < 0.01; Cyp2d KO versus
CYP2D6-HBN or CYP2DG6, ¢ test.
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Fig. 8. Model of the orientation of CYP3A4 and CPR with respect to the
membrane. The figure shows a model of CYP3A4, taken from molecular dynamics
simulations, floating on the membrane having a partially immersed catalytic domain
and being anchored by one N-terminal a-helix crossing the membrane. The distal
side faces to the membrane while the proximal side is oriented toward the cytosol
and available for interaction with redox partners (here the FMN domain of CPR is
shown).

models of P450s. Since then, many independent models of membrane
anchored P450s have been published, so we can discuss common
features and differences among individual P450 forms (Denisov et al.,
2012; Sgrignani and Magistrato, 2012; Baylon et al., 2013; Berka et al.,
2013; Ghosh and Ray, 2013; Yu et al., 2015).

Common features of P450 membrane anchoring include the catalytic
domain, which resides on the lipid bilayer being partially immersed to
the membrane interior. The N-terminal part and F/G loop on the distal
side of P450s are typically immersed to the nonpolar membrane interior
(Fig. 8). The proximal side of P450 is exposed to the aqueous
environment being available for interactions with redox partners. The
active site, which is deeply buried in P450 structures (Otyepka et al.,
2007; Johnson and Stout, 2013), is above the membrane surface and is
accessible through a network of access channels (Cojocaru et al., 2007).
Analysis of access channels by software tools CAVER (Petrek et al.,
2006) and MOLE (Petrek et al., 2007) showed that openings of active-
site access channels are positioned inside the membrane and the solvent
channel exit (passing between F and I helices) faces the water/
membrane interface (Fig. 9). The individual P450 forms (CYP1A2,
2A6, 2C9, 2D6, 2E1, and 3A4) show rather small variations in their
membrane orientations, which affect positions of the channel openings
with respect to the membrane (Berka et al., 2013).

Most of the marketed drugs are amphiphilic compounds, and they
have a large potential to accumulate in lipid bilayers (Seddon et al.,
2009; Endo et al., 2011; Nagar and Korzekwa, 2012). It should be noted
that the drug-metabolizing P450s catalyze the monooxygenase reaction
as the most typical reaction. Formally, an oxygen atom is inserted onto a
substrate molecule in the reaction, and one may expect that the
amphiphilic substrate becomes more hydrophilic after the oxidation
reaction. Comparison of affinities of drugs and their respective P450
metabolites to membranes shows that substrates have higher affinities
for the membranes and are positioned deeper in the membrane structure
than their respective metabolites (Paloncyova et al., 2013; Paloncyova

Scott et al.

et al., 2014). The drugs are typically localized inside the lipid bilayers
just below the polar head group region, and the positions of P450 access
active site channels openings are in the same membrane layer.
Membrane positions of metabolites correspond to the solvent channel
exit, which point toward the water-membrane interface (Fig. 10). Based
on these findings, one may hypothesize that the drugs penetrate from
the membrane to the P450 active sites. They are oxidized and released
to the cytosol via the solvent channel.

Super-resolution Protein-Lipid Interaction Mapping of P450
Reductase and Cytochrome P450 2C9 Interacting with Ternary
Planar Lipid Bilayers (S.C.H., U.P.D., C.B., J.A.B., and J.P.J.)

Single-molecule techniques provide insight into protein-protein and
protein-lipid interactions at a molecular level that is unresolvable by
ensemble methods. Here, we investigated interactions between CPR,
CYP2C9, and planar supported lipid bilayers using single molecule
total internal reflectance microscopy (SM-TIRF) to generate super
resolution protein-lipid interaction maps (SPLIMs). Specifically, we
looked at how detergent concentration and time can affect protein-lipid
interactions between CPR and planar lipid bilayers. We also examined
how CYP2C9 perturbs this system.

Both CPR and CYP2C9 are localized to the cytoplasmic face of the
hepatic ER in vivo via N-terminal a-helices (Williams and Kamin,
1962; Black, 1992).There is mounting evidence to suggest that under
certain experimental conditions, CPR and P450s form higher-order
complexes (Reed et al., 2010; Davydov, 2011; Davydov et al., 2015);
however, the stoichiometry of these complexes and the dynamics
governing their association and disassociation are not well understood.
To understand how such complexes are formed, it is first important to
investigate the simpler protein-lipid and protein-protein interactions
essential to the system.

Detection and measurement of single ER proteins or protein
complexes and their membrane counterparts are difficult in live cells
owing to the complexity of the system and labeling shortcomings.
Consequently, over decades, researchers have developed a range of cell
membrane mimics to satisfy the finicky energetic requirements of
membrane proteins for biphasic amphiphilic environments while
removing much of the complexity of biologic membranes. Examples
of P450 reconstituted systems include planar lipid bilayers, liposomes,
and nanodiscs (Denisov and Sligar, 2011).

‘- CYP 3A4

Fig. 9. Orientation of the CYP3A4 solvent channel and active site with respect to
the membrane. The P450 catalytic domain (i.e., here CYP3A4 taken from molecular
dynamics simulation) floats on the membrane and the access and exit channels
(calculated by MOLE 2.0 software) to the deeply buried active site point toward the
membrane opening above (for the solvent channel) and below (for channel no. 2e)
the membrane surface.
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Although there are many advantages in using this type of reductionist
approach, one distinct disadvantage is that reconstituted systems are
prepared using detergents. Detergents are required to solubilize
membrane proteins, maintain their stability, and facilitate their incor-
poration into the phospholipid bilayer (Helenius and Simons, 1975);
however, detergents interfere with native protein-lipid and protein-
protein interactions, and it is difficult to remove them from the system
completely when they are no longer needed. The paradoxical beneficial
and adverse roles of detergents in reconstituted systems can be
explained by their chemical and thermodynamic properties. Commonly
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Fig. 10. Model of the substrate access channel
of CYP2C9. Lipophilic and amphiphilic drugs
can bind to CYP2C9 (taken from molecular
dynamics simulation) active site from mem-
brane, where they may accumulate. They pass
via an access channel (calculated by MOLE
2.0) to the active site and there are transformed
typically by a monooxygenase reaction and
released via an exit channel to the water-
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used detergents, such as (3-[3-cholamidopropyl)dimethylammonia]-1-
propanesulfonate (CHAPS), structurally resemble cell membrane-
associated compounds, including sterols and bile acids. In addition,
akin to phospholipids, under certain conditions, detergents undergo
organizational transformations to form lamellar micelles and bicelles.

Although attempts are often made to remove detergents using
dialysis, hydrophobic adsorption, and gel filtration chromatography,
based on our observations, we hypothesize that some unknown amount
always remains. This could explain why incorporation of CPR and
P450 into reconstituted systems is never complete (Reed et al., 2006). In
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Fig. 11. Super-resolution protein-lipid interaction mapping (SPLIM) workflow. Single-molecule data collected by exciting individual Alexa-555-CPR proteins at the lipid
bilayer in a TIRF evanescent field using a 532-nm laser. Emitted light was detected on an EM-CCD camera. Tens to hundreds of thousands of continuous 10-millisecond
frames were collected from a single sample at a specific bilayer location. The ThunderSTORM plugin for Image] identifies individual proteins frame-by-frame. The super-
resolution location of each protein was found by approximating the point spread function with a 2D Gaussian and finding the center. CPR-lipid interactions were ‘mapped’
by superimposing all super-resolution refined frames. Two different types of 2D grayscale maps can be generated: intensity-based maps (top left) and frequency-based maps
(bottom left). Whereas cumulative molecular brightness (intensity) may be of interest in some applications, for example, in fixed cells, for SPLIM, we postulate that
frequency-based localization better represents transient protein-lipid interactions, where ‘whiter’ regions are locations in the heterogeneous bilayer where the incidence of

interaction is higher.
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Fig. 12. SPLIM indicates diminishing detergent leads to changes in the frequency and distribution of protein-lipid interactions. Alexa 555-CPR (CPR purified according to
Rock et al., (2001) and conjugated to Alexa 555 C2 maleimide according to the manufacturer (Thermofisher)] was added to a final concentration of 3.5 nM to ternary lipid
bilayers (prepared in 200 mM K-HEPES (pH 7.4), 15 mM MgCl,, and 0.8 mM CHAPS). The degree of labeling of the final Alexa 555-CPR was 80%. After 30 minutes
incubation at 37°C, the bilayer was rinsed in buffer containing 200 mM K-HEPES (pH 7.4), 15 mM MgCl,, and either 0.8 mM CHAPS (A), 0.1 mM CHAPS (B) or no
CHAPS (C). These SPLIM images have been normalized for the number of particles instances (84,000 = 600). A particle instance is defined as one spatially resolved CPR-
lipid interaction in one 10-millisecond frame using ThunderSTORM. (A, B) were each generated by superimposing 20,000 frames, whereas (C) was generated from 12,200
frames Changes in the spatial frequency distribution demonstrated in these SPLIM images are further shown by one-dimensional histograms (D) where (A), (B), and (C) are
the top, middle, and bottom, respectively. All SPLIM experiments were carried out at 37°C. Because SPLIM images are essentially 2D histograms that follow poissonian
distributions, to enhance contrast, grayscale levels were adjusted. The same adjustments were applied to each SPLIM image. Thus, all pixels in all SPLIM images were

treated identically.

support of this hypothesis, using SM-TIRF, we directly observed
fluorescent-labeled proteins transiently interacting with lipid bilayers.
This apparent dynamic binding and debinding phenomenon—
helicoptering—was first described by (Ingelman-Sundberg and Glaumann,
1980) and is demonstrated in the (Supplemental Video S1). Furthermore,
we examined how helicoptering is dependent on detergent concentration
and time, as well on the strength of the protein-lipid interaction or protein
complex-lipid interaction.

It is first important to provide a brief background on our CPR-
CYP2C9 planar lipid bilayer system, SM-TIRF, and a data visual-
ization technique we are calling super-resolution protein-lipid
interaction mapping (SPLIM). We produce our reconstituted systems
by laying down planar lipid bilayers on glass coverslips and allowing
fluorescently labeled protein (Alexa 555 CPR and/or CYP2C9) to
self-incorporate from above by incubation at 37°C. We prepare
liposomes based on a method described by Guengerich and colleagues
(Ingelman-Sundberg et al., 1996). From the liposomes, we prepare
planar supported lipid bilayers using a method described by our group
(Poudel et al., 2013).

SM-TIRF involves focusing a laser beam through a high numerical
aperture lens in such a way that it creates an evanescent field. This
restricts the excitation of fluorophores to within ~100 nm of the
coverslip. Consequently, only fluorescently labeled proteins that are
in or very close to the 5-nm-thick lipid bilayer on the surface of
the coverslip are monitored. The light emitted from the excited
fluorophores in a specific 2D region of the bilayer is captured by an
electron multiplying charge coupled device camera in sequential 10-ms
exposure frames (seen in S1). We use the ThunderSTORM plugin for
ImageJ to process this movie data to achieve super-resolution
localization of CPR interacting with the lipid bilayer (Fig. 11) (Ovesny
etal., 2014). Briefly, each movie frame is filtered to improve the signal-
to-noise ratio, and then fluorophores within each frame are identified
according to a set of parameters (intensity, ellipticity, diameter, etc.).
The center of each fluorophore’s point spread function is approximated
to one pixel by fitting it with a two-dimensional (2D) Gaussian. Finally,
the superlocalized positions of all fluorophores from all frames of the
movie are superimposed to generate a 2D grayscale histogram that
represents the spatial frequency distribution of all protein-lipid

#protein-lipid
interactios/frame
=

15 min 90 min

Fig. 13. Time-dependent CPR-lipid interactions using SPLIM. (A, B) are SPLIM images generated from 15,000 frames each (a total of 150 seconds). (A) Data were
collected 15 minutes after CPR addition. (B) Data were collected 90 minutes after CPR addition. (C) Average number of particle instances detected per frame. Samples were
prepared as in Fig. 12, using the 0.8 mM CHAPS-containing buffer. Contrast adjustments were performed as in Fig. 12.
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Fig. 14. Using SPLIM to visually demonstrate pertur-
bation of CPR-lipid interactions by CYP2C9. (A) A
SPLIM image of a bilayer that has been incubated with
Alexa 555-CPR and unlabeled CYP2C9 [3.5 nM each;
CYP2C9 prepared according to Shimoji et al., (1998)].
It contains data from 19,801 frames and has 57,218
particle instances. (B, C) SPLIM images of the same
Alexa-555 CPR sample (no CYP2C9), normalized
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interactions within a precise region of the bilayer over a given period of
time—hence, SPLIM.

SPLIM differs from more conventional super-resolution image-
reconstruction techniques because we plot frequency per pixel rather
than cumulative intensity per pixel (Fig. 11, right). To explain, we use a
grayscale 2D matrix to represent the region of the bilayer we collect data
from; in the matrix, each element represents one pixel, and the pixel
dimensions define the ultimate resolution of the image. Black is
represented by zero, so before data collection begins, the matrix is
populated with zeros. Shades of gray through to white are represented by
integers greater than zero. Each time a protein “visits” a particular location
on the bilayer, the value for that pixel in the matrix increases by one. The
pixel that is “visited” the greatest number of times during data collection
will be white and will have the highest corresponding integer value in the
matrix. All other shades of gray will fall somewhere in between.

In conventional super-resolution imaging and reconstruction, the aim
is to “map” fluorophore locations under the assumption that they are
fixed. The blinking properties of fluorophores are exploited to attain
sparsely populated images that are then superimposed to “fill in the
gaps.” The cumulative intensity at each pixel location is used to
populate the greyscale matrix. Cumulative intensity represents the total
number of photons generated at a given pixel location rather than the
number of times a protein is located there. A cumulative intensity image
can differ significantly from a frequency plot because of dynamic
changes in fluorophore quantum efficiencies with respect to their
photophysical processes and local environment (i.e., in solution versus
in the bilayer). We believe our SPLIM treatment better addresses the
dynamic nature of our system, as we are most interested in the number
of times a particle “visits” a certain location on the bilayer.

according to (B) particle instances or (C) number of
frames. (B) Generated from 4,508 frames. (C) Had
275,123 particle instances. (D) Bar graph showing the
average number of particle instances per frame for each
sample. Samples were prepared, and contrast adjust-
ments were made as in Fig. 12.

*CPR + 2C9

Using SM-TIRF and SPLIM, we investigated the role of detergent in
CPR-bilayer interactions (Fig. 12). At high concentrations of detergent
(CHAPS) (Fig. 12, A and B), CPR-bilayer interactions appear more
spatially random, occupying more of the pixels in the field of view. In
contrast, we observed that as the CHAPS concentration decreases, CPR
appears to become less laterally mobile and is seen in the same pixel
location more frequently (Fig. 12, C and D). It is important to note that
based on these observations alone, we cannot distinguish between one
particle that visits a particular region on the bilayer and is detected over
many frames versus many particles visiting the same region.

One explanation for these observations is that CPR partitioning
between the bilayer and solution is detergent-dependent. As detergent is
removed, there are fewer solution-based amphiphilic molecules to
interact with and stabilize CPRs’ hydrophobic N-terminal helix. This
results in greater partitioning of CPR into the membrane, and the on/off
rates of CPR-lipid helicoptering adjust accordingly. With less deter-
gent, CPR is “on” the bilayer longer or permanently. This could account
for the increased frequency of protein-lipid interactions at specific
bilayer locations (i.e., we are detecting the same protein multiple times
over multiple frames).

An alternative explanation is that at low detergent concentrations,
helicoptering CPR could have higher affinity for specific regions within
the heterogeneous bilayer [here, we used a ternary mix of DLPC,
DOPC, DLPS (1:1:1 (w/w/w)], and what we are observing is it “visiting”
these regions more often. It has been shown that CPR harbors a specific
affinity for anionic phospholipids such as phosphatidylserine (Balvers
etal., 1993). To investigate this question further, we looked at annexin
V, a self-inserting transmembrane protein, interacting with bilayers
under the high detergent conditions (0.8 mM CHAPS). Annexin V is
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Fig. 15. Localization of CYP1A2-GFP and CYP2B4-GFP fusion proteins in
different lipid microdomains. The ordered and disordered lipid domains from
HEK?293T cells expressing either GFP-CYP1A1 or GFP-CYP1A2 were treated with
0.5% Brij 98 followed by high-speed centrifugation at 100,000g for 1 hour in a
buffer containing 50 mM HEPES (pH 7.25), 150 mM NaCl, and 5 mM EDTA.
S and P represent the supernatant (disordered) and P (ordered) fractions of the
modified CYP1A proteins, showing that the fusion proteins reside in different
membrane regions. (This research was originally reported in Park et al., unpublished.)

known to interact specifically with phosphatidylserine (Tait and
Gibson, 1992). We found that annexin V was localized to spatially
distinct regions in a pattern similar to that seen in the “no CHAPS”
sample, indicating that CPR does in fact localize to PS-rich domains
(data not shown).

To ascertain whether CPR-lipid interactions displayed time-
dependent variability, we collected SM-TIRF data from the same
sample at two different time points after addition of CPR to the bilayer.
From the SPLIM profiles (Fig. 13, A and B), we observed a change in
the spatial distribution of protein-lipid interactions over time that was
similar to what was seen with detergent removal. After a longer
incubation, CPR appeared to frequent specific regions of the bilayer
more often. In addition, the number of detected CPR-lipid interactions
increased from 1.22 per frame to 5.97 per frame (Fig. 13C), confirming
that we are observing a dynamic process that has not yet reached
equilibrium. This finding corroborates the work of many groups who
have described long protein-lipid incubation periods (hours to days) to
achieve higher levels of protein incorporation into their reconstituted
systems (Causey et al., 1990; Reed et al., 2006; Davydov et al., 2010). It
is important to note, however, that we have been unable to find
experimental evidence to suggest that protein incorporation is complete
and irreversible, even after the removal of detergent.

To investigate how CYP2C9 affects CPR-lipid interactions, we
compared the SPLIM profiles of our CPR-lipid samples before and after
the addition of CYP2C9 (Fig. 14). Once again, there were differences
in the spatial distribution patterns (Fig. 14, A and B), as well as changes
in the number of protein-lipid interaction instances over time (Fig. 14,
A, C, and D). Most interestingly, there appeared to be a significant
reduction (80%) in the number of recorded protein-lipid interaction
instances when CYP2C9 was present. We believe this is could be due to
Forster resonance energy transfer quenching of Alexa 555-CPR
fluorescence by the P450 heme, a phenomenon that has been previously
described in the literature (Isin and Guengerich, 2008). This would
indicate that under these conditions, approximately 80% of all CPR
molecules are within the Forster radius of a CYP2C9 molecule,
signifying that CPR and CYP2C9 are forming heterodimers or
oligomers. An alternative explanation could be that in the presence of
CYP2C9, CPR “visits” the bilayer less frequently, although this is
unlikely given that other groups have described the opposite to be true
(Reed et al. 2006).

In conclusion, we directly observed that CPR-lipid interactions are
dependent on detergent concentration and time and that in the presence
of CYP2C9, the CPR fluorophore is likely quenched via Forster

Scott et al.

resonance energy transfer to the P450 heme. Together, these findings
highlight the unique information that can be extracted from reconstituted
systems using SM-TIRF. In addition, we introduced SPLIM as a method
to display protein-lipid interactions by localization frequency and spatial
distribution. We postulate that by visualizing the data in this way, we can
unveil information about the underlying structure of the lipid bilayer. In
the future, SPLIM could be used to dynamically “map” lipid rafts and
phase domains within membranes on cell or organelle surfaces. Cluster
analysis such as the work described by Owen et al. (2010) may help to
quantify SPLIM interactions further.

Elucidating the Macromolecular Determinants of Lipid Domain
Localization for CYP1A1 and CYP1A2 in the ER (J.w.P., J.R.R.,
and W.L.B.)

Biologic membranes are heterogeneous with respect to both the
composition and the ordering of the constituent lipids. These lipid
bilayers are comprised primarily of a variety of phospholipids with
varying lengths of fatty acyl chain moieties. Cholesterol is another
component of biologic membranes that modulates the ordering of
certain types of phospholipids in its proximity (Berkowitz, 2009). As a
result, clusters of cholesterol and phospholipids containing a high
proportion of saturated, straight-chained fatty acyl groups coalesce in
the membranes as discrete zones that have been termed “lipid rafts” or
“lipid microdomains” (Pike, 2009). The lipids in the microdomains are
tightly packed which results in their lateral motion being highly
restricted. These regions are described as being in the “liquid-ordered”
state (Brown and London, 2000). The lipid microdomains are present in
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Fig. 16. Membrane localization of CYP1A2-CYPIAIl chimeric proteins in
HEK293T cells. Chimeric proteins were constructed that contained the N-terminal
region of CYPIA2 fused to the C-terminal region of CYP1A1l. (A) A diagram of
the cut sites representing the junction of cDNAs for the chimeras. (B) The
relative distribution of the expressed chimeras into ordered (P) and disordered (S)
regions after cell lysis, isolation of the postnuclear supernatant, and high-speed
centrifugation (100,000g for 1 hour). The 0% panel shows the immune blots
resulting from no detergent treatment and the 0.5% panel shows the distribution after
solubilization in 0.5% Brij 98. (This research was originally reported by Park et al.,
unpublished.)



P450 System Protein-Protein and Protein-Lipid Interactions

A

B C I1B: GFP
1A1 1A2
(1-32aa) (1-30aa)

[1A1 (1-32 aa) pulEES = F =

IEESE— GFP no Brij 98 ——

-
0.5 % Brij 98 - —

Fig. 17. Membrane localization of CYPIA1-GFP and CYP1A2-GFP fusion
proteins containing only their N-terminal regions. Construction of CYP1A-GFP
chimeras derived by attaching the N-terminal regions of CYP1Al (aa 1-32) and
CYP1A2 (aa 1-30), respectively to the cDNA for GFP and their relative distribution
into ordered and disordered lipid domains. (A) Comparison of the N-terminal
regions of rabbit CYP1A1 and CYP1A2. (B) Illustration of the constructed fusion
proteins. (C) Localization of the proteins before and after Brij 98 solubilization.
CYP1A2 resides in the pellet before Brij 98 treatment and remains in the membrane
after partial membrane solubilization. In contrast, the expressed fusion protein
containing the CYP1A1 N-terminus does not reside in the membrane, even before to
Brij 98. (This research was originally reported by Park et al., unpublished.)

a surrounding medium containing phospholipids with a high degree
of unsaturation in the fatty-acyl chains. This aspect of the lipids
surrounding the microdomains prevents them from being tightly packed
and results in the constituent lipids displaying an extreme state of
random motion. As a result, this milieu has been referred to as being in
the liquid-disordered phase (Brown and London, 2000).

One physical characteristic of the ordered domains that has allowed
for their study is the fact that they are resistant to being solubilized by
detergent treatment of the membrane (Ahmed et al., 1997; London and
Brown, 2000). Thus, lipid microdomains have also been referred to
as detergent-resistant membranes (DRMs). In studies with lipid
microdomains, researchers have used detergent solubilization to
identify the proteins in the membrane that predominantly localize to
DRMs. In addition, researchers have commonly used a compound that
tightly binds to cholesterol, methyl-3-cyclodextrin, to deplete cellular
membranes of cholesterol. In addition to showing the dependence of
lipid microdomains on the presence of cholesterol (Brignac-Huber
et al., 2011), these studies have also elucidated some of the cellular
functions of the microdomains. In the plasma membrane, DRMs have
been shown to regulate diverse cellular processes, including signal
transduction, endocytosis, cellular trafficking, and cytoskeletal
tethering (reviewed in Head et al., 2014).

Lipid microdomains have recently been demonstrated to also exist in
the ER (Browman et al., 2006), although their functions have not been
well established. Our laboratory examined whether lipid microdomains
influenced the distribution and activities of P450 in the ER membrane.
Our initial studies determined that CYP1A2 predominantly resided in
ordered membranes (Brignac-Huber et al., 2011). Furthermore, its
localization in the membrane and its catalytic activity were greatly
affected by cholesterol depletion. We subsequently used fluorescent
lipid probes to demonstrate that ordered lipid domains were present in
purified CYP1A2-reconstituted systems, with the lipid composition of
total ER and that CYP1A2 resided in ordered domains as indicated by
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its resistance to detergent solubilization (Brignac-Huber et al., 2013).
When comparing a homogeneous membrane reconstituted system
prepared from bovine liver phosphatidylcholine and one prepared from
a mixture of lipids that would favor the generation of ordered lipid
microdomains, the presence of ordered domains was associated with a
much higher apparent binding affinity between CYP1A2 and CPR
(Brignac-Huber et al., 2011). Interestingly, the localization of CYP2B4
and CYP2EI in the ER was distinct from that of CYP1A2 as the former
distributed equally between ordered and disordered regions, whereas
CYP2E1 was almost entirely within disordered regions (Park et al.,
2014).

In the course of investigating the membrane distribution of CYP1A2,
we noticed an intriguing distinction in the localization of CYP1A2 and
CYP1A1 (Fig. 15). After the DRMs were isolated by high-speed
centrifugation after treatment with 1% Brij 98, immune blotting was
performed to monitor the P450 distribution by using a primary antibody
reactive with both forms of CYP1A enzymes. As reported previously,
CYP1A2 localized predominantly in ordered domains; however,
CYP1A1 was found to reside almost entirely in disordered regions of
the ER.

Because CYP1A1 and CYP1A2 share about 80% sequence identity,
the protein regions responsible for the varying localization of the two
P450s could be clearly determined by the generation of CYP1Al-
CYP1A2 chimeras. Initially, it was important to ensure that we could
accurately monitor the expression and localization of the two P450s in
HEK?293T cells. To easily monitor transient expression in the cells, we
linked the cDNA of green fluorescent protein (GFP) to the C-terminal
end of the CYP1A c¢DNAs and cloned into the pGFP*-N2 expression
vector. After expression in the human embryonic kidney cell line HEK-
293T cells, it was determined that the modified CYP1A proteins were
expressed in the ER of the cells; after detergent solubilization with 0.5%
Brij 98 of the postnuclear supernatant of the cells and high-speed
centrifugation (100,000g for 1 hour), it was found that CYP1A1 and
CYP1A2 were localized to disordered and ordered domains, respec-
tively (data not shown). Thus, the cell system could be used with
mutagenesis of the CYP1A sequences to determine the regions
responsible for domain localization.

A B
0.5%
CYP1A2 constructs Brij 98
P S
Intact CYP1A2 e —
2nd- 108-205 | - .
3rd- 206-302 - -
4th- 303-417 N/A

Fig. 18. Role of the internal regions of CYPIA on membrane localization. Chimeric
proteins where internal regions of CYP1Al were inserted into the CYP1A2
sequence were generated. The constructs were then transfected into HEK293T cells
and their localization determined. (A) Illustration of the chimeric constructs. (B)
Localization of the chimeras after Brij 98 treatment of the membranes. This research
was originally reported published by Park et al., unpublished.
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Chimeras were generated by overlap extension PCR (Ho et al.,
1989). Four cut sites in the cDNA sequences of the P450s were
selected based on their location in meander regions of the crystal
structures (Sansen et al., 2007) and thus were not expected to interrupt
key regions of secondary structure that were important for function.
The cut sites were used to generate a combination of chimeras (shown
in Fig. 16A). A complementary set of chimeras were also generated
using the same cut sites by adding different lengths of the CYP1A1 N
terminus to the C-terminal end of CYP1A2 (not shown). Substitution
of the shortest N-terminal sequence in both chimera systems was
sufficient to reverse the domain localization of the wild-type enzymes.
More specifically, when the first 100 amino acids of CYP1A2 were
combined with the C-terminal end of CYP1A1, the enzyme partially
localized to the ordered domain (Fig. 16B), and with the opposite
substitution, the chimera was found to reside entirely in the disordered
region (not shown).

All the mammalian P450s involved in drug metabolism have an
N-terminal sequence of approximately 30 amino acids in length that is
hydrophobic and anchors the proteins to the membrane (Black and
Coon, 1982). It is known that this segment functions to target the
enzymes to the ER. Given the effect of substituting the N terminal
~100 amino acids of CYP1A2 and CYPI1A1 on domain localization,
however, we suspected that the N-terminal hydrophobic tail of the P450
may also have a role in the lipid domain selectivity of the enzyme.
Therefore, we generated expression plasmids with the N-terminal tails
of CYP1A1 and CYP1A2 linked to the cDNA for GFP (Fig. 17B).
These modified GFP proteins were then expressed in HEK 293T cells,
and their membrane localization was determined by cell lysis and
detergent solubilization of the postnuclear supernatant. After detergent
treatment and high-speed centrifugation, it was found that the GFP with
N-terminal CYP1A1 did not express in the membrane; however, the
GFP with N-terminal CYP1A2 did express in the membrane and was
predominantly localized in the ordered microdomains (Fig. 17C). Thus,
the hydrophobic, N-terminal sequence (=30 amino acids) of CYP1A2
appears to play a key role in targeting this enzyme to the ordered
domains.

Examination of Fig. 16 shows that the N-terminal ~100 amino acids
of CYP1AZ2 resulted in only partial relocation of the CYP1A2-CYP1A1
chimera to ordered domains. As a result, we suspected that there might
be an internal amino acid sequence of the P450s that also contributes to
domain localization. To test this possibility, the same cleavage sites in
the amino acid sequences of CYP1A1l and CYP1A2 were used to
generate cDNAs for three chimeras in which one of the CYP1Al
internal sequences was substituted for that of CYP1A2 (Fig. 18). The
chimera containing the CYP1A1 sequence from amino acid 303417
did not express in the cells. The CYP1A1 substitution at amino acids
108 to 205 did not seem to alter the relative distribution into ordered and
disordered domains; however, when amino acids 206-302 of CYP1A1
were substituted, a higher proportion of the P450 localized to
disordered domains, suggesting this region also contributes to the
domain selectivity of these enzymes. This region of the protein contains
the F and G helices and F-G loop, which interact with the membrane,
are involved in substrate binding from the membrane and constitute part
of the ceiling of the P450 active site above the heme group (Williams
et al., 2003; Yano et al., 2004; Pochapsky et al., 2010; Johnson et al.,
2014). Our data show that both the hydrophobic N-terminal sequence
and the F-G helices region confer the ordered microdomain selectivity
of CYP1A enzymes. Because there is considerable sequence homology
for CYP1A1 and CYP1A2 in these regions, future studies will focus on
identifying the specific amino acids in these two sequences that are
responsible for targeting the enzymes to disordered and ordered regions
in the ER.

Scott et al.

P450s have been shown to associate with one another in lipid
membranes. Both homomeric and heteromeric complexes of P450 have
been demonstrated using a variety of techniques (reviewed in Davydov,
2011; Reed and Backes, 2012). Almost 40 years ago (Peterson et al.,
1976), it was proposed and has been subsequently shown that the
aggregation of P450s would allow for more efficient electron transfer
by the CPR as electrons could be rapidly transferred to the aggregating
P450s in a single interaction with the complex. The P450-P450
associations also directly influence the function of these enzymes
because form-specific interactions have been shown to result in
activation and/or inhibition of P450 catalytic activities (Hazai and
Kupfer, 2005; Kelley et al., 2006; Subramanian et al., 2009, 2010; Reed
et al., 2010). Thus, factors that influence the protein-protein associa-
tions of P450s in the ER can have important effects on P450 function.
We are currently examining the effect of microdomain localization of
different P450 enzymes on their ability to form P450-P450 complexes.

Summary

Although much is known about the factors controlling the expression
and catalytic function of P450 system proteins, numerous questions
remain regarding how these proteins are organized in the ER and how
they interact with their protein partners and even with the membrane
itself. These reports show that the interactions among these proteins are
complex, and we must consider the specific proteins that are present as
well as the membrane environment in which they reside.
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