
RESEARCH ARTICLE
Amphipol-facilitated elucidation of the functional tetrameric
complex of full-length cytochrome P450 CYP2B4 and
NADPH-cytochrome P450 oxidoreductase
Received for publication, February 22, 2021, and in revised form, April 4, 2021 Published, Papers in Press, April 9, 2021,
https://doi.org/10.1016/j.jbc.2021.100645

Shen Cheng‡, Zhiyuan Bo‡ , Paul Hollenberg, Yoichi Osawa, and Haoming Zhang*
From the Department of Pharmacology, The University of Michigan Medical School, Ann Arbor, Michigan, USA

Edited by F. Peter Guengerich
Interactions of membrane-bound mammalian cytochromes
P450 (CYPs) with NADPH-cytochrome P450 oxidoreductase
(POR), which are required for metabolism of xenobiotics, are
facilitated by membrane lipids. A variety of membrane mi-
metics, such as phospholipid liposomes and nanodiscs, have
been used to simulate the membrane to form catalytically
active CYP:POR complexes. However, the exact mechanism(s)
of these interactions are unclear because of the absence of
structural information of full-length mammalian CYP:POR
complexes in membranes. Herein, we report the use of
amphipols (APols) to form a fully functional, soluble, homo-
geneous preparation of full-length CYP:POR complexes
amenable to biochemical and structural study. Incorporation of
CYP2B4 and POR into APols resulted in a CYP2B4:POR
complex with a stoichiometry of 1:1, which was fully functional
in demethylating benzphetamine at a turnover rate of 37.7 ±
2.2 min−1, with a coupling efficiency of 40%. Interestingly, the
stable complex had a molecular weight (Mw) of 338 ± 22 kDa
determined by multiangle light scattering, suggestive of a
tetrameric complex of 2CYP2B4:2POR embedded in one APol
nanoparticle. Moreover, negative stain electron microscopy
(EM) validated the homogeneity of the complex and allowed us
to generate a three-dimensional EM map and model consistent
with the tetramer observed in solution. This first report of the
full-length mammalian CYP:POR complex by transmission EM
not only reveals the architecture that facilitates electron
transfer but also highlights a potential use of APols in
biochemical and structural studies of functional CYP com-
plexes with redox partners.

Mammalian cytochromes P450 (CYPs or P450s) are a su-
perfamily of hemoproteins that play critical roles in the
oxidative metabolism of xenobiotics (drugs or toxins) and the
biosynthesis of endobiotics (sterols or fatty acids) (1). Oxida-
tive metabolism and biosynthesis by P450s require the
sequential transfer of two electrons from NADPH-cytochrome
P450 oxidoreductase (POR). Therefore, the interactions of
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P450s with POR play critical roles in drug metabolism and
steroidogenesis. The relative ratio of P450:POR in the ER
membrane is estimated to be �20:1 (2, 3). It is intriguing how
POR interacts with an excess of P450s to selectively transfer
electrons required for drug metabolism while limiting pro-
duction of reactive oxygen species. Nearly 60 years have
elapsed since the discovery of P450s (4), and yet, we know little
structurally about such vital interactions that dictate drug
metabolism. This lack of understanding is due in large part to
lack of experimental approaches to obtain 3D structures of
mammalian P450:POR complexes.

Historically P450-catalyzed reactions were recapitulated in
reconstituted phospholipid liposomes since the seminal work
of Drs. Anthony Lu and Minor J. Coon (5). With both P450
and POR reconstituted in the phospholipid liposomes, various
biochemical and biophysical approaches were applied and
provided a wealth of information regarding the kinetics and
mechanism of P450-catalyzed reactions. However, the recon-
stituted system is inherently heterogeneous and not amend-
able to structural analysis. Since then, more refined
preparations were achieved by incorporation of P450 and POR
in membrane mimetics of apolipoprotein A-1 or peptide-based
nanodiscs (6–9). These preparations have presented the pos-
sibilities for biophysical studies of P450 and POR in phos-
pholipid bilayers. Atomic force microscopy revealed the
topology of CYP2B4 incorporated into apolipoprotein A-1
nanodiscs (10). A series of studies using solid state NMR
revealed the interfaces of CYP2B4 with the FMN-binding
domain of POR or cytochrome b5 (cyt b5), another redox
partner of P450s, in peptide-based nanodiscs and reinforced
the idea that the proximal side of CYP2B4 interacts with its
redox partners (8, 9, 11). So far, no 3D structures of
mammalian P450:POR complexes have been determined
experimentally. Much of our current knowledge about the
structure of the complex is derived from molecular dynamics
simulations (12, 13).

An alternative approach to apolipoprotein A-1 or peptide-
based nanodiscs is to incorporate full-length CYP2B4 and
POR in amphipols (APols). APols are amphipathic polymers
that self-assemble in aqueous solution to compact globular
nanoparticles. Functioning like hydrophobic “sinks”, the APol
nanoparticles tightly bind to the transmembrane regions of
membrane proteins to prevent aggregation and stabilize
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Full-length CYP2B4:POR complex
membrane proteins in native states (14–16). Atomic structures
of a number of membrane proteins have been determined with
TEM once they are incorporated in APols (17, 18). Laursen
et al. attempted to reconstitute plant CYP enzymes and POR
into APol A8-35 but failed to obtain a fully active complex of
CYP:POR complex (19). In this work, we presented a novel
preparation of a fully functional mammalian CYP2B4:POR
complex in APols. The high homogeneity of the purified
complex allowed us to reveal the architecture of a mammalian
CYP:POR complex for the first time by negative stain electron
microscopy (EM).

Results

Preparations of the CYP2B4:POR complex in APols

Incubation of full-length preparations of CYP2B4 and POR
in the presence of APol A8-35, free of detergents, led to co-
elution of both proteins from Ni-NTA resin even though
POR did not contain a His-tag, as shown in Figure 1A (Lane
6–8). Free POR was washed off the Ni-NTA resin (Lane 3–5,
Fig. 1A). Co-elution of CYP2B4 and POR suggests incorpo-
ration of both proteins into APols. Approximately 60% of the
total protein in the original incubation was recovered in the
elution (Fig. 1B). As shown in Figure 1C, further purification
by size-exclusion chromatography (SEC) exhibited a promi-
nent peak at 9 ml and a shoulder at 7.8 ml. The corresponding
Mw values were estimated at 351 and 2441 kDa respectively
based on calibration with protein standards (see Fig. S1). In
comparison, the CYP2B4 and POR reconstituted in 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC) liposomes
eluted at 7.6 ml with an estimated Mw of 3372 kDa, indicative
of large oligomers. The complex in APols exhibited a typical
Figure 1. Preparation of the CYP2B4:POR complex in APols. Full-length CYP
7.4. The incorporated complex was then purified using Ni-NTA resin and SEC be
NTA resin. Lanes 1 to 8 represent the initial incubation (Lane 1), unbound prote
(Lane 3–5), and the fractions from three consecutive elution with 0.3 M imid
relative to the total protein (Lane 1 in Panel A). The percentage was quantified
purified by SEC (red trace), in comparison with the CYP2B4 and POR reconstitute
and CYP2B4 at 75 and 50 kDa respectively. D, reduced CO spectrum for the pea
dilauroyl-sn-glycero-3-phosphocholine; POR, NADPH-cytochrome P450 oxidore

2 J. Biol. Chem. (2021) 296 100645
ferrous carbon monoxide (CO) spectrum (Fig. 1D), indicative
of an intact active site of CYP2B4. This is confirmed by
determination of the catalytic activity as shown in Table 1. In
APols, the turnover rates for NADPH consumption and nor-
benzphetamine production were determined to be 93.2 ± 0.14
and 37.7 ± 2.2 min−1, respectively, which yielded a coupling
efficiency of 40%. In the reconstituted system, the respective
rates were 64.2 ± 0.14 and 30.1 ± 2.7 min−1 with a couple
efficiency of 47%, in agreement with previously reported values
(20, 21). It is clear that the complex in APols is fully functional.

Stoichiometry and homogeneity of the CYP2B4:POR complex
in APols

The stoichiometry and homogeneity of the complex are two
parameters critical for single particle analysis by TEM. Thus,
both were determined as shown in Figure 2. The stoichiometry
of the complex was determined with two methods, one based
on protein content following separation by SDS-PAGE and the
other on cofactor heme and flavin adenine dinucleotide (FAD)
(see Fig. S2). Quantitation of the protein contents present in
the complex gave a molar ratio of CYP2B4:POR of 1.2 ± 0.21,
whereas quantitation of the heme of CYP2B4 and the FAD of
POR gave a molar ratio of 1.1 ± 0.08. Both results suggest an
approximately equal ratio of CYP2B4:POR. Presence of an
equal ratio of CYP2B4 and POR in the complex is also
consistent with the Mw of the complex determined by SEC-
multiangle light scattering (SEC-MALS) shown in Figure 2B.
The average Mw of the complex is 338 ± 22 kDa, which ap-
proximates the sum of 310 kDa from two CYP2B4 (114 kDa),
two POR (156 kDa), and one APol nanoparticle of �40 kDa
(14). The SEC-MALS profile under the peak at 9 ml is
2B4 and POR (10 μM each) were incubated with APol A8-35 overnight at pH
fore further use. A, SDS-PAGE of various fractions from purifications using Ni-
ins (Lane 2), fractions from three consecutive washes with 10 mM imidazole
azole (Lane 6–8). B, percentage of the eluted protein (Lane 6–8 in Panel A)
by gel densitometry. C, the protein eluted from the Ni-NTA resin was further
d in DLPC liposomes (blue trace). The two protein bands in the inset are POR
k fraction from the SEC purification shown in (C). APol, amphipol; DLPC, 1,2-
ductase.



Table 1
Catalytic activities of the purified CYP2B4:POR complex in APol for N-demethylation of benzphetamine and NADPH oxidation

Preparations NADPH oxidation (min−1) Product norBNZ (min−1) Coupling%

2B4:POR in APol 93.2 ± 0.14 37.7 ± 2.2 40
2B4:POR in DLPC 64.2 ± 0.14 30.1 ± 2.7 47

APol, amphipol; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine; norBNZ, norbenzphetamine; POR, NADPH-cytochrome P450 oxidoreductase.
The activities were averaged over three different measurements and expressed as mean ± SD. Both rates were obtained in the presence of 1 mM benzphetamine as described in
Experimental procedures.

Full-length CYP2B4:POR complex
homogenous as indicated by a horizontal red bar, even though
the early elution before peaking showed slight heterogeneity as
indicated by a slanted mass profile, indicative of the presence
of other oligomers than the predominant tetramer.

Chemical crosslinking to stabilize the CYP2B4:POR complex in
APols

To examine whether the four units of the CYP2B4:POR
complex in solution are closely associated with one another,
we attempted to crosslink them with 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC). As shown in
Figure 3A, the complex was completely crosslinked at ≥5 mM
EDC leading to a high Mw band. The high Mw band contained
both CYP2B4 and POR, indicative of the complex, and
migrated at >460 kDa, as shown in Figure 3B. It is of note that
crosslinked proteins may not migrate consistent with the Mw

because of a variety of factors such as charge, size, and shape of
denatured proteins (22). In marked contrast, crosslinking of
the reconstituted CYP2B4:POR complex in DLPC liposomes
with EDC exhibited multiple bands, and the complex was not
fully crosslinked even at 10 mM (see Fig. S3). These results
suggest that the complex in APols is a relatively homogenous
and tightly packed multiunit complex.

Single particle analysis of the CYP2B4:POR complex in APols
by negative stain EM

Initial imaging of negative stained micrographs of the
CYP2B4:POR complex in APols showed a significant degree
of heterogeneity likely because of dehydration in negative
Figure 2. Stoichiometry and homogeneity of the purified CYP2B4:POR com
APol determined by quantitation of protein and cofactors (heme of CYP2B4 a
SEC-MALS. The red bar indicates Mw, and the SDS-PAGE gel indicates presence
are POR and CYP2B4 at 75 and 50 kDa, respectively. APol, amphipol; FAD, flavin
size-exclusion chromatography; SEC-MALS, SEC-multiangle light scattering.
staining processes (see Fig. S4), which precluded further
structural analysis. Because the complex in APols can be
crosslinked by EDC, we thus utilized gradient fixation or
GraFix, developed by Dr Stark’s group, to further stabilize
the complex by chemical crosslinking with glutaraldehyde
before negative stain EM imaging (23). This was done to
prevent dissociation of the multiunit complex resulting from
dehydration, improve homogeneity, and minimize recon-
struction artifacts.

The complex treated with GraFix exhibited greatly
improved homogeneity in negative stain EM. As shown in
Figure 4A, homogenous single particles of the complex were
observed on a typical micrograph with a dimension of �150 Å.
The single particles boxed in red show a clear view of four
lobes of densities. The 2D class averages from reference-free
alignment of 10,766 single particles are shown in Figure 4B.
Those boxed in red show a clear projection of a tetrameric
complex. The 2D class averages likely representing the
tetramer allowed us to reconstruct a 3D EM map as shown in
Figure 5. According to conventional Fourier shell correlation
threshold criteria at 0.5, the 3D EM map displays a resolution
of 27 Å (Fig. 5A). The top view of the 3D EM map shows four
lobes of density (Fig. 5B), a pair of which are larger (�77 Å)
than the other two (�54 Å). In contrast to the top view, the
bottom view also shows EM density (Fig. 5C), which likely
arises from the APol and N-termini of CYP2B4 and POR. The
side view of the 3D EM map displays close association of a
large bowl-shaped density with a small spherical density likely
representing POR and CYP2B4 respectively, as shown in
Figure 5D.
plex in APols. A, the stoichiometry of the purified CYP2B4:POR complex in
nd FAD of POR). B, homogeneity of the purified complex as determined by
of both CYP2B4 and POR under the peak. The two protein bands in the inset
adenine dinucleotide; POR, NADPH-cytochrome P450 oxidoreductase; SEC,
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Figure 3. Chemical crosslinking of the CYP2B4:POR complex in APols with EDC. A, SDS-PAGE of the purified complex crosslinked with EDC at 0, 2.5, 5,
and 10 mM. B, Western blotting against CYP2B4 and POR in crosslinked products. APol, amphipol; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide;
POR, NADPH-cytochrome P450 oxidoreductase.

Full-length CYP2B4:POR complex
Construction of a 3D model of the CYP2B4:POR complex in
APols

To construct a model for the multiunit CYP2B4:POR
complex based on the 3D EM map, we fit the coordinates of
CYP2B4 (PDB ID:1SUO) and POR (PDB ID: 1JA1) as rigid
bodies into the 3D EM map. To facilitate the fitting process,
the initial positions of the N-termini of CYP2B4 and POR were
oriented toward the APol. No constraints were imposed during
the fitting. As shown in Figure 6A, two molecules of CYP2B4
in blue were well fit into the 3D EM map with a correlation
value of 0.65. Two molecules of POR in green were also fit into
the density map with a correlation value of 0.54. However
some EM densities remained unoccupied, which may suggest
conformational flexibility of POR. A closer view of the inter-
face between POR and CYP2B4 is shown in Figure 6B. The two
N termini are faced in the same directions in the APol. With
this orientation, the FMN domain of POR is positioned to the
proximal side of the heme of CYP2B4. The distance between
the heme Fe and N5 of FMN, DFe-N5, is approximately 53 Å.
Figure 4. Negative stain EM imaging and 2D classification of the CYP2B4
0.75% (w/v) uranyl formate prior to EM imaging. A, a representative microgra
ramers. An expanded view is shown in the inset. The black scale bar is 20 nm. B
A total of 10,766 single particles were aligned and classified into 80 classes.
amphipol; EM, electron microscopy; POR, NADPH-cytochrome P450 oxidoredu

4 J. Biol. Chem. (2021) 296 100645
This architecture resembles the closed conformation that we
observed in the cryoEM structure of CYP102A1 (24), as shown
in Figure 6C. In this closed conformation of CYP102A1, the
DFe-N5 is approximately 44 Å.

Discussion

In this work, we presented an alternative to apolipoprotein
A-1 and peptide-based nanodiscs for incorporating CYP2B4
and POR into membrane mimetics. As we have demonstrated
(see Fig. 1), incubation of CYP2B4 and POR together with
APols overnight at 4 �C, free of any detergents, spontaneously
resulted in the incorporation of both proteins into APol
nanoparticles. After further purification a homogenous tetra-
meric complex of CYP2B4:POR was obtained. The complex is
fully functional in demethylating benzphetamine with activity
comparable with the CYP2B4 and POR reconstituted in DLPC
liposomes (see Table 1). This is in marked contrast to a prior
attempt where individual CYP79A1, CYP71E1, or POR was
incorporated into APols, but not the complex (19). The
:POR complex in APols. The complex treated with GraFix was stained with
ph of the complex. Single particles boxed in red indicate clear view of tet-
, reference-free 2D class averages of negative stain particles of the complex.
The 2D class averages boxed in red show a clear view of tetramer. APol,
ctase.



Figure 5. Reconstructed 3D EM map for the CYP2B4:POR complex in APols. The 3D EM map was reconstructed from �7000 particles with a C2
symmetry. A, Fourier shell correlation curve for the reconstruction. B–D, top, bottom, and side views of the reconstructed 3D EM maps respectively. APol,
amphipol; EM, electron microscopy; POR, NADPH-cytochrome P450 oxidoreductase.

Full-length CYP2B4:POR complex
mixture of individual CYP79A1 and POR in APols exhibited
only 1% of the catalytic activity compared with the CYP79A1
and POR reconstituted in DLPC liposomes. Our work repre-
sents the first successful incorporation of a functional complex
of full-length CYP:POR complex in APol. Furthermore, the
high homogeneity of our preparation is amendable to struc-
tural analysis by TEM. Small APol nanoparticles with a
diameter of �50 Å (14) may be advantageous over large
apolipoprotein A-1 or peptide-based nanodiscs (90–130 Å) (7,
9) such that the incorporated proteins of interest are the
dominant feature in single particle analysis rather than the
membrane mimetics.

Using negative stain EM, we were able to obtain a 3D EM
map that reveals the architecture of the multiunit complex in
membrane settings for the first time. The 3D EM map of the
complex has a dimension of �150 Å and shows two pairs of
densities (see Fig. 5), similar to what we reported for dimeric
CYP102A1 (24, 25).

The 3D EM map of the complex bears two distinct differ-
ences from that of CYP102A1. One difference is the position of
CYP2B4 relative to POR, and the other is the density at the
bottom of the complex arising from the N termini and APols
(see Fig. 5C). In CYP102A1, the two heme domains and two
reductase domains are adjacent to each other. In particular,
CYP102A1 is dimerized at the reductase domains providing
stabilizing force for a functional dimer. This architecture al-
lows a very efficient electron transfer from the reductase
domain to the opposing heme domain. This is probably one of
the main reasons why CYP102A1 is the most catalytically
active P450 enzyme because the rate of electron transfer to the
active site of P450s is often rate limiting (26). In contrast, the
positions of CYP2B4 and POR are not adjacent to each other
but across each other. This architecture leads to CYP2B4
adjacent to two POR and vice versa (see Fig. 6A). One of the
interfaces between POR and CYP2B4 resembles that observed
in CYP102A1 (see Fig. 6, B and C). The proximal side of
CYP2B4 is faced to the FMN domain of POR. It is well
established that POR interacts with the proximal side for
electron transfer. In particular, several residues located in the
C-helix and C/D loop regions such as Arg122, Arg126, Arg133,
Phe135, and Met137 have been reported to be involved. For
instance, mutations of the aforementioned residues to alanine
decreased the ability to bind POR or cyt b5 (27). In addition,
results from solid state NMR studies of CYP2B4 complexed
with the FMN-binding domain of POR in lipid bilayers showed
Arg125 is important for effective electron transfer (9).

The orientation of CYP2B4 slightly rotates away from the
FMN domain because of the presence of the connecting
J. Biol. Chem. (2021) 296 100645 5



Figure 6. Reconstructed 3D model of the CYP2B4:POR complex. A, the crystal structures of CYP2B4 and POR were fit into the 3D EM map as rigid bodies.
The backbones of CYP2B4 and POR are depicted as blue and green ribbons respectively. The heme and FMN cofactors are displayed as red and yellow spheres
respectively. The 3D EM map is displayed as a transparent surface. B, a close view of the interface between CYP2B4 and POR. The backbone of CYP2B4 is
displayed as transparent blue ribbons whereas the backbone of POR as rainbow ribbons from blue (N terminus) to red (C terminus). Cofactor heme, FMN,
and FAD are displayed as red, magenta, and pink sticks, respectively. Helix B, C, F, G, and I of CYP2B4 are labeled. CD stands for the connecting domain of
POR. C, closed conformation of CYP102A1 is displayed for comparison. The structure was derived from our prior EM map (EMDB ID:20785). The color scheme
is identical to Panel B. EM, electron microscopy; POR, NADPH-cytochrome P450 oxidoreductase.

Full-length CYP2B4:POR complex
domain in POR which is absent from the reductase domain of
CYP102A1. This rotation results in elongation of DFe-N5 from
43 to 53 Å, which undoubtedly reduces the rate of electron
transfer from POR to CYP2B4. The turnover rates of
mammalian P450s are generally two to three orders of
magnitude slower than CYP102A1. It is also conceivable that
large conformational changes may occur in POR during elec-
tron transfer to CYP2B4. As we reported (24), the FMN
domain of CYP102A1 rotates out toward the proximal side of
the heme to deliver the electrons. Based on the 3D model
shown in Figure 6, we anticipate that this mechanism is
retained in mammalian P450s where the FMN domain extends
to an open conformation for electron transfer to CYP2B4.
Despite the relatively long distance, this is achievable because
of the highly flexible hinge region in POR. A full extension of
the hinge observed in the open confirmation of POR increased
the distance by �60 Å between closed and open conformation
of POR (28).

The other difference is the orientations of POR and CYP2B4
where both N termini are faced in the same direction and
embedded in APols. This is evidenced by the EM density at the
bottom of the 3D EM map (see Fig. 5C). The architecture of
the complex presented here seems to suggest that the N-
termini provide anchoring forces. This is based on the lack of
strong contacts between CYP2B4 and POR and also consistent
6 J. Biol. Chem. (2021) 296 100645
with an early study demonstrating that the hydrophobic N-
terminal segment of POR is involved in complexation with
microsomal P450s and membranes (29). The anchoring force
would enable CYP2B4 and POR to be positioned in the ER
membranes, whereas the FMN domain undergoes transitions
involving closed or open conformations for electron transfer.
The motion of closed-to-open conformation should be similar
to what was observed in CYP102A1 revealed by cryoEM (24).
However, because of insufficient map resolution and deletion
of N-terminal residues from the crystal structures of CYP2B4
and POR, we were unable to reveal the transmembrane
anchoring segments critical for CYP2B4 and POR interactions.
We envision that incorporation of multiunit complexes of
P450s into APols would lead to further studies to investigate
the interactions of P450 with POR, cyt b5, or other P450 iso-
zymes. In particular, structural study of these complexes using
cryoEM may lead to high resolution structures capable of
revealing the transmembrane domains and electron transfer
complexes between P450 and its redox partners.
Experimental procedures

Materials

APol A8-35 was purchased from Anatrace. NADPH, butyl-
ated hydroxytoluene, FAD, and benzphetamine were
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purchased from Sigma Aldrich. DLPC was purchased from
Doosan Serdary Research Laboratory. CO gas was purchased
from Cryogenic Gas. Glutaraldehyde, uranyl formate, and EM
grids were purchased from EMS. EDC was purchased from
Thermo Fisher Scientific. Polyclonal POR antibody was pur-
chased from Thermo Fisher Scientific, whereas polycolonal
CYP2B4 antibody was from antibodies-online Inc. Ni-NTA
resin was purchased from Qiagen.

Overexpression and purification of full-length CYP2B4 and
full-length POR

Rabbit WT CYP2B4 was overexpressed in Escherichia coli as
the C-terminal His-tag protein and purified with an HisTrap
HP column (GE HealthCare) as previously described (21, 25).
Rat WT POR was overexpressed in E. coli and purified with a
20,50-ADP affinity column as previously reported (30). The
concentration of CYP2B4 was determined using an extinction
coefficient of Δε450–490nm of 91 mM−1 cm−1 for the ferrous CO
form of CYP2B4 (31), whereas the concentration of POR was
determined using an extinction coefficient of 21 mM−1 cm−1 at
456 nm for the oxidized enzyme (32).

Preparation and purification of the CYP2B4:POR complex in
APols

Purified POR and C-terminal His-tag CYP2B4 (�1–10 μM
each) were incubated overnight with APol A8-35 at a protein-
to-APol ratio of 2:1 (w/w) in �6 ml of Buffer A (40 mM
Hepes, pH 7.4, 15% (v/v) glycerol, 0.1 M NaCl, 50 μM butyl-
ated hydroxytoluene). To isolate the CYP2B4:POR complex,
Ni-NTA resin was added to the incubation to bind the com-
plex. The Ni-NTA resin was then recovered by centrifugation
at 850g, washed with Buffer B (Buffer A + 10 mM imidazole),
and finally eluted with Buffer C (Buffer A + 0.3 M imidazole).
The eluted protein was concentrated to �10 μM and further
purified by SEC in Buffer D (40 mM Hepes, pH 7.4, 0.1 M
NaCl). The peak fractions were concentrated and stored on ice
until use.

Determination of stoichiometry of the CYP2B4:POR complex in
APol

The stoichiometry of the complex was determined by
quantifying both proteins and co-factors. The amount of
protein was quantified by gel densitometry following SDS-
PAGE using Image Studio software (Ver. 5.2, LI-COR). The
heme of CYP2B4 was quantified by the hemochromogen
method as described (33), whereas the FAD of POR was
quantified by HPLC as we previously reported (34).

Determination of the molecular weight of the CYP2B4:POR
complex in APol by SEC-MALS

The molecular weight Mw of the complex was determined
by SEC-MALS on a Bio-Rad NGC liquid chromatography
system equipped with a miniDawn TREOS MALS detector
and an Optilab TrEX differential refractive index detector, as
we previously described (25). Briefly, an aliquot (�100 μl) of
the complex at �10 μM was loaded onto a SEC column
(WTC-MP050S5, 7.8 × 300 mm, 5 μm, Wyatt Technology)
and separated at a flow rate of 0.5 ml/min in Buffer D con-
taining 0.05% (w/v) sodium azide. The Mw value was deter-
mined from the Raleigh ratio calculated by measuring the
static light scattering and corresponding protein concentration
using ASTRA VI software (Wyatt Technology). The SEC-
MALS system was calibrated with bovine serum albumin.

Catalytic activity and coupling of the CYP2B4:POR complex in
APol

To evaluate the effects of APol on the catalysis of CYP2B4,
we determined the rates of both NADPH consumption and
product formation, in comparison with conventionally
reconstituted CYP2B4 and POR in DLPC liposomes. Equal
molar ratios of CYP2B4 and POR were reconstituted in DLPC
liposomes as we previously reported (21). The rate of the
NADPH consumption was determined at 37 �C in Buffer D
containing 0.05 μM CYP2B4, 1 mM benzphetamine, and
0.24 mM NADPH. The reaction was initiated by adding
NADPH and monitored at 340 nm for 3 min. The NADPH
consumption rate was calculated from the slope using the
NADPH extinction coefficient of 6.4 mM−1 cm−1. All experi-
ments were performed at least in duplicate. The rate of
product formation was determined from the aforementioned
samples by quantifying the amount of norbenzphetamine us-
ing LC-MS/MS as we previously reported (34).

Chemical crosslinking of the CYP2B4:POR complex in APol

To stabilize the complex, the purified complex (�5 μM) was
crosslinked at various EDC concentrations (0–10 mM) at 25
�C for 2 h. The crosslink reaction was terminated by adding
hydroxylamine to 10 mM. The crosslinked samples were then
denatured and subjected to SDS-PAGE and Western blotting
analysis. For negative stain EM, the complex was crosslinked
with glutaraldehyde using GraFix as described (23). In brief,
gradients of sucrose (10–30% w/v) and glutaraldehyde (0–0.5%
v/v) were prepared using a gradient master (Model 108, Bio-
Comp Instruments Inc). Aliquots of the SEC-purified
CYP2B4:POR complex in APol were loaded on top of the
light sucrose solution and centrifuged at 200,000g for 15 to
17 h. Crosslinked protein complex was fractionated using a
BioComp GradiFrac Fractionator. The central fraction was
subsequently used for negative stain EM as described below.

Negative stain EM data acquisition and image processing

The central fraction from the GraFix experiment was
applied to carbon-coated copper grids and stained with
�0.75% (w/v) uranyl formate. EM data were collected on a G2
Spirit TEM (FEI Tecnai T12) operated at 120 kV. A total of
�200 micrograph images were recorded at 50,000× nominal
magnification using a CCD camera (Gatan). The micrographs
were processed using Relion 3.0.8 software, including particle
picking, 2D classification, ab initio reconstruction, and
refinement (35). After few rounds of 2D classification to
remove false positive particles, a total of 10,766 particles were
used to build the initial model with a C1 symmetry. After 3D
J. Biol. Chem. (2021) 296 100645 7
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classification, a subset of �7000 particle in the initial model
exhibited nearly a C2 symmetry and were further refined with
the C2 symmetry to construct the final 3D EM map at 27 Å.

Construction of a 3D model of the CYP2B4:POR complex

The 3D model of tetrameric complex of CYP2B4:POR
was constructed by docking the crystal structures of
CYP2B4 and POR as rigid bodies into the 3D EM map
using the fitmap function of Chimera (36). The coordinates
of CYP2B4 (PDB ID: 1SUO) and POR (PDB ID: 1JA1)
were obtained from the Protein Data Bank. It is note-
worthy that the coordinates of CYP2B4 and POR did not
contain the N-terminal transmembrane anchors. The initial
positions of truncated CYP2B4 and POR were oriented
such that the N termini of both proteins were faced to the
APol to facilitate the fitting process. Rigid-body fitting was
then performed without any constraints. The final model
was selected based on map correlation as we previously
described (24).
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