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Abstract
Interactions of microsomal cytochromes P450 (CYPs) with other proteins in the microsomal
membrane are important for their function. In addition to their redox partners, CYPs have been
reported to interact with other proteins not directly involved in their enzymatic function. In this
study, proteins were identified that interact with CYP2C2 in vivo in mouse liver. Flag-tagged
CYP2C2 was expressed exogenously in mouse liver and was affinity purified, along with
associated proteins which were identified by MS and confirmed by western blotting. Over 20
proteins reproducibly co-purified with CYP2C2. The heterogeneous sedimentation velocity of
CYP2C2 and associated proteins by centrifugation in sucrose gradients and sequential
immunoprecipitation analysis were consistent with multiple CYP2C2 complexes of differing
composition. The abundance of CYPs and other drug metabolizing enzymes and NAD/NADP
requiring enzymes associated with CYP2C2 suggest that complexes of these protein may improve
enzymatic efficiency or facilitate sequential metabolic steps. Chaperones, which may be important
for maintaining CYP function, and reticulons, endoplasmic reticulum proteins that shape the
morphology of the endoplasmic reticulum and are potential endoplasmic reticulum retention
proteins for CYPs, were also associated with CYP2C2.
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1 Introduction
Mitochondrial and microsomal cytochromes P450 (CYPs) catalyze the oxidation of a large
number of xenobiotics as well as endogenous compounds [1]. Microsomal CYPs are integral
membrane proteins that are anchored in the membrane by hydrophobic amino-terminal
sequences and interact functionally with other microsomal proteins. CYP reductase (CPR)
donates electrons to CYPs during their catalytic cycle [2-4]. While there are multiple forms
of CYPs, there is a single CPR. Cytochrome b5 also increases the activities of some CYPs
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by donating electrons or by allosteric binding [4]. CPR and cytochrome b5, like CYPs are
membrane bound ER proteins.

There is substantial evidence that CYPs do not exist as simple monomers in the endoplasmic
reticulum (ER) membranes. Homooligomerization of purified CYP3A4 [5], CYP2B4 [6],
and CYP1A2 [7] in liposomes and CYP2C2 [8, 9] and CY2C8 [10] and CYP19 and CYP17
[11] in natural membranes has been detected. Heterooligomerization between CYP2C9/
CYP3A4 [12], CYP2B4/CYP1A2 [13], CYP2C9/CYP2D6 [14], and CYP2C9/CYP2C19
[15] in reconstituted systems and between CYP1A1/CYP3A4 [16], and CYP2C2/CYP2E1
[8] in mammalian ER membranes has been demonstrated. The presence of one CYP can
influence the catalytic characteristics of another CYP [17, 18] so that the physical
interactions among CYPs may have functional significance.

CYPs can also interact with other drug metabolism enzymes in the microsomal membrane.
Microsomal epoxide hydrolase (mEH) and some forms of UDP-glucurosyltransferase
(UGT) have been shown to be associated with CYP1A1 by affinity chromatography [19].
CYP3A2, CYP2B2, CYP2C11/13 and CYP1A2 also co-immunoprecipitated with UGTs
[20]. Both activation and suppression of UGT function was observed depending on the
specific CYP and UGT that were simultaneously expressed in cultured cells [21]. These
observations suggest that the protein-protein interactions between CYPs and other metabolic
enzymes may be physiologically relevant, for example to facilitate sequential metabolism of
a single substrate by two enzymes.

Interactions with non-metabolic enzymes also may modulate CYP activity or cellular
localization. Progesterone receptor membrane component 1 (PGRMC1) has been shown to
stimulate the activity of sterol metabolizing CYPs [22] and to inhibit the activity of several
drug metabolizing CYPs [23]. B-cell associated protein 31 (BAP31) interacts with CYP2C2
and down regulation of BAP31 results in altered cellular localization of CYP2C2 as well as
increased protein levels [24].

Most of the studies described above were done in vitro or involved studying interactions
between exogenously expressed proteins in cells, usually nonhepatic cells. The environment
of CYPs in vivo in the microsomes of hepatocytes is likely to be different from that in these
earlier studies with different concentrations of proteins, different lipid compositions, and the
full complement of ER membrane proteins. In this study, we have used a non-biased
approach to identify proteins that interact with flag-tagged CYP2C2 in mouse liver in vivo.
Flag/CYP2C2 and associated proteins were purified by binding to anti-Flag M2 agarose and
the proteins were identified by MS.

2 Materials and Methods
2.1 Materials

Anti-Flag antibody was from Sigma-Aldrich. Antibodies to CYP3A11 and CYP2D1 were
from Millipore Corporation, to long chain acyl CoA synthetase (ACSL1) from Cell
Signaling, to 11β–hydroxysteroid dehydrogenase (11β-HSD1) from R&D Systems, and to
PGRMC1, BAP31, CPR, kinectin 1, mEH and androsterone-UGT from Santa Crutz
Biotechnology.

2.2 Cell Culture
Human hepatoma HepG2 (ATCC HB8065), human kidney COS1, and human embryonic
cell-derived Ad293 (Cell Biolabs, Inc.) cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 100 units/ml penicillin G-streptomycin sulfate and 10%
fetal bovine serum as described [25].
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2.3 Generation of Ad2C2/Flag/His Recombinant Adenovirus
CYP2C2 was expressed in mouse liver using recombinant adenovirus [26]. Full length
rabbit CYP2C2 cDNA from pC2 [27] was amplified by PCR using forward and reverse
primers incorporating Not I and XhoI sites, respectively. The PCR product was ligated with
3XFlag and 6XHis oligonucleotide sequences containing XhoI/XbaI and Xba1/EcoRV sites,
respectively, and the combined sequence was inserted into the Adtrack CMV shuttle vector
at the EcoRV and NotI sites to form Adtrack-2C2/Flag/His. For construction of the
recombinant Ad2C2/Flag/His adenovirus, Escherichia coli BJ5183 cells containing the
AdEasy backbone vector were transformed with Ad2C2/Flag/His DNA that had been
linearized by PmeI digestion [28]. Ad293 cells were transfected with the resulting
recombinant adenoviral DNA, and recombinant adenovirus was then amplified by several
rounds of infection. The virus was isolated by CsCl step gradient centrifugation and dialyzed
in phosphate-buffered saline-10% glycerol. Total viral particles were determined by
absorbance at A260 (1 A260 unit is approximately 1012 particles).

2.4 CYP2C2 activity assay in mammalian cells
Cells were seeded into six-well plates and transfected with AdEmpty or Ad2C2/Flag/His
using LipofectAMINE (Invitrogen). Cell culture media was removed 20 h after transfection
and replaced with 500 μl serum free media supplemented with 5 mM Luciferin-ME in each
well. CYP2C2 activity was assayed with the P450-Glo™ Assay kit (Promega).

2.5 Adenoviral infection and protein expression in mice
AdEmpty virus or AdC2/Flag/His virus (1010 active viral particles) in 200 μl of phosphate
buffered saline was injected in the six to eight week old BALB/c male mice mouse via the
tail vein. Mice were sacrificed 4 days later and livers were removed for affinity isolation of
CYP2C2 and associated proteins. Efficiency of infection was estimated by the expression of
green fluorescent protein (GFP) in frozen sections by detection with a Zeiss LSM confocal
microscope. Animal experimentation was approved by the Institutional Animal Care and
Use Committee of the University of Illinois at Urbana-Champaign.

2.6 Affinity purification of CYP2C2 protein complexes
Livers from mice infected with AdEmpty or Ad2C2/Flag/His were finely minced and
washed with 0.15 M NaCl, 0.015 M sodium citrate buffer. After centrifugation at 2,500 x g
for 5 min, the cell pellet was resuspended in hypotonic buffer (10 mM HEPES, pH 7.9; 1.5
mM NaCl; 10 mM KCl; 1 mM EDTA; 0.5 mM sucrose; 0.1 mM PMSF and 1X protease
inhibitor cocktail) and lysed by 30 strokes with a Type B pestle in a Dounce homogenizer.
After centrifugation at 2,500 x g for 5 min, the supernatant was centrifuged at 113,000 x g
for 1 h. The resulting microsomal pellet was resuspended in lysis buffer (20 mM Tris-HCl,
pH 7.8, 150 mM NaCl; 0.5% 3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxy-1-
propanesulfonate (CHAPSO); 0.1 mM PMSF and 1X protease inhibitor cocktail solution) at
4°C for 1 h to solubilize the microsomal proteins. Insoluble material was removed by
centrifugation at 113,000 g for 1 h. Flag-CYP2C2 was isolated by binding to anti-Flag M2
affinity resin overnight at 4°C, washing 3X with lysis buffer containing 0.1% CHAPSO, and
elution with 3X Flag peptide. For subsequent nickel-nitrilotriacetic acid (Ni-NTA)
purification, the M2-bound fraction was incubated overnight at 4°C with Ni-NTA beads and
the beads were washed 3X with 0.1% CHAPSO, 150 mM imidazole, and bound proteins
were eluted with 500 mM imidazole, 0.1% CHAPSO. The affinity purified proteins were
separated by SDS-PAGE and proteins were detected by Coomassie Blue staining or western
blotting [29].
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2.7 LC/MS/MS analysis
MS analysis was conducted using a Waters Q-ToF API-US mass spectrometer. Prior to LC/
MS/MS analysis, proteins were digested in-gel with trypsin as described [30]. Digested
peptides were extracted with 50% acetonitrile, 5% formic acid. After drying, the peptides
were suspended in 5% acetonitrile, 1% formic acid for injection for LC\MS.

HPLC for the trypsin digested peptides was performed with a Waters nanoAcquity UPLC
using a Waters Atlantis dC18 nanoAcquity column (3 micron beads, 75 micron inner
diameter x 150 mm length), at a flow rate of 250 nl/min. The solvents were water (A) and
acetonitrile (B), each containing 0.1% formic acid, and the gradient was from 100% A to
60% B in 60 min. The effluent from the UPLC was infused directly into a Waters Q-ToF
using a Waters nano-ESI ion source. After an initial full scan, the top four most intense ions,
determined with Waters MassLynx 4.1, were subjected to MS/MS fragmentation by
collision induced dissociation. The raw MS results were processed by Waters ProteinLynx
Global Server 2.2.5 for background subtraction, and noise filtering and deisotoping. For data
analysis, the spectra of all the files for individual analyses for the gel slices were combined
and processed using Mascot (Version 2.3, Matrix Science, Boston, MA) and Peaks 4.5
(Bioinformatics Solutions Incorporated, Waterloo, Ontario, Canada). In the analysis, the
peptide precursor mass tolerance was 0.5 Da, the ms/ms mass tolerance was 0.5 Da, and
cleavage rules were that cleavages occur after Lys and Arg residues but not before a Pro
residue. The NCBI NR 20100403 database was searched which contains about 1.1 x 107

sequences and 3.7 X 109 residues. As described for Mascot scoring [31], ion scores were
-10*Log(P), where P is the probability that the observed match is a random event. Individual
ion scores >42 indicated either identity or extensive homology (p< 0.05) and protein scores
were derived from ion scores as a non-probabilistic basis for ranking protein hits [31]. To
estimate a false discovery rate, a randomized peptide database derived from all identified
peptides in this study was searched resulting in a false discovery rate of about 10%.

2.8 Immunoprecipitation of microsomal proteins and western blotting
Solubilized microsomal membrane proteins were incubated in lysis buffer with antibodies
against proteins or rabbit IgG as indicated in the figures at 4°C for 4 h to overnight, and the
immune complexes were collected by incubation with a 25% protein A or G agarose slurry
for 3 h. Immunoprecipitates were washed with lysis buffer 4X and proteins were separated
by SDS-PAGE. CYP2C2/Flag/His was detected by western blotting using Flag antisera.

2.9 Sucrose gradient fractionation
M2 affinity purified protein complexes were analyzed in step sucrose gradients from
5%-45% sucrose in lysis buffer containing 0.5% CHAPSO by centrifugation at 92,000 x g
for 14 h at 4°C. Ten fractions were collected and concentrated using a Microcon centrifugal
filter (Millipore), and proteins were separated by SDS-PAGE and detected by western
analysis. A standard curve for the gradient was generated using protein standards (Sigma-
Aldrich) to estimate the sizes of the protein complexes.

2.10 Co-immunoprecipitation of isolated CYP2C2 complexes
Samples that were either bound or unbound to M2 affinity resin, were incubated in lysis
buffer with antibodies against proteins as indicated in the figures or rabbit IgG or mouse IgG
at 4°C for 4 h to overnight. Immune complexes were collected by binding to protein A or G
beads. The samples were centrifuged and the beads washed lysis buffer 4X. Bound proteins
were eluted with SDS-PAGE sample buffer equal to 1/10 that of the supernatant. Equal
volumes of the supernatant (unbound fraction) and eluted proteins (bound fraction) were
analyzed by SDS-PAGE and western blotting.
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3 Results
3.1 CYP2C2 expression in mouse liver

Rabbit CYP2C2 is used as a representative of this subfamily of CYPs. The members of this
subfamily have comparable sequence similarities within and between species so it is not
possible to identify orthologous CYP2C members among mammalian species [32]. The
general structures, functions as broad spectrum xenobiotic metabolizing enzymes, and
cellular localizations are the same among the mammalian CYP2C’s so similar protein
interactions would be expected for the mouse and rabbit CYP’s. To establish that 2C2/Flag/
His was active, pAdTrack-2C2/Flag/His was transfected into mammalian Ad-293, HepG2,
and COS1 cells and activity was measured after 20 h. Robust activity was observed in each
cell type infected with Ad2C2/Flag/His compared to controls (Supplemental Information,
Fig. 1S-A). For expression in mice, adenoviral vectors or saline was injected into mice via
tail veins and efficiency of infection was estimated by GFP expression which was similarly
detected for both AdEmpty and Ad2C2/Flag/His (Supplemental Information, Fig. 1S-B).
Expression of 2C2/Flag/His was also detected by western analysis with either flag or
CYP2C2 antisera only in extracts of liver from mice infected with Ad2C2/Flag/His
(Supplemental Information, Fig. 1S-C).

3.2 Purification of the CYP2C2 protein complexes
For expression of 2C2/Flag/His in liver and isolation of proteins complexed to 2C2/Flag/
His, mice were injected with Ad2C2/Flag/His or with AdEmpty or saline as controls. Four
days after infection, liver microsomal membrane fractions were prepared and 2C2/Flag/His
was isolated as described in Materials and Methods. In preliminary studies, incubation of
liver microsomal membrane with 0.5% CHAPSO, which has been used to solubilize other
membrane protein complexes [33], efficiently solubilized the microsomal membrane
proteins (not shown). 2C2/Flag/His, detected by western analysis, bound efficiently to the
anti-Flag M2 agarose beads with little protein in flow through and wash fractions (Fig. 1A).
The M2-bound sample was then further purified by binding to Ni-NTA beads (Fig. 1A). A
number of proteins in the samples from Ad2C2/Flag/His infected mice were enriched in the
M2-bound fraction compared with those from the control mice injected with saline or
AdEmpty (Fig. 1B) and the pattern of enriched proteins was reproducible in a second
independent experiment (Fig. 1C). A very similar profile of enriched proteins was observed
after further purification by affinity to Ni-NTA beads but “nonspecific” proteins in the
control samples were substantially decreased (Fig. 1C). These results suggest that the
enriched proteins are in complexes with 2C2/Flag/His that are stable through two different
purification procedures.

3.3 MS identification of CYP2C2 associated proteins from mouse liver
To identify the proteins that copurified with CYP2C2, gel segments as marked in Fig. 1B
were excised and analyzed by in-gel tryptic digestion followed by MS and identification of
proteins as described in Materials and Methods. CYP2C2 was detected in the 55-kDa region
(Segment C). Using a cutoff score of 42, which is above the score for keratin, a common
contaminate in these analyses, multiple proteins were identified in each gel segment so that
more than 20 peptides were detected in the M2 bound fraction (Table 1, Supplemental
Information, Table 1S). Interestingly, many of the proteins identified by MS are drug
metabolizing enzymes. Other proteins included chaperone proteins, like Hsc70 and GP78,
and a number of dehydrogenases. Intriguingly, reticulon-3, isoform 4 scored very highly.
The reticulons are integral ER proteins that are responsible for determining the morphology
of the ER membrane [34] and, therefore, are candidates for ER retention “receptors” of
CYPs. The identified proteins included both known and novel CYP binding proteins (see
Discussion Section), but other proteins that are known to interact with CYPs were not

Li et al. Page 5

Proteomics. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



detected, for example CPR, so that the identified proteins are a subset of all the CYP
interacting proteins.

3.4 Characterization of the CYP2C2 protein complexes
To test whether the proteins detected by MS were actually enriched in the affinity purified
sample, we selected one protein that was identified in each of 6 gel segments for analysis by
western blotting. As expected, similar levels of protein were present in the input microsomal
membrane fractions of the AdEmpty and Ad2C2/Flag/His samples, however, after M2-
agarose purification, each of the proteins was substantially enriched in the Ad2C2/Flag/His
samples compared to the AdEmpty samples (Fig. 2A). The enrichment was similar to that of
two known CYP binding proteins, CPR and BAP31 [24]. In contrast, the microsomal protein
kinectin was not enriched in either of the two Ad samples and served as a negative control
(Fig. 2A). These results demonstrate that the binding of these proteins to the M2-agarose
beads is dependent on the presence of 2C2/Flag/His in the extracts. Since all 6 proteins in
this sample of the proteins identified by MS were enriched with 2C2/Flag/His, it is likely
that the remaining identified proteins are also in 2C2/Flag/His-containing complexes.

To further confirm the interaction of 2C2/Flag/His with the identified proteins, selected
proteins were first immunoprecipitated and 2C2/Flag/His in the immunoprecipitate was
detected by western analysis. In each case 2C2/Flag/His co-immunoprecipitated while little
2C2/Flag/His was precipitated nonspecifically by control IgG (Fig. 2B), which provides
further evidence that the proteins identified by MS are present in a complex with 2C2/Flag/
His.

3.5 Sucrose gradient analysis of CYP2C2 protein complexes
To determine whether there is a single complex or multiple complexes of 2C2/Flag/His with
the identified proteins, we separated the 2C2/Flag/His protein complexes by sucrose density
gradient centrifugation in the presence of 0.5% CHAPSO to determine the sizes of the
complexes (Fig. 3). 2C2/Flag/His, detected with M2 antibody, was distributed broadly in the
gradient, consistent with multiple heterogeneous complexes Fig. 3B). Proteins in fraction 4
corresponded to a molecular weight of 66,000 and probably represents 2C2/Flag/His
monomer while protein in fractions 5-10 correspond to molecule weights of 200,000 to
>600,000. Most other proteins were also detected in fraction 4 which also likely correspond
to monomers of these proteins. However, different distribution patterns at higher molecular
weights were observed for different proteins indicating multiple complexes with 2C2/Flag/
His. CPR and 11β-HSD were present at highest amounts in fraction 4, presumed monomers,
with tailing into fractions 5 and 6 suggesting either dimer formation with 2C2/Flag/His or
unstable complexes that dissociated during the centrifugation. The other proteins
cosedimented with 2C2/Flag/His in fractions 6 to 8, but with subtle differences. The
maximum concentrations of BAP31 and FMO5 were in fractions 7 and 8, maximum
concentration of CYP3A11, mEH, and PGRMC1 were in fraction 6, while long-chain fatty
acid-CoA ligase 1 (ACSL1) and CYP2D1, like 2C2/Flag/His were symmetrically distributed
across fractions 6-8. This complex sedimentation pattern indicates that CYP2C2 is present in
a diverse set of heterogeneous protein complexes.

3.6 Co-immunoprecipitation of 2C2/Flag/His-associated protein complexes
We used co-immunoprecipitation of the 2C2/Flag/His associated proteins with each other to
further determine if multiple 2C2/Flag/His complexes existed. As a control, the proteins not
binding to the M2-agarose (M2-Unbound) were also analyzed. As expected, 2C2/Flag/His
was predominantly present in the M2-Bound fraction, while the other proteins were
predominantly present in the M2-Unbound fraction indicating that only a fraction of the total
amount of these proteins was complexed with 2C2/Flag/His (Fig. 4A).
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Proteins were precipitated with antibodies to either FMO5, ACSL1, 11β-HSD1, mEH or
CYP2D1 and then co-immunoprecipitated proteins were detected by western analysis using
an antibody from a species other than that of the initial precipitating antibody (Fig. 4B). In
the FMO5 immunoprecipitation, the fraction of PGRMC1 and mEH coprecipitating from the
M2-bound fractions was much greater than from the M2-unbound fraction (Fig. 4B). In
contrast, much smaller fractions of 11β-HSD1 and Cyp3a11 in the M2-bound fraction co-
immunoprecipitated with FMO5. These results suggest that FMO5, PGRMC1 and mEH are
in the same complex with 2C2/Flag/His while 11β-HSD1 and Cyp3a11 may be in different
complexes. In addition, the small amounts of these proteins that co-immunoprecipitate in the
M2-unbound fraction indicate that these proteins do not directly interact with FMO5 in the
absence of 2C2/Flag/His with the possible exception of Cyp3a11. Similarly, co-
immunoprecipitation with ACSL1 of PGRMC1 and mEH, but not 11β-HSD1 in the M2-
bound fraction with little co-immunoprecipitation in the M2-unbound fraction suggest that
ACSL1, PGRMC1, and mEH are in a complex dependent on the presence of 2C2/Flag/His.
In 11β-HSD1 immunoprecipitates, PGRMC1 and CYP2D1 selectively co-
immunoprecipitated in the M2-bound fraction compared to the M2-unbound fraction, while
FMO5 and Cyp3a11 did not co-immunoprecipitate efficiently in the M2-bound fraction. The
lack of interaction of 11β-HSD1 with FMO5 is consistent with the FMO5
immunoprecipitation studies. Substantial amounts of Cyp2d1 co-immunoprecipitated with
11β-HSD1 in both the M2-bound and M2-bound fractions which suggested a direct
interaction between 11β-HSD1 and Cyp2d1. Similar studies with mEH suggested that mEH
was in a 2C2/Flag/His-dependent complex with PGRMC1 and Cyp2d1, but not with
Cyp3a11 and that Cyp2d1 was in a complex with 11β-HSD1, but not Cyp3a11. These
results suggest that 2C2/Flag/His is present in multiple protein complexes with different
compositions. The results are consistent with a complex containing 2C2/Flag/His, FMO5,
PGRMC1, mEH, ACSL1, and possibly Cyp2d1, which is consistent with the results from
sucrose gradient fragmentation analysis in which these proteins sedimented predominantly
in fractions 6-8. A second complex containing 2C2/Flag/His, 11β-HSD1, PGRMC1 and
Cyp2d1 may also exist as well as complexes with Cyp3a11, which did not co-
immunoprecipitate with any of the tested proteins. These results, with the sucrose gradient
analysis demonstrate that there are multiple heterogeneous 2C2/Flag/His complexes.

4 Discussion
We have identified about 25 proteins that interact with exogenously expressed CYP2C2 in
mouse liver by copurification and analysis by MS or western blotting. A concern is that
these hydrophobic proteins may nonspecifically interact after solubilization of the
membranes even in the presence 0.5% CHAPSO. Several lines of evidence suggest that
most of the proteins complexed with CYP2C2 are specific interacting proteins. First, the
identified proteins are substantially enriched in the 2C2/Flag/His samples compared to Ad-
empty or uninfected negative controls and these proteins represent only a very small subset
of the total ER membrane proteins. Second, impressively, reisolation of M2-affinity purified
CYP2C2 by binding to nickel beads resulted in a similar pattern of associated proteins. The
consistent pattern through two purification steps suggests that the isolated proteins are
binding with high affinity which would be consistent with specific binding. Third, some of
the identified proteins had been reported to interact with CYPs, including other CYPs,
PGRMC1 [22], retinol dehydrogenase [35], and mEH, and UGT [19]. Fourth, the
enrichment of the identified proteins in the 2C2/Flag/His samples was similar to that of
known CYP binding proteins. The constancy of the co-purified protein pattern through two
steps of purification and the identification of proteins known to interact with CYPs provide
confidence that proteins identified interact specifically with CYP2C2 in the microsomal
membrane.
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Analysis of the size distribution of the 2C2/Flag/His complexes by sucrose gradient
centrifugation indicated that CYP2C2 was broadly distributed in the gradient with estimated
molecular weights from about 60,000 to >600,000 and different distribution patterns were
observed for the interacting proteins suggesting that multiple heterogeneous complexes are
present. Co-immunoprecipitation analysis of the proteins associated with 2C2/Flag/His
supported this idea since different subsets of the proteins were co-immunoprecipitated by
antisera to individual associated proteins. In most cases, such co-immunoprecipitation was
not observed with the M2-unbound fraction, indicating that the interaction between the
proteins was mediated by 2C2/Flag/His in a protein complex. These results indicate that
there are multiple specific CYP2C2 complexes.

The nature of the proteins in the complex provides insight about the possible functional
significance of the complexes. One striking observation is that a large fraction of the
identified proteins either require NAD or NADPH or have redox partners that do. Several
CYPs copurified with CYP2C2 and while CYPs do not require NADPH directly, their redox
partner, CPR does. Other associated proteins that require NADPH are FMO5, 11β-HSD1,
and 17β-hydroxysteroid dehydrogenase. NADH is required by retinol dehydrogenase and 3-
hydroxybutyrate dehydrogenase. FMO5, like the CYPs, is a monooxygenase. The
association of these enzymes suggests that complexes of enzymes that catalyze oxidative
reactions requiring NAD or NADH may be functionally beneficial.

A second striking observation is the large number of enzymes involved in drug metabolism
in the CYP2C2 complexes. In addition to NAD/NADH related drug metabolizing enzymes,
CYPs, mEH, and FMO5, discussed above, UGTs and glutathionine S-transferases were
detected. This suggests the presence of drug metabolizing complexes which might facilitate
sequential metabolism of a substrate, redundant metabolic functions, or protective
mechanisms. FMO5 and CYPs have unique substrates, but also common substrates. FMO5
differs from CYPs in being resistant to inactivation by reactive metabolites that are
generated by the two enzymes [36]. FMO5 metabolites may, therefore, affect CYP activity
and FMO5 also provides a mechanism for continued metabolism of substrates with
metabolites that inactivate CYP Association of mEH is interesting since mEH would be
protective against epoxides formed by CYP mediated metabolism. Sequential modification
of the same substrate would be facilitated by association of CYPs with enzymes like UGT
which catalyze conjugations to functional groups introduced into substrates by CYPs.
Complexes of drug-metabolizing enzymes, therefore, are potentially functionally significant.

Functional grouping of the other proteins that are associated with CYP2C2 is less clear.
Interferon-γ-induced GTPase, Mettl7b, and long-chain fatty acid-CoA ligase have no
obvious role in CYP function. Hsc70 and PGRMC1 are chaperone-like proteins which may
be important for CYP activity. For example, PGRMC1 activates CYP51 and other sterol
metabolizing CYPs [22] while it inhibits the drug metabolizing forms, CYP2C2, CYP2E1,
and CYP3A4 [23]. The reticulons are particularly interesting ER structural proteins that are
important in shaping the curvature of the ER and, thus, are present in the tubular
components of the smooth ER [37]. Since CYPs are localized to the smooth ER, the
reticulons are well positioned to retain the CYPs in the ER. Further analysis will be required
to determine the role of these proteins in ER retention of CYPs.

These experiments provide strong evidence that CYP2C2 interacts with a wide range of ER
membrane proteins in multiple heterocomplexes in vivo. While the present data do not
address the functional significance of the interacting proteins, the striking overabundance of
NAD/NADP dependent enzymes and drug metabolizing enzymes suggest that the
complexes may increase the efficiency of these classes of enzymes. In addition, interaction
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with chaperone-like proteins may be important for CYP function and the reticulons may be
important determinants of CYP localization in the cell.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ACSL1 long-chain fatty acid-CoA ligase 1

BAP31 B-cell associated protein 31

CHAPSO 3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate

CPR CYP reductase

CYP cytochrome P450

ER endoplasmic reticulum

11β-HSD1 11β–hydroxysteroid dehydrogenase-1

FMO5 flavin monooxygenase 5

GFP green fluorescent protein

mEH microsomal epoxide hydrolase

Ni-NTA nickel-nitrilotriacetic acid

PGRMC1 Progesterone receptor membrane component 1

UGT UDP-glucurosyltransferase (UGT)
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Figure 1.
Purification of Ad2C2/Flag/His protein complexes from mouse liver. (A) Binding of 2C2/
Flag/His to M2 agarose and nickel beads. 2C2/Flag/His was purified by affinity to M2
agarose (Flag) and then further purified by affinity to Ni-NTA (Flag + His) as indicated. As
a control, proteins bound to the M2 agarose or nickel beads from livers infected with Ad-
empty (AdE) were also analyzed. MM, solubilized microsomal membranes; U, unbound
fractions; W1 and W2, wash fractions 1 and 2; B, bound fractions. (B, C). SDS-PAGE
analysis of proteins associated with M2 agarose-purified 2C2/Flag/His (B) or proteins
associated with M2 agarose-purified 2C2/Flag/His followed by purification with nickel
beads (C). Whole cell lysates (Cell), solubilized microsome membrane proteins (MM),
proteins bound to M2 agarose beads (Flag), or proteins further purified by binding to nickel
beads (Flag + His) from livers of uninfected mice (N) or mice infected with Ad-Empty (E)
or Ad-2C2/Flag/His (P) were analyzed by SDS-PAGE. Proteins were visualized by
Coomassie Blue staining. Visible bands in sections of the gel from the Ad-2C2/Flag/His
bound sample were excised as indicated by the letters on the right of panel B and analyzed
by MS. M = markers
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Figure 2.
Analysis of proteins associated with M2 agarose-purified 2C2/Flag/His by western blotting.
(A) Proteins present in solubilized microsomal membranes (MM) or associated with purified
2C2/Flag/His (Flag) from livers infected with either Ad-Empty (E) or Ad-2C2/Flag/His
(Ad-2C2) were detected by western blotting with antibodies for the indicated proteins. (B)
Solubilized microsomal membrane proteins from mouse liver were immunoprecipitated with
IgG as control or with antibodies to proteins as indicated, and 2C2/Flag/His in the
immunoprecipitates was detected by western blotting using anti-Flag antibody.
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Figure 3.
Fractionation of 2C2/Flag/His protein complexes by sedimentation in a sucrose gradient.
Protein complexes purified from anti-Flag M2 affinity resins were separated by
centrifugation in a 5% to 40% sucrose gradient. A. Proteins of known molecular weight
were analyzed and a standard curve plotted. B. In parallel gradients, fractions were obtained
from the top (1) to the bottom (10) of the gradient, and proteins were precipitated and
analyzed by SDS-PAGE and western blotting for the indicated proteins as described in
Materials and Methods. Protein abbreviations are defined in Table 1.
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Figure 4.
Co-immunoprecipitation of proteins associated with 2C2/Flag/His. (A) Proteins either
unbound (M2-Unbound) or bound to M2 agarose (M2-bound) were separated by SDS-
PAGE and the indicated proteins were detected by western blotting. (B) Proteins in either
the M2-bound or M2-unbound fractions were immunoprecipitated with antisera against the
indicated proteins (left side), and co-immunoprecipitated proteins were then detected by
western blotting in both the bound (B) and unbound (U) fractions using antibodies against
the proteins indicated (right side). The input (I) represents 1/10 of the total proteins in the
sample before immunoprecipitation and proteins bound to IgG were detected as a control.
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