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Abstract
Mammalian hepatic cytochromes P450 (P450s) are endoplasmic reticulum (ER)-anchored
hemoproteins engaged in the metabolism of numerous xeno- and endobiotics. P450s exhibit widely
ranging half-lives, utilizing both autophagic-lysosomal (ALD) and ubiquitin-dependent 26S
proteasomal (UPD) degradation pathways. Although suicidally inactivated hepatic CYPs 3A and
“native” CYP3A4 in S. cerevisiae are degraded via UPD, the turnover of native hepatic CYPs 3A in
their physiological milieu has not been elucidated. Herein, we characterize the degradation of native,
dexamethasone-inducible CYPs 3A in cultured primary rat hepatocytes, using proteasomal (MG-132
and MG-262) and ALD [NH4Cl and 3-methyladenine (3-MA)] inhibitors to examine their specific
degradation route. Pulse-chase cum immunoprecipitation analyses revealed a basal 52% 35S-CYP3A
loss over 6 h, which was stabilized by both proteasomal inhibitors. By contrast, no corresponding
CYP3A stabilization was detected with either ALD inhibitor NH4Cl or 3-MA. Furthermore,
MG-262-induced CYP3A stabilization was associated with its polyubiquitylation, thereby verifying
that native CYPs 3A were also degraded via UPD. To identify the specific participants in this process,
cellular proteins were crosslinked in situ with paraformaldehyde (PFA) in cultured hepatocytes.
Immunoblotting analyses of CYP3A immunoprecipitates after PFA-crosslinking revealed the
presence of p97, a cytosolic AAA ATPase instrumental in the extraction and delivery of ubiquitylated
ER proteins for proteasomal degradation. Such native CYP3A-p97 interactions were greatly
magnified after CYP3A suicidal inactivation (which accelerates UPD), and/or proteasomal
inhibition, and were confirmed by proteomic and confocal immunofluorescence microscopic
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analyses. These findings clearly reveal that native CYPs 3A undergo UPD and implicate a role for
p97 in this process.

The hepatic hemoproteins cytochromes P450 (P450s)1 are key enzymes in the oxidative
metabolism of various endobiotics and xenobiotics. Each P450 is anchored to the endoplasmic
reticulum (ER) membrane via its hydrophobic ≤ 27 residue long N-terminus, with the bulk of
its catalytic domain exposed to the cytosol, and thus is an excellent prototype of an integral
monotopic ER-protein. All ER-anchored P450s, albeit differing in their primary sequence,
active site structure and substrate selectivity exhibit this ER-topology and tertiary structural
fold. Thus it is surprising that P450s exhibit highly variable protein half-lives ranging from a
t1/2 of 7 and 14 h for substrate-free CYP2E1 and CYP3A23, respectively, to half-lives >20 h
for CYPs 2B1, 2C6 and substrate-liganded CYP2E1 (Reviewed in 1). Two major cellular
pathways for protein degradation exist in eukaryotes from yeast to mammals: The relatively
slow autophagiclysosomal degradation (ALD) (2, 3), and the considerably faster ER-
associated degradation (ERAD), a process that involves ER-protein extraction and its
subsequent ubiquitin (Ub)-dependent 26S proteasomal degradation (UPD) (4-6). Studies of
mammalian hepatic P450 degradation in intact animals, cultured hepatocytes, cell lines and
yeast, have indicated that consistent with their relatively longer half-lives, native P450s such
as CYPs 2B1, CYP2C11 and substrate-bound CYP2E1 are largely turned over by the slower
ALD process (7-12). By contrast, after chemical-induced structural and functional inactivation,
most P450s including CYPs 3A2, CYP2B1, CYP2C11 and CYP2E1 in common with most
structurally abnormal and/or misfolded ER proteins, are rapidly degraded via ERAD (13-26).
These findings attest to a mechanistically highly versatile disposal process, possibly entailing
structural determinants or degradation signals “degrons”, posttranslational modifications, and/
or chaperones for sorting P450s into either ALD or ERAD/UPD.

Both ALD and ERAD/UPD pathways of protein degradation are evolutionarily highly
conserved in eukaryotes from yeast to mammals (4-7, 27, 28). Indeed, our studies of P450
degradation in the yeast Saccharomyces cerevisiae indicate that consistent with the rat liver
findings, heterologously expressed “native” CYPs 2B1 and 2C11 were degraded via ALD

1Abbreviations used:
adenylate kinase (AK)
autophagic lysosomal degradation (ALD)
cytochromes P450 (P450s)
3,5-Dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine (DDEP)
endoplasmic reticulum (ER)
ER-associated degradation (ERAD)
high molecular mass (HMM)
immunoblotting (IB)
LC/MS/MS
3-methyladenine (3-MA)
paraformaldehyde (PFA)
transitional endoplasmic reticulum (TER) ATPase
troleandomycin (TAO),
ubiquitin (Ub)
Ub-conjugating enzyme (E2)
ubiquitin-dependent 26S proteasomal (UPD) degradation
Ub-ligase (E3)
VCP (valosin-containing protein),
William's E (WE)
2Although the antibody was generated against purified rat liver CYP3A23, the major hepatic dexamethasone (DEX)-inducible CYP3A
isoform, it recognizes all CYP3A isoforms. Since the hepatocytes were derived from DEX-treated male rat liver, we could not distinguish
between individual CYP 3A2, 3A9, 3A23 and 3A18 isoforms, and thus have collectively termed them CYPs 3A. Apparently, in DEX-
treated male rat liver, the allelic variant CYP3A1 is either absent or a minor component, while CYP3A23, 3A18, 3A2 and 3A9 mRNA
expression respectively account for 73, 17, 6 and 1% of the total CYP3A transcripts (56, 57). In untreated male rat liver, CYP3A23 is
similarly the predominantly expressed CYP3A transcript (67%), followed by CYP3A2 (30%), and the remainder consists of very minor
albeit equivalent levels of CYPs 3A18 and 3A9.
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(11,12). In contrast, similarly expressed “native” CYP3A4 was degraded in a classical ERAD/
UPD pathway, as confirmed by the involvement of the following bona fide ERAD components:
Cytosolic Ub-conjugating enzyme Ubc7p and its ER-membrane anchor Cue1p, the essential
proteasomal 19S cap subunit Hrd2p, as well as the AAA ATPase chaperone complex Cdc48p-
Ufd1p-Hrd4p (25, 26). Yeast Cdc48p is homologous to the mammalian p97 or VCP (valosin-
containing protein), whose chaperone function also requires complexation with Ufd1p and
Npl4p, the Hrd4p homolog (28-35). The Cdc48p chaperone machinery is required for the
retrotranslocation/extraction of lumenal and integral proteins from the ER before their delivery
to the cytosolic 26S proteasome for degradation (28-35). To exclude any concerns that such
CYP3A4 ERAD-targeting was due to the structural misfolding of this human protein in yeast,
we sought to examine the degradation of CYPs 3A in a more natural physiological milieu: Rat
hepatocytes cultured in a collagen Type I-Matrigel sandwich, that maintains even difficult to
preserve hepatic P450 processes (i.e. CYP2B1 induction and function) near normal (36-38).

Our findings described herein indicate that in cultured rat hepatocytes, “native” CYPs 3A in
common with the suicidally inactivated CYP3A species are clearly degraded via ERAD/UPD
just as CYP3A4 is in S. cerevisiae (25,26). Furthermore, in situ chemical crosslinking in
cultured hepatocytes with paraformaldehyde (PFA), followed by proteomic analyses of the
immunoprecipitated CYP3A-crosslinked protein complexes coupled with confocal
immunofluorescence microscopic (CIFM) analyses revealed that this CYP3A ERAD
apparently also involves the AAA ATPase p97, the mammalian Cdc48p homolog.

Materials and Methods
Materials

Bovine serum albumin (BSA), insulin-transferrin-selenium (ITS), L-glutamine, penicillin-
streptomycin, phenylmethylsulfonyl fluoride (PMSF) and William's E (WE) medium were
obtained from Invitrogen (Carlsbad, CA). Methionine- and cysteine-free WE medium was
prepared by the UCSF Cell Culture Facility. Ammonium chloride (NH4Cl), dexamethasone
(Dex), paraformaldehyde (PFA), troleandomycin (TAO), and 3-methyladenine (3-MA) were
purchased from Sigma-Aldrich (St. Louis, MO). Aprotinin, E-64 and leupeptin were from
Roche Diagnostics (Indianapolis, IN). 3,5-Dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-
dihydropyridine (DDEP) was synthesized as previously described (39). Matrigel was
purchased from BD Biosciences (Bedford, MA). MG-132 and MG-262 were obtained from
Boston Biochem. EasyTag Express 35S-Protein Labeling Mix was obtained from Perkin Elmer
(Boston, MA). Mouse anti-p97 IgGs used for Western immunoblotting (IB) was from RDI/
Fitzgerald Industries International, Inc (Concord MA), Alexa Fluor 488 anti-rabbit IgGs, Alexa
Fluor 568 anti-mouse IgGs and mouse anti-p97 antibodies used for immunostaining were
purchased from Molecular Probes (Eugene, OR) and BD Transduction Laboratories (San Jose,
CA). ToxiLight cytotoxicity assay kit was purchased from Cambrex Bio Science (Rockland,
ME)

Animals
Male Sprague-Dawley rats (225−250g) were purchased from Charles River Laboratories
(Wilmington, MA). Rats were housed at the UCSF Animal Care Facility, fed and given water
ad libitum and handled according to IACUC guidelines, until killing.

Hepatocyte Isolation and Culture
Hepatocytes were isolated from male Sprague-Dawley rats by in situ perfusion of the liver with
collagenase (liver digest medium) and purified by centrifugal elutriation as previously
described (38, 40). Hepatocytes (3 × 106) were seeded onto 35 mm Permanox culture dishes
pre-coated with type I Collagen. Cells were cultured in WE medium containing ITS, 0.1 μM
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Dex, 50 U/ml penicillin/streptomycin, 2 mM L-glutamine, and 0.1% BSA. Cells were overlaid
with 0.25 mg/ml Matrigel 2 h after plating as previously described (36). Cells were maintained
for 2 days with a daily change of medium then induced with 5 μM Dex for 3 days. Treatments
were started on the fifth day of culture. Cells were treated with vehicle (ethanol or DMSO),
Dex (5 μM), autophagic-lysosomal inhibitors NH4Cl (20 mM) and/or 3-MA (5 mM) or
proteasomal inhibitors MG-132 (20 μM) or MG-262 (10 μM), with or without 100 μM DDEP.
Cells were harvested for the preparation of cell lysates. For the TAO experiments, on the 5th

day of culture in a WE medium containing Dex (5 μM), hepatocytes were 35S-pulse-labeled
at 0 h, chased with an excess amount of unlabeled methionine (10 mM) for 1 h, after which
fresh medium containing TAO was added and cells harvested after 1, 24, or 30 h of labeling.
When the effect of proteasomal or ALD inhibitor on TAO-complexed CYP3A was examined,
the agent was added at 24 h to TAO-treated hepatocytes, and the cells harvested 6 h later (at
30 h).

Cytotoxicity Assay
Cytotoxicity was examined using ToxiLight cytotoxicity assay as per the manufacturer's
instructions exactly as described (38). The assay consists of chemiluminescent detection of
adenylate kinase (AK) that is released into the medium by damaged hepatocytes using the
reconstituted AK detection reagent. A positive control corresponding to 100% cytotoxicity was
obtained by monitoring the AK released from freeze-thawed cells. H2O2-treatment (10 mM)
of cell cultures was also included as a positive control, but found to be inefficient in releasing
cellular AK content compared with repeated freeze-thaw cycles or cell lysis by sonication.

35S-Pulse-Labeling of Newly Synthesized P450 Proteins
Hepatocytes were preincubated in a methionine- and cysteine-free WE medium at 37°C for
1h. The cells were then pulse-labeled with L-[35S]methionine/cysteine (60 μCi) for 1 h and
then chased with an excess amount of unlabeled methionine (10 mM). Labeled cells were
harvested at 0 h, 1 h or 6 h in lysis buffer (50 mM Tris HCl pH 8, 0.5 mM EDTA, 5 mM EGTA,
1% SDS, 0.2 μM aprotinin, 15 μM leupeptin, and 10 μM E-64).

Paraformaldehyde (PFA) Crosslinking
Cells were washed with PBS and incubated with 2.5% PFA for 15 min at 37°C. Crosslinking
was stopped with 0.1 M glycine (41). Cells were harvested in lysis buffer described above.
Crosslinking was reversed by boiling the samples in 5% SDS-PAGE buffer containing 10%
glycerol, 40 mM Tris, pH 6.8, containing DTT (50 mM) and 2.5% β-mercaptoethanol (41).

[35S]CYP3A Immunoprecipitation
Total protein (300 μg) was immunoprecipitated with goat anti-CYP3A IgGs (250 μg).
Immunoprecipitation was performed as previously described (23). Immunoprecipitates were
subjected to SDS-PAGE on a precast 4−20% gradient gel. Gels were fixed and then dried on
filter paper before PhosphorImager analyses.

IB Analysis of Ubiquitylated CYPs 3A
CYP3A ubiquitylation was assessed by Western IB analyses of CYP3A immunoprecipitates
with rabbit anti-Ub IgGs as previously described (23).

Immunofluorescence Staining
After PFA-crosslinking, cells were fixed in methanol for 15 min at −20°C and incubated for 1
h with 1% normal goat serum. Cells were then incubated with rabbit anti-CYP3A and mouse
anti-p97 antibodies for 1 h at room temperature. After washing with PBS, cells were incubated

Faouzi et al. Page 4

Biochemistry. Author manuscript; available in PMC 2008 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with Alexa Fluor® 488 goat anti-rabbit and Alexa Fluor® 568 goat anti-mouse antibodies.
Cells were observed with a Leica TCS NT Laser Scanning Confocal Microscope.

LC-MS/MS Analysis
Proteins coimmunoprecipitated with CYP3A were identified using mass spectrometric
sequencing analysis. To exclude non-specific interactions and/or spurious contaminants, mock
immunoprecipitations were conducted in parallel that replaced the Melon™ gel purified goat
anti-CYP3A IgG either with preimmune goat IgG or non-purified goat anti-CYP3A IgG.
Immunoprecipitations devoid of hepatocyte lysates were also included in parallel as controls.
Crosslink-reversed immunoprecipitates were fractionated by SDS-PAGE and stained with
Coomassie Blue. Nine bands from each lane were sequentially excised, reduced, alkylated with
iodoacetamide, and in-gel digested with side-chain protected porcine trypsin
(http://ms-facility.ucsf.edu/ingel.html). An aliquot from each digest was fractionated by
reversed-phase HPLC using an Ultimate Pump/Famos autosampler system (Dionex/LC
Packings), a homemade nanocolumn (C12, 75 μm × 150 mm) and a LTQ ion trap (Thermo
Finnigan) used as a detector/analyzer in a data-dependent fashion: Survey mass acquisitions
were followed by a 10 Da wide “zoom-in” scan that allowed higher resolution mass and charge
determination of the most abundant ion, and if it proved multiply charged a CID acquisition
followed. Data files were processed with Mascot distiller, and database searches were
performed using an in-house Mascot server. The entire SwissProt database was searched.
Search parameters: Only tryptic peptides were considered, and one missed cleavage was
permitted; mass accuracy was 2 Da for the precursor ions and 0.8 Da for the peptide fragments;
carbamidomethylation of Cys residues was considered as a fixed modification; Met oxidation,
protein N-acetylation and cyclization of N-terminal Gln residues were permitted as variable
modifications. Peptides with probability scores p<0.05 were accepted.

Results
Characterization of the physiologic turnover of native CYPs 3A in cultured rat hepatocytes

A primary rat hepatocyte culture model was optimized for studies of hepatic P450 degradation.
This system is based on pulse-chase analyses in rat hepatocytes cultured on a collagen type I
substratum with a Matrigel overlay. We have used this system to characterize the physiological
degradation of “native” Dex-inducible CYPs 3A (Fig. 1A-C). Immunoprecipitation analyses
with specific goat anti-rat liver CYP3A23 antibodies revealed a time-dependent loss of newly
synthesized 35S-labeled CYP3A over 6 h which was completely or partially blocked by
inclusion of the proteasomal inhibitor MG-262 or MG-1323, respectively, but not of the
lysosomal inhibitor NH4Cl or the autophagosomal inhibitor 3-MA (Fig. 1A).
Accordingly, 35S-radiometric quantitation of these CYP3A immunoprecipitates revealed that
of the initial (0 h) 35S-CYP3A content, 73.3 ± 39.2% remained at 1h, falling to 38.3 ± 16.1%
at 6 h (Fig. 1A). This 50−60% loss of the initial 35S-CYP3A content at 6 h was completely
blocked by MG-262 and partially by MG-132, but not by either NH4Cl or 3-MA, thereby
indicating that it was predominantly due to proteasomal degradation (Fig. 1B). When
these 35S-CYP3A immunoprecipitates were subjected to SDS-PAGE/PhosphorImager
analyses, a relative decrease of the 55 kDa 35S-CYP3A species was clearly detected at ≈ 1 h,

3Both MG-132 and MG-262 target one of the catalytic 20S proteasomal Thr residues. Although the MG-132 aldehyde moiety forms a
covalent hemiacetal linkage with this Thr residue, this linkage can be hydrolyzed under physiological conditions, making proteasomal
peptide aldehyde inhibitors reversible, competitive inhibitors. In addition, their propensity to oxidize to acids under physiological
conditions also contributes to their lower metabolic stability. In contrast, MG-262 is a peptide boronate. Boronic acids have a high affinity
for the Thr hydroxyl group and the relative strength of the boron-oxygen bond, coupled with much slower off-rates than those of peptide
aldehydes, endow them with greater metabolic stability (58). Thus although classified as covalent, competitive and reversible inhibitors,
this property in addition to their potency and selectivity, not only makes them superior to peptide aldehyde inhibitors, but also suitable
for clinical use as one prototype (Velcade) has proved. This difference in stability, we believe accounts for the shorter duration of MG-132-
mediated inhibition of CYP3A degradation.
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and this loss was further enhanced at 6 h. In parallel, an increase in high molecular mass
(HMM) 35S-CYP3A species was observed at 1h, subsiding thereafter at 6 h. These findings
are consistent with CYP3A protein ubiquitylation before its proteolytic degradation (Fig. 1C).
Proteasomal inhibition by treatment with MG-262 or MG-132 greatly enhanced the detection
of these HMM 35S-CYP3A species particularly at 6 h, while reducing the loss of the 55
kDa 35S-CYP3A species at both time points4. In contrast, the autophagic/lysosomal inhibitors
had minimal effect on either parameter. Indeed, parallel IB analyses of these 35S-CYP3A
immunoprecipitates with rabbit anti-Ub IgGs yielded the characteristic HMM ladders of
polyubiquitylated CYP3A, which were dramatically enhanced in the presence of proteasomal,
but not autophagic/lysosomal inhibitors, with marked accumulation observed at 6 h relative to
the vehicle-treated cultures (Fig. 1D). These findings thus indicated that the physiological
turnover of native CYP3A in cultured rat hepatocytes occurs via UPD. The absence of any
oxidative stress-induced cytotoxicity in this culture system that might have led to CYP3A
inactivation and/or oxidative damage and consequent UPD, was excluded by the detection of
minimal (<10%) spillage of the cytosolic enzyme AK into the medium under the various
treatment conditions (Fig. 2).

TAO-mediated stabilization of native CYP3A degradation
The effect of TAO, the specific CYP3A inactivator that quasi-irreversibly complexes its heme
(via metabolic-intermediate “MI” complexes) was determined as follows: One h after 35S-
pulse-labeling, TAO (10 μM) or DMSO (vehicle) was added to the medium and the cultures
incubated for another 24 h. Some of these 24 h-labeled cultures were also further treated for a
6 h period with or without DMSO, MG-262 (10 μM), and/or 3-MA (5 mM)/NH4Cl (20 mM).
Inclusion of TAO in the culture medium for 24 or 30 h, extensively blocked CYP3A
degradative loss, consistent with its reported ability to “induce” CYP3A via protein
stabilization (Fig. 3A-B; 42). Thus, it appears from the slight but appreciably increased CYP3A
levels observed at 6 h of either MG-262 or 3-MA/NH4Cl treatment, that in the presence of
TAO, CYP3A was now targeted partly into UPD but also partly into ALD (Fig. 3B). This is
in contrast to the non-TAO complexed CYP3A that is stabilized only by the proteasomal (UPD)
inhibitor MG-262, but not by the ALD inhibitors 3-MA/NH4Cl. Interestingly, TAO-
complexation did not affect the polyubiquitylated CYP3A fraction detectable at any given time,
as reflected by the nearly equivalent CYP3A ubiquitylation profiles in TAO-treated and
untreated hepatocytes (Fig. 3C). However, although marked accumulation of polyubiquitylated
CYPs 3A is observed after MG-262-mediated proteasomal inhibition (Fig. 3C), this was greatly
reduced after TAO complexation (Fig. 3C). Thus, it appears that TAO-complexation reduced
CYP3A ubiquitylation and consequently its flux through the UPD pathway, consistent with
the concomitantly reduced CYP3A susceptibility to proteasomal degradation. On the other
hand, as expected, little accumulation of polyubiquitylated CYP3A was detected when the
ALD pathway was blocked by 3-MA/NH4Cl.

Enhanced CYP3A ubiquitylation and degradation after DDEP-mediated suicide inactivation
in cultured rat hepatocytes

We have previously shown that both in intact rats and freshly isolated rat hepatocytes in
suspension, DDEP rapidly inactivates CYPs 3A via heme-modification of the protein, which
marks the DDEP-inactivated CYPs 3A for UPD (13,14, 17, 18, 23). This is also true of cultured
rat hepatocytes (Fig. 4A & B). Immunoprecipitation coupled with SDS-PAGE/
PhosphorImager analyses of 35S-labeled CYPs 3A 1 h after DDEP treatment, reveals a marked

4At these concentrations, while clearly protecting CYP3A from proteasomal degradation as expected, neither MG-262 nor MG-132
showed any CYP3A mRNA suppressive effects and/or inhibition of CYP3A protein synthesis as reported by others (59, 60). It is unclear
whether this is due to the much lower inhibitor concentrations than previously used (59), or due to our hepatocyte culture in a Matrigel-
collagen Type I sandwich rather than just a Matrigel substratum (60).

Faouzi et al. Page 6

Biochemistry. Author manuscript; available in PMC 2008 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



loss of the 55 kDa CYP3A species relative to that in the untreated control (Fig. 4A).
Pretreatment with the proteasomal (MG-262, MG-132) but not lysosomal inhibitors (3-MA,
NH4Cl) led to an accumulation of HMM 35S-CYP3A species (Fig. 4A). Parallel IB analyses
of these CYP3A immunoprecipitates with rabbit anti-Ub IgGs revealed that these HMM
CYP3A species were indeed polyubiquitylated, and this profile was greatly enhanced by
proteasomal inhibition by either MG-262 or MG-132 (Fig. 4A). This model thus seemed quite
suitable for the molecular dissection of the cellular proteins involved in this UPD process.

PFA-crosslinking analyses for detection of cellular proteins involved in CYP3A UPD
As an initial approach towards identification of the cellular participants in CYP3A ERAD, we
employed in situ PFA crosslinking to trap the proteins interacting with CYPs 3A. This was
carried out in the presence or absence of the proteasomal inhibitor MG-262, both with untreated
cells (native CYP3A) and 1 h after DDEP-treatment when CYP3A inactivation is at its peak
and ubiquitylation is expected to be greatly stimulated. PFA crosslinking has many advantages:
(i) It stabilizes protein interactions through covalent bond formation, thereby enabling the
detection of weak and/or transient protein-protein interactions in native cells and tissues; and
(ii) PFA is water soluble, cell-membrane permeable and fast reacting, and the crosslinking
reversible by boiling in SDS-PAGE loading buffer. PFA-crosslinking was followed by CYP3A
immunoprecipitation, SDS-PAGE of the immunoprecipitated complexes coupled with tryptic
digestion and proteomic analyses or IB analyses, before and after reversal of the PFA-induced
protein crosslinks. Each electrophoresed gel lane was sequentially sliced, and the protein bands
reduced, carbamidomethylated and subjected to in-gel tryptic digestion, followed by data-
dependent liquid chromatography tandem mass spectrometry (LC-MS/MS) analyses of the
tryptic peptides and automated database mining for protein identification, using Mascot
(Matrix Science) search against the entire Swiss Protein Database.

The PFA-crosslinked CYP3A immunoprecipitates from untreated or DDEP- and/or MG-262-
treated hepatocytes, migrated to a region >204 kDa, just below the top of the gel. The LC/MS/
MS profiles from all these culture groups, irrespective of treatment revealed the presence of
CYP3A, ubiquitin and transitional endoplasmic reticulum (TER) ATPase also known as p97
or VCP (valosin-containing protein), the mammalian homolog of yeast Cdc48p. These proteins
were absent in corresponding tryptic digests from parallel mock immunoprecipitation controls
with pre-immune IgGs or controls devoid of lysates analyzed in parallel, thereby confirming
the specificity of the immune interactions. However, no other plausible UPD-participant such
as an Ub-conjugating enzyme (E2) or an Ub-ligase (E3) could be detected in these
immunoprecipitated CYP3A complexes.

IB analyses of these CYP3A immunoprecipitate aliquots with mouse anti-rat p97 IgGs
confirmed the presence of p97 crosslinked with CYP3A in untreated hepatocyte cultures, which
were greatly magnified after DDEP- and/or MG-262-treatment, consistent with enhanced
CYP3A ubiquitylation and accumulation of this ubiquitylated species on proteasomal
inhibition (Fig. 5A). SDS-PAGE/proteomic analyses of reversed PFA-crosslinked complexes
revealed the same partners that now migrated according to their relative electrophoretic masses.
IB analyses of these CYP3A complexes with anti-p97 IgGs confirmed the presence of CYP3A-
coimmunoprecipitated p97 in untreated hepatocytes, which was markedly increased by DDEP-
treatment. This increase was further augmented by combined DDEP/MG-262-treatment.
Parallel confocal immunofluorescence microscopic (CIFM) analyses of in situ PFA-X-linked
DDEP- or DDEP/MG-262-treated hepatocytes using anti-CYP3A and anti-p97 IgGs, verified
their colocalization and confirmed their in vivo association (Fig. 5B). This colocalization was
greatly increased by combined DDEP/MG-262 treatment, consistent with the findings of the
proteomic analyses. These findings thus indicated that in rat hepatocytes, CYP3A degradation
is also associated with p97, a homolog of Cdc48p required for CYP3A4 ERAD in yeast (26).
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Discussion
Together our findings document that native CYPs 3A are also physiologically targeted to UPD
rather than ALD in cultured primary rat hepatocytes. We also document that this propensity
for CYP3A UPD was considerably reduced by TAO, the relatively specific CYP3A quasi-
irreversible mechanism-based substrate inactivator, which stabilized the enzyme. Apparently,
TAO-complexation conformationally stabilizes the CYP3A protein and renders it less
susceptible to ubiquitination, possibly by concealing critical target Lys-residues and/or
structural degrons required for its recognition by a specific Ub-ligase. Indeed, after TAO-
treatment, a fraction of CYP3A was diverted into ALD as reflected by its newly acquired partial
susceptibility to ALD inhibitors. This is consistent with the protein stabilization and dramatic
half-life prolongation of the TAO-complexed CYP3A previously noted in intact rats and rat
hepatocytes (42). Furthermore, just as in intact rat liver and freshly isolated rat hepatocytes
(13,14, 17, 18, 23), this CYP3A UPD in rat hepatocytes is also greatly accelerated by DDEP-
inactivation which structurally damages the CYP3A protein by irreversible heme-modification
and through subsequent ubiquitylation marks it for rapid cellular disposal by the 26S
proteasome. Our finding that physiologically, the native CYP3A protein is also similarly
targeted to the UPD pathway raises the issue of whether it too, in the course of its normal
oxidative/redox function, incurs structural damage similar to that of the DDEP-inactivated
CYP3A protein. Indeed, several independent albeit complementary observations reinforce the
notion that irreversible heme-modification of the protein also targets the native CYPs 3A to
UPD: (i) Irreversible heme-modification of the CYP3A protein occurs physiologically (13,
14). (ii) Such modification of the CYP3A protein is also observed after its H2O2-mediated
inactivation, and H2O2 is a well-recognized byproduct of futile oxidative cycling of P450s in
the absence of a substrate ligand. (iii) The short-lived CYPs 3A are notoriously prone to high
oxidative cycling in the absence of substrates, and substrate ligation (i.e. TAO-complexation)
prolongs their half-life (11, 42-46). (iv) A marked increase in CYP3A10/11 content is observed
after conditional deletion of hepatic P450 reductase in mice (47). This, together with the
observation that irreversible inactivation of P450 reductase by diphenylene iodonium also
markedly (> 6-fold) extends the half-life of CYP2E1 (48, 49), another P450 susceptible to
irreversible heme-modification, argues that redox flux can significantly contribute to P450
turnover. This combined indictment of redox flux notwithstanding, it is also conceivable that
other relevant proteolytic determinants i.e structural degrons may also contribute towards this
CYP3A UPD-proclivity, as heterologously expressed CYP3A4 is degraded via UPD in yeast
in spite of minimal redox flux (26). The potential existence of CYP3A degrons is further
underscored by the finding that the appendage of CYP3A4 C-terminal heptapeptide onto the
C-terminus of CYP2B1 is sufficient to divert this P450 from ALD to UPD, without altering
its structure or function (26). Collectively, these findings suggest that CYP3A redox function
coupled with its intrinsic proteasomal degrons, significantly contributes to its inherent Ub-
dependent proteasomal susceptibility. However, when this redox function is aborted by TAO-
complexation, alternative pathways such as ALD may be coopted for CYP3A degradation.

We have previously identified several enzymes/proteins involved in the UPD of heterologously
expressed native CYP3A4 in S. cerevisiae, using well characterized and validated mutant yeast
strains genetically deficient in these proteins and corresponding isogenic wild type yeast (25,
26). These studies have identified several bona fide ERAD components such as Cue1p/Ubc7p
(E2), the 19S proteasomal lid component Hrd2p, and the AAA ATPase Cdc48p/Ufd1p/Hrd4p
complex, while excluding others such as the Ub-ligases (E3s) Hrd1p/Hrd3p, Doa10p and
Rsp5p, well recognized participants in ERAD of several other integral and lumenal ER proteins
as well as soluble nuclear/cytosolic proteins (50-54). To identify and characterize the
corresponding hepatic proteins participating in CYP3A ERAD/UPD in cultured primary
hepatocytes, in vivo/in situ PFA-crosslinking coupled with proteomic analyses was employed.
These studies revealed that polyubiquitylated CYPs 3A were associated with the mammalian
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Cdc48p homolog, p97. These CYP3A-p97 interactions were enhanced by DDEP-mediated
CYP3A inactivation and consequent UPD enhancement, and further magnified by MG-262-
elicited proteasomal inhibition. Consistent with these PFA-crosslinking/proteomic analyses,
CIFM analyses confirmed that morphologically p97 was truly associated in vivo with CYP3A,
and these interactions were also enhanced by DDEP inactivation and further magnified by
MG-262. These findings thus clearly indicated that as in the case of CYP3A4 in S.
cerevisiae, CYP3A ERAD in cultured rat hepatocytes also involves the participation of the
AAA ATPase p97, the mammalian homolog of Cdc48p.

p97 (aka VCP, valosin-containing protein and its yeast homolog Cdc48p) is an abundant
cytosolic AAA ATPase required for numerous cellular processes including ER protein
degradation (28-35). It functions as a heteromeric complex in concert with its cofactors Ufd1p
and Npl4/Hrd4p, which bind to its N-terminal domain (28-35). Ufd1p and Npl4p recruit
polyubiquitylated target substrates to the p97-complex by engaging polyUb chains (28-35).
This p97 complex is required for the translocation and/or extraction of ubiquitylated integral
and lumenal ER-proteins from the ER-membrane into the cytosol and their subsequent delivery
to the 26S proteasome (28-35). p97 is proposed to: (i) act as a “segregase” that recognizes and
segregates ubiquitylated from non-ubiquitylated proteins at the ER membrane, thus marking
them for proteasomal degradation; and (ii) serve as a “dislocase” that directly exerts force
through ATP hydrolysis to extract the target protein out of/across the ER-membrane before
delivery to the cytosolic proteasome (4,33,35). Although it has also been proposed to recruit
an Ub-ligase to the ER-membrane-anchored target (33), more recent findings on its interaction
with the ER-membrane anchored Ub-ligase gp78 reveal that it may itself be recruited to the
ER-membrane by this E3 enzyme (55). Apparently, in mammalian systems, a C-terminal 30-
residue gp78 domain containing a conserved p97/VCP-interacting motif (VIM), selectively
recruits p97 from the cytosol to the ER by engaging its N-terminal ND1 (1−470 residues)
domain (55). At the ER p97 can interact with at the least four different ER-membrane anchored
proteins: p97/VCP-interacting membrane protein (VIMP), Derlin-1, Derlin-2, and an ERAD-
associated ER-anchored E3 (gp78 or HRD1) (55). The precise functional role of p97 in CYP3A
ERAD is unclear given that P450s although tethered to the ER-membrane, are extensively
exposed to the cytosol and thus readily accessible to the cytosolic ubiquitylation machinery
and/or 26S proteasome. Although admittedly, our p97 studies in hepatocytes document only
its direct association with ubiquitylated CYP3A during this process, taken together with our
findings of impaired CYP3A4 degradation in cdc48/ufd1/hrd4-deficient yeast (26), they
provide compelling evidence for the functional participation of p97 in CYP3A ERAD, wherein
it conceivably could play both of the above roles.

However, although the PFA-crosslinking/proteomic analyses of these immunoprecipitated
complexes from cultured rat hepatocytes amply verified that the p97-associated CYP3A was
polyubiquitylated, we were unable to detect either the specific hepatic E2 (Ubc) or the E3 Ub-
ligase involved in this process. A limitation of these analyses is that in spite of the highly
purified anti-CYP3A IgGs used in the immunoprecipitation analyses, the non-specific protein
background was enormous and swamped the detection of much less abundant and possibly
transient and/or weakly interacting proteins such as the E2 and E3 species present at normal
catalytic levels. Since immunoprecipitation analyses are incompatible with stringent protein
denaturation, the conditions used might also have been inadequate to sufficiently reduce/
eliminate the non-specific protein background. A further limitation might have been the use
of trypsin alone rather than in combination with lysylendopeptidase-C to digest possibly
hydrophobic/intractable proteins (i.e. an ER polytopic E3 protein).

Nevertheless, collectively our findings reveal that native rat CYPs 3A in cultured primary
hepatocytes undergo UPD rather than ALD, just like heterologously expressed native human
liver CYP3A4 in S. cerevisiae. This CYP3A UPD in hepatocytes as well as yeast is directly
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associated with the p97/Cdc48p ATPase chaperone complex, thereby providing further direct
validation of the yeast model for characterization of mammalian liver P450 degradation
pathways.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Turnover of native CYP3A in cultured rat hepatocytes over 6 h
Hepatocytes were cultured, Dex-pretreated and pulse-labeled with 35S-Met/Cys as described
(Methods). One h after pulse labeling, MG-132 (20 μM), MG-262 (10 μM), 3-MA (5 mM)
and/or NH4Cl (20 mM) were added. Cells were harvested at indicated times thereafter, lysates
were prepared and subjected to CYP3A IP analyses. A. Pulse-chase analyses of native CYP3A
immunoprecipitates subjected to SDS-PAGE on 4−20% polyacrylamide gels followed by
PhosphorImager and ImageQuant analyses. Values are mean ± SD obtained from 4−8
individual experiments. At 6 h, statistically significant differences at p<0.001 (**) and p<0.05

Faouzi et al. Page 15

Biochemistry. Author manuscript; available in PMC 2008 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(*) were found between MG-262- and MG-132-treated values and corresponding vehicle-
controls, respectively. B. Relative CYP3A losses (Mean ± SD) monitored by 35S-radioctivity
in CYP3A immunoprecipitates at 6 h relative to 0 h-control in 5 individual experiments.
Statistically significant differences at p<0.01 (**) and p<0.05 (*) were found between MG-262-
and MG-132-treated values and corresponding vehicle-controls, respectively. C. Effects of
proteasomal and ALD inhibitors on native CYP3A ubiquitylation (HMM), as monitored by
SDS-PAGE and relative 35S-fluorography of CYP3A immunoprecipitates by PhosphorImager
analyses from cells harvested at 0, 1 and 6 h post-chase. The relative intensity of the 35S-
labeling according to the color wheel intensity code is: white>red>orange>yellow>green>blue.
D. Corresponding native CYP3A ubiquitylation profiles as determined by Western IB analyses
of CYP3A immunoprecipitates with anti-Ub IgGs as described (Methods).
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Fig. 2. Assessment of relative cytotoxicity profiles of cultured hepatocytes after treatment with
DDEP and/or ALD or proteasomal inhibitors
Cells were treated with DDEP in the presence or absence of ALD or proteasomal inhibitors as
described (Methods). At 6 h after DDEP treatment, media from the variously treated cell
cultures were collected and assayed for AK activity by the ToxiLight protocol. Values were
expressed as relative luminescence units (RLUs; mean ± SD; n = 3), and compared with a
positive control consisting of AK released by damage inflicted by repeated cycles of freeze
thawing. Asterisks indicate statistically significant differences at p< 0.001 from freeze-thawed
AK-values (positive control). None of the treatments resulted in any statistically significant
leakage of AK into the culture medium relative to the vehicle control.
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Fig. 3. Effects of TAO-treatment and/or ALD or proteasomal inhibitors on CYP3A stability in
cultured hepatocytes
Cells were treated with TAO in the presence or absence of ALD or proteasomal inhibitors as
described (Methods). A. Microsomes were prepared from cells harvested at the indicated times
and subjected to IB analyses with anti-CYP3A IgGs. B. Corresponding densitometric
quantitation of immunoblots from microsomes pooled from two separate cell cultures in two
separate experiments. MG-262 and 3MA/NH4Cl were present during the last 6 h of 30 h TAO-
treatment. C. Corresponding CYP3A ubiquitylation profiles obtained by Western IB analyses
of CYP3A immunoprecipitates with anti-Ub IgGs as described (Methods).
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Fig. 4. Effects of proteasomal and ALD inhibitors on native (-DDEP) and DDEP-inactivated
CYP3A turnover
Cells were 35S-pulse-labeled as described (Methods). At 0 post-chase, cells were treated with
DDEP (100 μM) or equivalent volume of vehicle (DMSO) in the presence or absence of
proteasomal or ALD inhibitors and harvested 6 h later. A. Effects of UPD and ALD inhibitors
on native and DDEP-inactivated CYP3A loss (detected at 55 kDa) and ubiquitylation (HMM),
as monitored by SDS-PAGE and relative 35S-fluorography of CYP3A immunoprecipitates by
PhosphorImager analyses. The relative intensity of the 35S-labeling according to the color
wheel intensity code is: white>red>orange>yellow>green>blue. B. Corresponding native or
DDEP-inactivated CYP3A ubiquitylation profiles as determined by Western IB analyses of
CYP3A immunoprecipitates with anti-Ub IgGs as described (Methods).
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Fig. 5. p97-CYP3A interaction during CYP3A ERAD through PFA crosslinking/proteomic and
CIFM analyses
A. p97 IB analyses of in situ PFA-crosslinked CYP3A immunoprecipitates: Cultured rat
hepatocytes were treated with or without DDEP and/or MG-262 for 0−1 h, and in vivo
crosslinked with 2.5% PFA for 15 min at 37°C. After termination, cells were harvested and
CYP3A immunoprecipitates were subjected to p97 IB analyses before (a) or after reversal of
crosslinking by boiling at 95°C for 10 min (b). In parallel, CYP3A coimmunoprecipitates were
also subjected to SDS-PAGE, sequential slicing of the gels and in situ tryptic digestion of gel
bands followed by LC-MS/MS analyses of tryptic peptides by reversed-phase HPLC
(Methods). The copresence of ubiquitylated CYP3A23 and p97 in these CYP3A
immunoprecipitates was confirmed by LC-MS/MS analyses of the in situ tryptic digests of gel
bands from both a and b. As indicated by the asterisks, in (a) ubiquitylated CYP3A comigrated
as the crosslinked p97 complex to the top of the gel (the presence of Ub was confirmed from
7 different CID spectra with a 71% sequence coverage; p97 was identified from its acetylated
N-terminal peptide, but 2 CID spectra acquired from the 2+ as well as the 3+ molecular ions;
and CYP3A1 was identified from 3 unique peptides – Supplementary Figures 1-3 illustrate the
data quality). After PFA-crosslinking reversal (b) ubiquitylated CYP3A and p97
electrophoretically migrated according to their relative masses. No corresponding ions were
found in tryptic digests of the mock immunoprecipitation controls, run in parallel. The
electrophoretic migration profiles of CYP3A and ubiquitin were consistent with that of 35S-
CYP3A HMM (Fig. 4A) and ubiquitylated CYP3A (Fig. 4B).
B. p97-Colocalization with CYP3A by CIFM analysis in untreated, DDEP- and DDEP/
MG-262-treated rat hepatocytes: After crosslinking, treated and untreated rat hepatocyte
cultures were fixed and simultaneously stained with antibodies to CYP3A (green) and p97
(red).
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Fig. 6. ERAD/UPD of DDEP-inactivated CYPs 3A
A plausible role for p97 in the dislocation of ubiquitylated CYP3A and delivery to the 26S
proteasome.
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