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Abstract
Human liver CYP3A4 is an endoplasmic reticulum (ER)-anchored hemoprotein responsible for the
metabolism of >50% of clinically prescribed drugs. After heterologous expression in Saccharomyces
cerevisiae,it is degraded via the ubiquitin (Ub)-dependent 26S proteasomal pathway that utilizes
Ubc7p/Cue1p, but none of the canonical Ub-ligases (E3s) Hrd1p/Hrd3p, Doa10p, and Rsp5p
involved in ER-associated degradation (ERAD). To identify an Ub-ligase capable of ubiquitinating
CYP3A4, we examined various in vitro reconstituted mammalian E3 systems, using purified and
functionally characterized recombinant components. Of these, the cytosolic domain of the ER-protein
gp78, also known as the tumor autocrine motility factor receptor (AMFR), an UBC7-dependent
polytopic RING-finger E3, effectively ubiquitinated CYP3A4 in vitro, as did the UbcH5a-dependent
cytosolic E3 CHIP. CYP3A4 immunoprecipitation coupled with anti-Ub immunoblotting analyses
confirmed its ubiquitination in these reconstituted systems. Thus, both UBC7/gp78 and UbcH5a/
CHIP may be involved in CYP3A4 ERAD, although their relative physiological contribution remains
to be established.
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Cytochrome P450 3A4 (CYP3A4)1 is the dominant human liver P450 enzyme responsible for
the metabolism of over 50% of clinically relevant drugs [1,2]. In common with the other
members of the hepatic endoplasmic-reticulum (ER)-anchored P450 family, CYP3A4 is a
monotopic hemoprotein with its N-terminus embedded in the ER-membrane with the bulk of
its structure exposed to the cytosol. Like its rat liver orthologs, CYP3A4 is inducible not only
via transcriptional activation but also via substrate-mediated stabilization of its degradation
[3,4], thereby revealing that hepatic CYP3A2 levels may be regulated through modulation of
its proteolytic degradation.
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CYP3A degradation both in vivo and in vitro largely occurs via the ubiquitin (Ub)-dependent
26S proteasomal pathway (UPD) [5]. Our studies in intact rats, isolated hepatocytes in
suspension and/or primary culture have shown that both native and structurally damaged/
suicidally inactivated CYPs 3A2 are UPD substrates, subscribing to a typical ER-associated
degradation (ERAD) process, wherein the protein is ubiquitinated, dislocated from the ER and
delivered to the cytosolic 26S proteasome for proteolytic destruction, apparently chaperoned
by the AAA ATPase p97-Ufd1-Npl4 complex [6-9]. This process is considerably enhanced in
hepatocytes in suspension or culture after treatment with the CYP3A mechanism-based
inactivator DDEP (3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine) [6,7,9]. P450
UPD could also be documented in an in vitro reconstituted system that included CYP3A4 on
an ER-membrane scaffold, and Ub-, ATP/MgCl2-supplemented rat liver cytosolic Fraction II
(FII) as the source of the ubiquitination and 26S proteasomal machinery [8]. Furthermore, in
an effort to identify the molecular participants involved in this ERAD process, we have
examined the degradation of heterologously expressed CYP3A4 in wild type Saccharomyces
cerevisiae and mutants containing defined genetic lesions in various yeast ERAD components
[10-12]. We found that CYP3A4 ERAD in yeast requires the ERAD-associated soluble E2
Ub-conjugating enzyme Ubc7p and its membrane-anchor Cue1p, the mammalian p97 homolog
Cdc48p-Ufd1p-Npl4 complex, and Rpn1p (Hrd2p), an essential 26S proteasomal cap subunit
[5,13,14]. However, although CYP3A4 was clearly degraded in an Ubc7p/Cue1p- and Rpn1p-
dependent ERAD process, none of the canonical yeast ERAD-associated E3 Ub-ligases such
as Hrd1p/Hrd3p, Doa10p or Rsp5p, known to participate in the ERAD of integral and lumenal
ER and/or cytosolic and nuclear proteins [15-19] could be implicated [5,13,14].

Our identification of Ubc7p/Cue1p as the E2 complex involved in CYP3A4 ERAD [5,13,14],
the high evolutionary conservation of mammalian Ubc7p orthologs i.e. murine MmUBC7
(Ube2g2) [20,21], coupled with our previously documented successful ubiquitination of

1Abbreviations used:

ATP Adenosine triphosphate

CPK creatine phosphokinase

CHIP C-terminal Hsp70-interacting protein

CuOOH cumene hydroperoxide

CYP3A4 Cytochrome P450 3A4

ER Endoplasmic Reticulum

ERAD ER-associated degradation

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

GSH glutathione

gp78/AMFR “glycoprotein” 78/autocrine motility factor receptor

His3A His-tagged CYP3A4

CP phosphocreatine

TAO troleandomycin

Ub Ubiquitin

UPS Ub-dependent 26S proteasomal system

2CYPs 3A refer to liver CYPs 3A2, 3A23, 3A18 and 3A9 when the statements are applicable to rats, and human liver CYP3A4, when
they are applicable to both species.
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cumene-hydroperoxide (CuOOH)-inactivated CYP3A4 in a liver FII-reconstituted system
[8] and the recent availability of purified recombinant mammalian E2 and E3 enzymes
[22-29], led us to examine several in vitro reconstituted ubiquitination systems to identify a
plausible mammalian E3 Ub-ligase involved in CYP3A4 UPD.

We examined three ER-integral UBC7-dependent RING finger E3 Ub-ligases [“glycoprotein”
78/autocrine motility factor receptor (gp78/AMFR), HRD1 and TEB4], and one UBC7-
independent, UbcH5a-dependent cytosolic E3 (CHIP, C-terminal Hsp70-interacting protein)
in in vitro reconstituted CYP3A4 ubiquitination systems. HRD1, one of the human orthologs
of yeast Hrd1p Ub-ligase, is involved in the basal degradation of 3-hydroxy-3-
methylglutarylcoenzyme A reductase, but not in that of its sterol-regulated isoform which
utilizes gp78, another yeast Hrd1p ortholog [22-24]. gp78/AMFR is a polytopic protein N-
terminally anchored to the ER-membrane with its intrinsic RING-finger Ub-ligase, Cue1-like,
UBC7/Ube2g2-binding, substrate recognition and p97-binding regions all situated in its
cytosolic C-terminal 309–643 residue (gp78C) domain [27-30]. TEB4 [also known as
MARCH-VI], one of the nine human membrane-anchored RING-CH proteins [18,25] and the
human ortholog of yeast Doa10p Ub-ligase, is known to autoubiquitylate itself and to be
involved in its own proteasomal degradation [25]. RING-finger E3s bind their cognate E2
enzymes, catalyze the preassembly of Lys48-linked polyUb chains and mediate the direct
transfer of this nascent polyUb chain from the E2 to a suitable Lys-residue of either a target
substrate [31] or itself [22]. Such gp78-catalyzed substrate ubiquitination requires nearly its
entire cytosolic C-terminal domain (309–611 residues) [28].

The U-box type E3 CHIP contains an N-terminal tetratricopeptide repeat (TPR) domain that
binds Hsc70 and Hsp90 and a C-terminal U-box that functions as a chaperone-dependent Ub-
ligase that links the cytosolic chaperone machinery to UPD [32-35]. CHIP has been shown to
ubiquitinate CYP2E1, another hepatic ER-anchored P450 [36]. Our findings described herein
reveal that of the four recombinant mammalian Ub-ligase systems examined, gp78 and CHIP
both ubiquitinated CuOOH-inactivated CYP3A4 in vitro.

Experimental procedures (materials and methods)
Chemicals and reagents

Chemicals and reagents were purchased from the following sources: Adenosine triphosphate
(ATP), cumene hydroperoxide (CuOOH), glutathione (GSH), creatine phosphokinase (CPK),
phosphocreatine (CP), were obtained from Sigma–Aldrich, St. Louis, MO; Chaperones Hsp70,
Hsc70 and Hsp40 were purchased from Assay Designs (Ann Arbor, MI). Ub-activating enzyme
E1 was purchased from BioMol (Plymouth Meeting, PA), Ub-conjugating enzyme E2 UbcH5a
was obtained from Boston Biochem (Boston, MA).

CYP3A4
A cDNA encoding a C-terminally His6-tagged CYP3A4 (His3A4) with its N-terminal 3–12
residues deleted, and its Ser18 replaced by Phe, was incorporated into a pCWori+ vector,
expressed in DHα cells grown in TB media at 37 °C, induced with IPTG, the temperature
lowered to 30 °C, and then allowed to grow as described previously [36]. His3A4 was purified
using nickel affinity and hydroxylapatite chromatography, as described previously [36]. Stock
aliquots were stored at −80 °C until use.

Expression plasmids
Plasmids pGEX-gp78C encoding the human cytosolic C-terminal gp78 domain (residues 309–
643) [27], and pGEX-MmUBC7 encoding murine UBC7 were kind gifts from Dr. A. M.
Weissman (NCI, Frederick, MD). pGEX-4T1-HRD1CT1A and pGEX-4T1-HRD1CT1B,
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respectively encoding 603- and 575-residue domains of the cytosolic human HRD1 C-terminal
RING-H2 finger E3 Ub-ligase, were gifts from Dr. Vincent Chau (Pennsylvania State
University College of Medicine, Hershey, PA; [22,25]. The plasmids pGEX-TEB4r and pGEX-
TEB4rC9A encoding the cytosolic RING-finger domains of TEB4 and its inactive mutant
TEB4C9A, respectively, were constructed as described [25]. Plasmid pET-CHIPHis6 encoding
the full length 303-residue human CHIP as a His-tagged fusion inserted in frame into pET-30a
vector was constructed as described [32]. The plasmid pGEX-2TK-Ub encoding the GST-Ub
fusion protein [37] was donated by Dr. P. Howley (Harvard Medical School, Boston, MA).

E3s and Ub
The recombinant proteins GST-Ub, GST-UBC7 and GST-gp78C, GST-HRD1CT1A, GST-
HRD1CT1B, GST-TEB4ring (r) and GST-TEB4r-C9A were expressed from the above pGEX-
based plasmids as fusion proteins with GST incorporated at the N-terminus. Full length Ub
and UBC7 were generated after thrombin cleavage of the GST-tag. The cytosolic domains of
gp78 and HRD1, abbreviated gp78C and HRD1CT1, respectively, were recovered as active
enzymes fused to GST. gp78C contains all the domains required for its E3 Ub-ligase function
except its N-terminal ER-membrane-anchor that is dispensable [27,28]. The HRD1CT1B
construct differs from its corresponding HRD1CT1A construct in that it is 28 residues shorter
in the N-terminal portion of the cytosolic HRD1CT1 domain. For GST-TEB4r and GST-
TEB4rC9A, only the RING finger domain of TEB4 was fused to GST, with C9A indicating
an inactive mutant. Briefly, plasmids were expressed in Escherichia coli BL21 cells cultured
with 2xYT/ampicillin at 37 °C. Cultures were induced at 0.5–0.6 OD600 with 1 mM IPTG and
harvested after 3–5 h by centrifugation at 14,000 g for 20 min. Cell pellets were stored at −20
°C. Clarified crude supernatants were prepared by re-suspension of cell pellets in PBS
containing 2 mM PMSF, 5 mM DTT, and 1 mM EDTA, treatment with lysozyme, sonication
and centrifugation at 10,000 g for 20 min. Proteins were purified using glutathione (GSH)–
Sepharose as per the manufacturer’s protocol. Further purification of GST-UBC7 was
performed with Q-Sepharose Fast Flow using 20 mM Tris–HCl, pH 8.0, with a gradient from
150 to 650 mM NaCl over 12 column volumes, while GST-HRD1CT1A and GST-HRD1CT1B
were purified with Resource Q 6 ml-column using 20 mM Tris–HCl, pH 8.0, with a gradient
from 0 to 500 mM KCl. Purified GST-UBC7 was cleaved in vitro with thrombin at 4 °C,
overnight. Free GST was removed with GSH–Sepharose, while thrombin was removed using
HiTrap Benzamidine columns (AP Biotech). Purified UBC7 was concentrated using a
Centricon 4 centrifugal device. His-CHIP was expressed and purified as per a published
protocol [32]. Protein concentrations for all samples were determined using BioRad Protein
Assay kit.

The expressed recombinant proteins UBC7 (18 kDa), GST-gp78C (63 kDa), His-CHIP (35
kDa), GST-HRD1CT1A (43 kDa observed), GST-HRD1CT1B (40 kDa observed), GST-
TEB4r (30 kDa), and GST-TEB4rC9A (30 kDa) were recovered as purified proteins with a
few minor contaminant bands as determined by SDS–PAGE analyses. In all cases, the
recombinant protein of interest represented the majority component by NIH Image analyses
of purified GST-HRD1CT1A, GST-HRD1CT1B, GST-TEB4r, and GST-TEB4rC9A. Purified
proteins were stored in aliquots at −80 °C.

32P-Ub
GST-Ub was radiolabeled using the method described [38]. Briefly, previously purified GST-
Ub or stored cell pellet, resuspended, lysed, and clarified by centrifugation, was incubated with
GSH–Sepharose. The Sepharose was washed, incubated with the protein kinase A (PKA) and
γ-32P-ATP to 32P-label Ub, and washed again. Purified 32P-Ub was obtained after thrombin-
induced oncolumn cleavage of the bound GST-tag. The supernatant was recovered and
thrombin removed as described above. Purified 32P-Ub was concentrated using a Microcon 4
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centrifugal device and quantified using an extinction coefficient A280 of 1 = 6.69 mg/ml
[39].

CYP3A4 inactivation
His3A4 was inactivated for 20 min at 37 °C with 0.5 mM CuOOH, 1 mM EDTA, 1 mM GSH
in 1X PBS containing 10% glycerol. DTT (5 mM) was added at the end to quench the reaction.
A 50% CuOOH/EtOH dilution was used to prepare the aqueous solutions. Inactivation was
confirmed by the loss of CO-dependent spectral content over the range of 400–500 nm [36;
data not shown] relative to a non-CuOOH-treated His3A4 control sample incubated in parallel.
Hsc70 (2.5 μM), and Hsp40 (2.5 μM) were included during the CuOOH-inactivation of His3A4
used in the CHIP reactions.

Reconstituted CYP3A4 ubiquitination systems
CYP3A4 ubiquitination was examined exactly as detailed for other ERAD substrates (22, 23,
31, 33, 40). In those reports, assessment of the relative functional potential of various E3 Ub-
ligases and/or their site-directed mutants in ubiquitinating the ERAD substrate in question, was
made in parallel at a time point when the ubiquitination reaction was found to be maximal with
optimal concentrations of the components involved. Accordingly, all UBC7-dependent
ubiquitination reactions contained the following: E1 (0.1 μM), UBC7 (4 μM), 32P-Ub (20 or
167 μM as indicated), ATP (4 mM), CPK (20 U/ml), CP (20 mM), MgCl2(10 mM), DTT (1
mM) and CuOOH-inactivated His3A4 (250 pmol), and one of the following E3s: GST-gp78C
(1 μM), GST-HRD1CT1A (10 μM), GST-HRD1CT1B (10 μM), GST-TEB4r (10 μM), or its
inactive mutant GST-TEB4rC9A (10 μM). UbcH5a and His-CHIP-dependent ubiquitination
reactions contained: UbcH5a (1.5 μM) instead of UBC7, His-CHIP (4 μM) as the E3, Hsc70
(2.5 μM), and Hsp40 (2.5 μM), in an otherwise identical reaction mixture. In some UbcH5a/
CHIP systems, Hsp70 (2.5 μM) was also included instead of CYP3A4 as a substrate. All
reactions were incubated at 30 °C for 90 min, and terminated by the addition of SDS-PAGE
sample buffer. They were then heated for 10 min at 95 °C and analyzed by SDS–PAGE.

SDS–PAGE and PhosphorImager analyses
Ubiquitination reaction mixtures were analyzed by SDS–PAGE on 4–20% gradient gels at 150
V for 1 h. Gels were stained with Coomassie brilliant blue R250 for 10 min and destained with
30% methanol, 10% acetic acid, three times, each for 20 min. Gels were dried using BioRad
Gel dryer Model 740. Dried gels were exposed to PhosphorImaging screens and visualized
using Typhoon scanner and ImageQuant software. Exposures to PhosphorImager screens
ranged from >72 h for the Ub (20 μM)-reactions and ≈18 h for the Ub (167 μM)-reactions.

Immunoprecipitation analyses of ubiquitinated CYP3A4
To establish that CYP3A4 was indeed ubiquitinated, the protein was immunoprecipitated from
reactions identical to those detailed above including control incubations in the absence of ATP
or CYP3A4. At the end of each reaction, N-ethylmaleimide (5 mM, final concentration) was
added followed by 10% SDS to a final concentration of 2% and the samples boiled for 5 min.
CYP3A4 was immunoprecipitated with goat anti-CYP3A4 IgG (3 mg) bound to Protein A-
Sepharose CL-4B (200 μL) after the mixture was end- to-end rotated at 4 °C overnight
essentially as described (7, 9). The immunoprecipitated CYP3A4 was solubilized with 75 μL
of SDS-PAGE loading buffer containing 5% SDS, 20% glycerol, DTT (50 mM) and 5% β-ME
in 50 mM Tris buffer, pH 6.8, boiled for 5 min, and then equivalent aliquots (45 μL) were
subjected to SDS–PAGE on 4–20% Tris–HCl gels. The gels were then dried and exposed to
PhosphorImaging screens, and visualized using a Typhoon scanner.
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Immunoblotting analyses of ubiquitinated CYP3A4
Aliquots of immunoprecipitates from the above reactions were also subjected to SDS–PAGE
on 4–20% polyacrylamide gels and subsequent electrotransfer onto a nitrocellulose membrane
as previously described [7,9], with rabbit anti-Ub IgGs as the primary antibody and goat anti-
rabbit alkaline phosphatase-conjugated secondary antibody detection system.

Results
Functional competence of the recombinant ubiquitinating enzymes

The functional competence of UBC7 and the expressed E3s in in vitro ubiquitination reactions
was first assessed in reconstituted reaction mixtures that excluded CuOOH-inactivated
CYP3A4 (Fig. 1). By itself, in the presence of an ATP-generating system, UBC7 was capable
of generating Ub-dimers to some extent (Fig. 1). When combined with a cognate E3, the UBC7/
GST-gp78C and UBC7/GST-HRD1CT1A systems were clearly able to catalyze the formation
of Ub-dimers and polyUb chains (Ub-oligomers) from E1-activated 32P-Ub in in vitro systems,
resulting in the characteristic high molecular mass (HMM) step-ladder polyubiquitination
profile (Fig. 1A and C). On the other hand, the UBC7/GST-HRD1CT1B while enhancing Ub-
dimer formation appeared relatively less efficient in polyUb chain assembly and/or
autoubiquitination, thereby indicating that truncation of 28 N-terminal residues from the
cytosolic HRD1CT1A domain impaired these processes (Fig. 1D). Impaired polyUb chain
assembly and/or autoubiquitination were also observed with UBC7/GST-TEB4r system (Fig.
1E). As expected, the inactive UBC7/TEB4rC9A mutant used as a control showed no Ub-dimer
formation (Fig. 1F). The UbcH5a/His-CHIP system, when similarly examined, indicated a
CHIP-dependent polyubiquitination profile, which may reflect CHIP autoubiquitination. This
polyubiquitination profile was enhanced on inclusion of the molecular chaperones Hsp70/
Hsc70 (known CHIP targets) and Hsp40 in the reaction mixture (Fig. 1B).

Reconstituted CYP3A4 ubiquitination reactions
Inclusion of CuOOH-inactivated CYP3A43 in the reaction mixture enhanced the HMM protein
polyubiquitination profile in the UBC7/gp78C system that was clearly absent when ATP or
gp78C was excluded from the system (Fig. 2A). Furthermore, in the presence of CYP3A4, the
detection of the ubiquitination signal was extended to a much higher mass range (100–250
kDa), consistent with the polyubiquitination of this particular 55 kDa protein. Incubation of
CuOOH-inactivated CYP3A4 in an UbcH5a/CHIP reconstituted system supplemented with
its required Hsc70 and Hsp40 chaperones, yielded a HMM ubiquitination profile considerably
less pronounced than that seen with the UBC7/gp78C system. The detection of this profile was
also dependent on ATP and CHIP (Fig. 2B). By contrast, all the other systems tested failed to
show significant CYP3A4 ubiquitination (Fig. 2C-F) and in the case of the UBC7/HRD1CT1A
system (and UBC7/HRD1CT1B to a lesser extent), a slight inhibitory effect on the HMM
ubiquitination profile was observed upon CYP3A4 inclusion in the reaction mixture (Fig. 2E).
Furthermore, increasing the Ub-concentration in the incubations from 20 to 167 μM, clearly
enhanced CYP3A4 ubiquitination by both UBC7/gp78 and UbcH5a/CHIP (Figs. 3A and 4A),
but not by HRD1CT1A or TEB4r (data not shown).

3Unlike in vivo conditions, wherein the difference between native and inactivated CYP3A species is maintained and reflected by their
differential degradation rates[6,7,9], purified “native” CYP3A4 and its rat liver CYP3A orthologs do not remain “native” during the
entire (>90 min) in vitro incubation period at 30 °C required for CuOOH-inactivation and subsequent ubiquitination reactions. They
denature and are thus also susceptible to ubiquitination, albeit more slowly than the CuOOH-inactivated species. Because, non-CuOOH
inactivated CYP3A4 does not truly reflect the “native” species, it was not included as an appropriate control in these in vitro incubations.
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Confirmation of CYP3A4 ubiquitination by immunoprecipitation/immunoblotting analyses
To verify that CYP3A4 was specifically ubiquitinated in these reaction mixtures and/or
determine the relative extent of this ubiquitination, CYP3A4 was immunoprecipitated with
goat anti-CYP3A4 polyclonal IgGs. Reaction mixtures containing ATP but no CYP3A4, or
CYP3A4-containing reactions incubated in the absence of ATP were similarly treated to
control for non-specific protein interactions. The SDS–PAGE/PhosphorImager analyses of the
initial UBC7/gp78-catalyzed reactions in the presence of Ub (167 μM) (Fig. 3A) and of
CYP3A4 immunoprecipitated from aliquots of these reactions (Fig. 3B) are shown.
Immunoprecipitates from complete reactions containing CYP3A4 exhibited a significant
HMM (>75–250 kDa) protein polyubiquitination profile, relative to those in its absence or
those containing no ATP (Fig. 3B). Immunoblotting analyses of aliquots of these
immunoprecipitates with anti-Ub IgGs correspondingly revealed the HMM Ub-CYP3A4-
ladders, characteristic of ubiquitinated proteins (Fig. 3C). Immunoprecipitation analyses of
corresponding reactions carried out with Ub (20 μM) (Fig. 2A) yielded similar CYP3A4
ubiquitination profiles, albeit considerably less intense than those observed at Ub (167 μM)
(Fig. 3D).

After comparable immunoprecipitation analyses of UbcH5a/CHIP incubations at Ub-
concentrations of 20 μM containing CYP3A4 over that of the control sample without CYP3A4
(Fig. 2B), no such clearly enhanced signal at higher molecular weights could be detected
irrespective of the length of exposure to PhosphorImager screens (data not shown). However,
when a higher Ub-concentration (167 μM) was included in the incubations, similar CYP3A4
immunoprecipitation analyses of corresponding UbcH5a/CHIP reactions revealed that
CYP3A4 was indeed ubiquitinated in the presence but not absence of ATP (Fig. 4). Similar
analyses of the UBC7/HRD1CT1A or UBC7/HRD1CT1B systems failed to reveal specific
CYP3A4 ubiquitination profile, even at the higher Ub-concentration (167 μM; data not shown).
The latter was also true of the TEB4r-catalyzed system.

Discussion
Having established the functional competence of our in vitro reconstituted UBC7-dependent
ubiquitination systems, their relative ability to utilize CuOOH-inactivated CYP3A4 as a
substrate was assessed. In the absence of CYP3A4, the UBC7/gp78C system was quite robust
in Ub-oligomerization, as reflected by the characteristic HMM ubiquitination profile on SDS-
PAGE/PhosphorImager analyses. This is indicative of nascent polyUb chain assembly that
occurs either freely or on an UBC7 molecule as recently proposed [31], and that subsequently
may be tagged onto accessible Lys (K)-residues of a GST-E3-RING fusion [22,40] and/or a
copurified protein contaminant (Fig. 1). However, inclusion of CYP3A4 in this system not
only clearly increased the intensity of the observed ubiquitination signal but also extended its
range to higher molecular weights, consistent with the ubiquitination of this 55 kDa CYP3A4
protein (Fig. 2). This profile was further enhanced when the Ub-concentration in the incubation
was increased eight-fold to 167 μM(Fig. 3A). That CYP3A4 had indeed been ubiquitinated
was documented by the considerably enhanced HMM profile on SDS–PAGE analysis of the
CYP3A4 species immunoprecipitated from the UBC7/gp78C reaction mixtures by an anti-
CYP3A4 polyclonal antibody over that from corresponding non-CYP3A4 incubated controls
(Fig. 3B). Immunoblotting analyses with anti-Ub IgGs of the CYP3A4 immunoprecipitates
revealed the characteristic HMM ladder profile of ubiquitinated proteins, thereby providing
further evidence for CYP3A4 ubiquitination (Fig. 3C). These findings are entirely consistent
with our previous observation that such HMM profiles reflect ubiquitinated CYP3A4 in in
vitro ubiquitination systems with 35S-labeled CYP3A4 [8], or in vivo in hepatocytes treated
with mechanism-based CYP3A inactivators [6,7,9].
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Of the other UBC7-dependent E3s tested, the two cytosolic HRD1 C-terminal domain
constructs CT1A and CT1B, while fully competent in the elaboration of Ub-dimers and/or
polyUb chains, were incapable of significant CYP3A4 ubiquitination, even after the Ub-
concentration was raised eightfold. This was also true of the TEB4r E3 and as expected of its
RING-finger inactive mutant TEB4rC9A. Thus of the four different UBC7-dependent ER-
integral E3 proteins tested, only gp78 was capable of significant CYP3A4 ubiquitination (Figs.
2A and 3A and D). Interestingly, this human ERAD-associated Ub-ligase is a polytopic ER-
protein with six N-terminal transmembrane domains and a cytosolic tail. This tail in addition
to the functionally indispensable RING-finger (residues 341–378) also contains an intrinsic
Cue-domain homologous to yeast Cue1p (residues 456–497, required for binding Ub rather
than UBC7), an UBC7/Ube2g2-docking domain (G2BR, residues 579–600), and a C-terminal
p97/VCP-interacting motif (VIM, C-terminal 30 amino acid residues) that is highly conserved
in vertebrates [28,29,41]. Thus, the identification of gp78 as a dominant CYP3A4-
ubiquitinating enzyme makes ample sense given the strategic cytosolic localization not only
of the bulk of the CYP3A4 molecule, but also of the functional Ub-ligase RING-finger, Ub-
binding, UBC7-docking and p97-binding domains of gp78, that would enable efficient
CYP3A4 ubiquitination at the cytosolic ER surface before its dislocation by the p97 complex.
This gp78 identification is entirely consistent with our previous in vivo findings not only in
cultured hepatocytes that identified a role for p97 in CYP3A ERAD [9], but also in S.
cerevisiae [14] that revealed a dependence of CYP3A4 ERAD on Ubc7p/Cue1p and Cdc48-
Ufd1/Npl4 complex, the yeast equivalent of the p97-complex. Moreover, it also validates the
obligatory requirement for ubiquitination implied by the yeast CYP3A4 ERAD dependence
on Ubc7p/Cue1p. Recently, gp78 has been proposed to function as an E4 in CFTRΔF508 UPD
by extending the polyUb chain length after initial monoubiquitination of that protein by RMA1,
another ERAD E3 [42]. We find it noteworthy that in our in vitro reconstituted system, gp78
by itself was capable of polyubiquitinating CYP3A4 and thus played both roles (Fig. 3).

Our findings of the lack of significant CYP3A4 ubiquitination in mammalian in vitro HRD1
and TEB4 systems are also highly consistent with our exclusion of Hrd1p and Doa10p, the
yeast E3 orthologs of these mammalian ER-integral E3s, respectively, in CYP3A4 ERAD in
S. cerevisiae [13,14]. Although arguably, the functional failure of TEB4 and HRD1 to
appreciably ubiquitinate CYP3A4 could be attributed to the inability of their RING-finger
domains to fully interact with either CYP3A4 or UBC7 after deletion of their membrane-
anchor, this did not prevent their efficient catalyses of nascent polyUb chains (Fig. 2 C-E, lanes
3). Together, these findings once again underscore the close similarity between the yeast and
mammalian P450 UPD processes. However, although CYP3A4 ERAD unequivocally occurs
in yeast, Hrd1p, the only yeast E3 with at best, limited homology to human gp78 in its
membrane spanning and RING-domains [22,27] has been convincingly excluded [13,14].
Thus, the E3 that serves as the human gp78 counterpart in yeast CYP3A4 ERAD remains to
be identified.

UbcH5a/CHIP was considerably less efficient than UBC7/gp78C in CYP3A4 ubiquitination
at the lower Ub-concentrations (20 μM), as judged by the relatively less pronounced HMM
profile observed on inclusion of CYP3A4 (Fig. 2B). Corresponding CYP3A4
immunoprecipitation studies revealed no appreciably enhanced CYP3A4 ubiquitination in
CYP3A4-supplemented reaction mixtures relative to controls lacking CYP3A4 (Data not
shown). However, this very sluggish CYP3A4 ubiquitination was not due to a functionally
inactive UbcH5a/CHIP, as replacement of CYP3A4 with Hsp70/Hsc70, documented CHIP
target substrates [43,44] in the reaction, resulted in their robust CHIP-mediated ubiquitination
(Figs. 1B and 2B). Furthermore, CYP2E1, another hepatic P450, has been previously reported
to be ubiquitinated in vitro in an UbcH5a/CHIP-dependent process in the presence of an even
lower (8.3 μM) Ub-concentration [35]. This CYP2E1 ubiquitination was greatly enhanced
following its CCl4-mediated suicide inactivation [35]. Unlike suicidally inactivated CYP2E1

Pabarcus et al. Page 8

Arch Biochem Biophys. Author manuscript; available in PMC 2010 June 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which is readily ubiquitinated, CuOOH-inactivated CYP3A4 apparently becomes a functional
CHIP target only when the Ub-concentrations are substantially raised >20-fold to 167 μM(Fig.
4). Thus, it is unclear whether under physiological conditions CYP3A4 would normally be a
CHIP target. Although CYP3A4 is significantly degraded in yeast, no CHIP ortholog
apparently exists in this organism thus precluding the direct in vivo assessment of its specific
relevance using genetic deletion analyses similar to those used to establish the independence
of CYP3A4 ERAD from Hrd1p and Doa10p. However, it is noteworthy, that although yeast
CHIP orthologs are unknown, the UbcH5a orthologs Ubc4 and Ubc5 do participate in the
degradation of short-lived and abnormal proteins such as the structurally inactivated CYP3A4
[43,45,46].

Together the above findings reveal that of the in vitro mammalian CYP3A4 ubiquitination
systems tested, the UBC7/gp78 system is clearly the most efficient, followed by UbcH5a/
CHIP. While these findings unequivocally reveal that CYP3A4 is ubiquitinated, it is unclear
whether the electrophoretic migration of this modified CYP3A4 species to molecular weight
ranges extending to >250 kDa reflects its attachment of polyUb chains of variable length (n =
4–20 Ub molecules) onto a single CYP3A4 K-residue, and/or similar ubiquitination of multiple
CYP3A4 K-residues. Indeed, of the known P450 sequences
(http://drnelson.utmem.edu/CytochromeP450.html), CYPs 3A are remarkable in their
relatively high content of K-residues. Moreover, the CYP3A4 structure reveals that most of its
K-residues are indeed on the surface [47,48] and thus eminently accessible to the ubiquitination
machinery. While basal ubiquitination of CYP3A proteins is normally detectable [9], this
process is greatly enhanced both in vivo and in vitro after their suicide inactivation and
structural insults that unravel the P450 structure and greatly accelerate this process [6,7,9,49].
It is conceivable however, that such structural disruption enhances CYP3A4 ubiquitination
through exposure of either a concealed P450 molecular determinant “degron” for recognition
by these E3 Ub-ligases, or one or more additional and otherwise concealed K-residue(s).
Accordingly, the observed differences in CYP3A4 ubiquitination profile by gp78 and CHIP
(Figs. 3 and 4) may reflect not only differences in the relative number and/or specific CYP3A4
K-residues targeted by each of these Ub-ligases, but also the length of the specific Ub-chain
elaborated on each residue. Identification of the precise CYP3A4 residues targeted by either
gp78 or CHIP may provide insight into the mode of their individual CYP3A4 substrate
recognition.

In summary, our comparative studies of in vitro reconstituted CYP3A4 ubiquitination systems
with the mammalian ER E3s gp78, HRD1 and TEB4 utilizing UBC7/Ube2g2 as their cognate
E2, or the cytosolic CHIP with UbcH5a as its cognate E2 have singled out gp78 as the more
dominant CYP3A4 Ub-ligase that is functional at relatively low Ub-concentrations (Figs. 2A
and 3). However, CHIP is capable of significant CYP3A4 ubiquitination at higher Ub-
concentrations (Fig. 4). Given the conceivably higher intrahepatic Ub-concentrations than the
nominal cellular 10–20 μM-concentrations [50], it remains to be determined whether such
redundancy of CYP3A4 ubiquitination systems is physiologically relevant and/or cooperative.
Alternatively, such an enhanced CHIP-targeting of structurally inactivated CYP3A4 species
could be due to molecular chaperone corralling of a particular molecular conformation of the
inactivated protein (Fig. 5). Because of the ER-membrane localization of the polytopic gp78
Ub-ligase [27] and the cytosolic localization of CHIP, it is quite conceivable that CYP3A4
ubiquitination occurs sequentially in its ERAD, with gp78 acting initially while CYP3A4 is
still anchored N-terminally to the ER-membrane, and CHIP acting after its p97-mediated ER-
dislocation into the cytosol as shown for rat liver CYPs 3A [9]. Alternatively, differences in
the specific conformation of each structurally inactivated CYP3A4 molecule may account for
the differential substrate recognition by each of these Ub-ligases.
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Fig. 1.
Functional competence of the reconstituted UBC7-dependent ubiquitination systems. The
various combinations of E2s (UBC7 or UbcH5a) and E3s were tested for competence in
forming Ub-dimers and/or polyUb chains in the presence of E1 and 32P-Ub. Component
dependence is shown for ATP, UBC7 or UbcH5a, and the various E3s. UbcH5a/CHIP reactions
also included Hsp70, Hsc70 and Hsp40. The reactions contained E1 (0.1 μM), UBC7 (4
μM), 32P-Ub (20 μM), ATP (4 mM), CPK (20 U/ml), CP (20 mM), MgCl2 (10 mM), DTT (1
mM), and one of the following E3s: GST-gp78C (1 μM), GST-HRD1CT1A (10 μM), GST-
HRD1CT1B (10 μM), GST-TEB4r (10 μM), or its inactive mutant GST-TEB4rC9A (10 μM).
UbcH5a and His-CHIP-dependent ubiquitination reactions contained: UbcH5a (1.5 μM)
instead of UBC7, His-CHIP (4 μM) as the E3, Hsc70 (2.5 μM), and Hsp40 (2.5 μM), in an
otherwise identical reaction mixture. The mixtures were incubated at 30 °C for 90 min and
analyzed as detailed in Experimental Procedures. Data from a typical experiment are shown.
Each experiment was conducted in its entirety at the least 3 separate times.

Pabarcus et al. Page 12

Arch Biochem Biophys. Author manuscript; available in PMC 2010 June 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
CYP3A4 reconstituted ubiquitination reactions. Each ubiquitination system identical to the
complete system described in Fig. 1 was tested with and without CuOOH-inactivated His3A4
(250 pmol) in the presence of each E3’s cognate E2 at concentrations indicated in Fig. 1. E3
and ATP dependence are shown for all systems. Color contrasted images were generated using
ImageQuant to enhance visualization of polyubiquitination effects. For further details see
Experimental Procedures. Data from a typical experiment are shown. Each experiment was
conducted in its entirety at the least 3 separate times. The color wheel intensity code for these
PhosphorImager data is as follows: Black>dark blue>light
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blue>green>yellow>orange>red>magenta>white. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Immunoprecipitation/immunoblotting analyses of UBC7/gp78C-catalyzed CYP3A4
ubiquitination. Each UBC7/gp78C ubiquitination system identical to the complete system
described in Fig. 1 except for the presence of 32P-Ub (167 μM), was incubated at 30 °C for 90
min with or without CYP3A4 (250 pmol) in the presence or absence of ATP exactly as detailed
(Experimental Procedures). An aliquot of each incubation was subjected to SDS–PAGE with
PhosphorImager analyses (A). Other aliquots were subjected to immunoprecipitation analyses
with goat anti-CYP3A4 IgGs as detailed (Experimental Procedures). Aliquots of these
immunoprecipitates were then subjected to SDS-PAGE with PhosphorImager analyses (B) or
immunoblotting analyses with anti-Ub IgGs as the primary antibody, followed by alkaline
phosphatase as the secondary (C) as detailed [9]. A direct comparison of immunoprecipitates
of aliquots of reactions carried out in the presence of Ub 20 μM (Fig. 2A) or 167 μM (Fig. 3A)
are also shown (D). Data from a typical experiment are shown. Each experiment was conducted
in its entirety at the least 3 separate times. The color wheel intensity code for these
PhosphorImager data is as follows: Black>dark blue>light
blue>green>yellow>orange>red>magenta>white. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.
Immunoprecipitation/immunoblotting analyses of the UbcH5a/CHIP-catalyzed CYP3A4
ubiquitination. Each UbcH5a/CHIP ubiquitination system identical to the complete system
described in Fig. 1 except for the presence of 32P-Ub (167 μM), was incubated at 30 °C for 90
min with or without CYP3A4 (250 pmol) in the presence or absence of ATP exactly as detailed
(Experimental Procedures). An aliquot of each incubation was subjected to SDS–PAGE with
PhosphorImager analyses (A). Another aliquot was subjected to immunoprecipitation analyses
with goat anti-CYP3A4 IgGs as detailed (Experimental Procedures). Aliquots of these
immunoprecipitates were then subjected to SDS–PAGE with PhosphorImager analyses (B).
Data from a typical experiment are shown. The intense bluish green bands at the very top of
either SDS–PAGE gel most likely reflect ubiquitinated CHIP and/or Hsp70, as they persist in
the absence of CYP3A4 but not in the absence of ATP. Each experiment was conducted in its
entirety at the least 3 separate times. The color wheel intensity code for these PhosphorImager
data is as follows: Black>dark blue>light blue>green>yellow>orange>red>magenta>white.
(For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5.
CYP3A4 ubiquitination by UBC7/gp78 and UbcH5a/CHIP systems: Plausible scenarios for
physiological redundancy or functional complementarity. Following structural inactivation in
vivo, ER-bound CYP3A4 could be ubiquitinated by (1) UBC7/gp78 and/or (2) UbcH5a/CHIP.
The ER-polytopic gp78-RING E3 ligase catalyses polyUb chain assembly on UBC7 before
transferring the elaborated polyUb chain onto accessible CYP3A4 K-residue(s). The
ubiquitinated CYP3A4 is then extracted out of the ER-membrane by the AAA ATPase p97
complex and delivered to the 26S proteasome for destruction in a classical ERAD process.
Alternatively or concomitantly, exposure of normally buried hydrophobic sequences within
the CYP3A4 active site following structural inactivation, could target it to the cytosolic Hsp70/
Hsc70/Hsp40 molecular chaperone complex. Such Hsp70-corralled CYP3A4 becomes
recognized by the cytosolic CHIP E3 ligase-tetratricopeptide repeat (TPR) motif, resulting in
its subsequent ubiquitination by the UbcH5a/CHIP E3 Ub-ligase U-box domain. The
ubiquitinated CYP3A4 could then be similarly delivered by the AAA ATPase p97-complex
to the 26S proteasome for destruction. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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