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Abstract
The bile salt export pump (Bsep) represents the major bile salt transport system at the canalicular
membrane of hepatocytes. When examined in model cell lines, genetic mutations in the BSEP
gene impair its targeting and transport function, contributing to the pathogenesis of PFIC II. PFIC
II mutations are known to lead to a deficiency of BSEP in human hepatocytes, suggesting that
PFIC II mutants are unstable and degraded in the cell. To investigate this further, we have
characterized the impact of several PFIC II mutations on the processing and stability of rat Bsep.
G238V, D482G, G982R, R1153C and R1286Q all retain Bsep to the endoplasmic reticulum (ER)
to different extents. Except for R1153C, the PFIC II mutants are degraded with varying half-lives.
G238V and D482G are partially misfolded and can be stabilized by low temperature and glycerol.
The proteasome provides the major degradation pathway for the PFIC II mutants, while the
lysosome also contributes to the degradation of D482G. The PFIC II mutants appear to be more
heavily ubiquitinated compared with the wild-type (wt) Bsep, and their ubiquitination is increased
by the proteasome inhibitors. Overexpression of several E3 ubiquitin ligases, which are involved
in ER-associated degradation (ERAD), lead to the decrease of both mutant and wt Bsep. Gene
knockdown studies revealed that the ERAD E3s Rma1 and TEB4 contribute to the degradation of
G238V, while HRD1 contributes to the degradation of a mutant lacking the lumenal glycosylation
domain (ΔGly). Furthermore we present evidence that G982R weakly associates with various
components of the ER quality control system. These data together demonstrate that the PFIC II
mutants and ΔGly are degraded by the ERAD pathway.

Bile secretion is mediated by several ATP binding cassette (ABC) transporters located in the
canalicular membrane of hepatocytes (for reviews, see [1,2]). Among these ABC
transporters, the bile salt export pump (BSEP/Bsep, ABCB11/ABCb11) represents the
primary if not the sole transport system for the canalicular excretion of bile salts [3,4]. Bile
secretory failure results in cholestasis. Progressive familial intrahepatic cholestasis (PFIC) of
infancy represents a group of inherited cholestatic diseases that are classified into three
subtypes. One of these subtypes, PFIC II, is associated with mutations in the BSEP gene
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[4,5]. PFIC I and PFIC III are caused by mutations in the genes encoding FIC I (ATP8B1)
and MDR3 (ABCB4), respectively [6,7]. A large number of premature termination,
missense and frame shift mutations in the BSEP gene have been identified from PFIC II
patients. These mutations impair the canalicular location or the transport function (or both)
of Bsep [8-13].

When different variants of Bsep were examined in model cell lines, several missense
mutations reduced the expression level of the Bsep protein [8-10,13]. Since the mRNA
transcript levels of the mutant Bsep are not affected [9,10,13], these data raise the possibility
that these mutations may cause the Bsep protein to become unstable and degraded. This
assumption is consistent with an earlier immunohistochemistry study that BSEP was not
detected in many PFIC II patients [5]. The mechanism by which these mutations cause Bsep
to become unstable and degraded is not known. In the present study, we have examined the
impact of a number of missense PFIC II mutations on processing and stability of rat Bsep.

In several genetic diseases like cystic fibrosis, ubiquitin and the proteasome have been
implicated in the degradation of aberrant ABC transporters [14]. The most common
mutation in cystic fibrosis patients is cystic fibrosis transmembrane conductance regulator
(CFTR) ΔF508, which causes the mutant CFTR protein, instead of being expressed at the
cell surface, to be completely degraded at the ER by the proteasome, a multisubunit ATP-
dependent protease in the cytosol. Inhibition of proteasomes also stabilized Bsep G238V,
E297G and D482G when examined in Madin-Darby canine kidney (MDCK) cells and
human embryonic kidney (HEK) cells [8,10,13]. These findings suggest that the proteasome
plays a major role in the degradation of these BSEP mutants in PFIC II patients. In this
paper, we assessed the contribution of the proteasome and lysosome to the degradation of
the Bsep PFIC II mutants.

Ubiquitination involves three key enzymes, namely an ubiquitin-activating enzyme (E1), an
ubiquitin-conjugating enzyme (E2) that transiently carries the activated ubiquitin molecule,
and an ubiquitin ligase (E3) that recognizes specific substrates and transfers the activated
ubiquitin from the E2 to the substrate. Among these three enzymes, E3s are believed to be
responsible for the high efficiency and exquisite selectivity of ubiquitination reactions [15].

The ER is the major site where newly synthesized membrane proteins such as Bsep enter the
secretory pathway and fold. Only proteins that are correctly folded and assembled are
usually able to leave the ER. Most misfolded or unassembled proteins are retained in the ER
and subsequently degraded in the cytosol by a process known as the ER-associated protein
degradation (ERAD). During the ERAD process, an aberrant membrane protein is first
recognized and ubiquitinated by a specific E3, exported out of the ER by the retro-
translocation machinery and finally degraded by the proteasomes [16]. In this paper, we
demonstrated that several Bsep PFIC II mutants are degraded by the ERAD pathway. We
analyzed the role of known or suspected ERAD E3s in the degradation of the PFIC II
mutants and probed the interaction between Bsep mutants and other components of the ER
quality control system.

Materials and Methods
Chemicals, Cells and Antibodies

All the chemicals and reagents were purchased from Sigma, Merck or J.T. Baker unless
otherwise stated. HEK 293 cells were from American Type Culture Collection (Manassas,
VA). The following antibodies were from commercial sources: the green fluorescent protein
(GFP), ubiquitin, calnexin and Hsc70 (Santa Cruz), FLAG (Sigma) and hemagglutinin (HA,
Covance). The following antibodies were generous gifts from various labs: HRD1 and TEB4
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(Emmanuel Wiertz), Rma1 (Ze'ev Ronai), CHIP (Cam Patterson), p97 (Rasmus Hartmann-
Petersen), HERP (Koichi Kokame) and derlin-1 (Yihong Ye).

Plasmid construction
The construction and characterization of pEGFP-Bsep, a full-length cDNA encoding rat
Bsep N-terminally fused with GFP and the PFIC II mutants of pEGFP-Bsep have been
described previously [8]. We have used rat Bsep as a model protein because the rat Bsep is
highly homologous to the human orthologue with an 82.3% identity at the amino acid level
[3,4]. pFLAG-Bsep was created using pEGFP-Bsep as a template by restriction digestion
and polymerase chain reaction (PCR). The fusion construct (pFLAG-Bsep) encodes a
chimeric protein, FLAG-Bsep starting with FLAG tag, followed by a 17 amino-acid linker
and the Bsep coding sequence minus the initiation codon ATG. For the construction of the
PFIC II mutants of pFLAG-Bsep, site-directed mutagenesis was performed using the
Quikchange PCR mutagenesis kit (Stratagene, La Jolla, CA). The following missense
mutants were studied in this work, G238V, D482G, G982R, R1153C and R1286Q. The
localization of these mutations is shown in a topology model of rat Bsep (Fig.1). A deletion
mutant ΔGly was also created by PCR such that it lacks the amino acids 109-127 of Bsep, a
domain containing the lumenal glycosylation motifs of Bsep. The cDNAs encoding HRD1,
Rma1 and CHIP were gifts from Drs. Yuval Reiss, Ze'ev Ronai and Cam Patterson,
respectively. A N-terminal myc fusion construct of CHIP was created by PCR. The cDNA
encoding TEB4 has been described previously [17]. The constructs generated in this study
were all confirmed by DNA sequencing at the W.M. Keck facility of Yale University.

Cell culture and transfection
HEK 293 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). For transient transfection, confluent HEK 293 cells
were transfected using LipofectAmine (Invitrogen, Carlsbad, CA) as described by the
manufacturer for 24 or 48 hrs. To knockdown TEB4, Rma1 and CHIP, the cells were
transfected with the following small interfering RNAs (siRNAs) for 48 hrs: TEB4
(TTAAGAGTGTGCTGCCTAA), Rma1 (GCGACCTTCGAATGTAATA) and CHIP
(GGAGCAGGGCAATCGTCTG). A short hairpin RNA (shRNA) construct was generated
for HRD1 against the sequence GGTGTTTGGCTTTGAGTAT. For drug treatment, MG132
(Calbiochem, San Diego, CA) 20μg/ml was added to the culture medium to inhibit
proteasome for time indicated in each experiment. To inhibit lysosome, 15mM ammonium
chloride, 10μg/ml leupeptin and 10μg/ml pepstatin was added to the medium for up to 5 hrs.
For cycloheximide chase, 50μg/ml cycloheximide was added to the culture for time
indicated in each experiment. After transfection, the cell monolayers were directly
solubilized in the RIPA buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 1mM EDTA)
containing 1% NP-40 and 0.5% deoxycholate on ice for 30 minutes. The lysates were
centrifuged at 12,500 g for 5 minutes. The PNGase F (New England Biolabs, Ipswich, MA)
treatment was performed as described by the manufacturer.

Metabolic labeling and immunoprecipitation
HEK293 cells were transfected with FLAG-Bsep and were starved of methionine in
methionine-free DMEM (Invitrogen, Carlsbad, CA) for 1 hr at 37 °C and metabolically
labeled for 20 minutes with Tran35S-label (100 μCi per well; 1,200 Ci mmol−1; MP
Biomedicals, Solon, OH). Cells were washed twice with 1 ml of phosphate buffered saline
(PBS) and lysed immediately or supplemented with methionine and cycloheximide and
incubated in DMEM for a chase period. Cell extracts for denaturing immunoprecipitations
were prepared in RIPA buffer containing 1% NP-40, 0.5% deoxycholate and 0.1% SDS.
Cell extracts for non-denaturing immunoprecipitations were prepared in RIPA buffer
containing 0.3% NP-40. Before initiation of immunoprecipitation reactions, all lysates were
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precleared with Protein G agarose for 1hr at 4 °C, and proteins were immunoprecipitated
using Protein A- and G-agarose beads. Dried polyacrylamide gels were analyzed using
phosphor imaging.

Electrophoresis and immunoblotting
Cell lysates from HEK 293 cells were analyzed by SDS-PAGE [18]. The separated
polypeptides were electrotransferred to PVDF membranes (Bio-Rad, Hercules, CA) and
then subject to Western blotting using a standard protocol. The immuoreactive proteins were
visualized using an enhanced chemiluminescence (ECL) kit (Amersham, Piscataway, NJ) or
alkaline phosphatase.

Fluorescent microscopy
After transfection, HEK 293 cells grown on coverslips were fixed with paraformaldehyde
for 20 mins at room temperature. Coverslips were mounted on glass microscope slides using
VectaShield (Vector Labs, Burlingame, CA). Cells were viewed on a Zeiss LSM 510
confocal microscope (Zeiss, Thornwood, NJ). Digital images were saved and analyzed with
Adobe PhotoShop.

Results
Expression of Bsep PFIC II mutants in HEK 293 cells

To examine the expression level and modification of the rat Bsep PFIC II mutants, we first
expressed the PFIC II mutants of GFP-Bsep along with the wild-type (wt) GFP-Bsep in
HEK cells. As can be seen in Fig. 2A, the majority of wt Bsep was detected as a 190 kDa
protein, consistent with previous data with MDCK cells [8]. A minority of wt Bsep was
detected as a 170 kDa protein, which presumably represents the core-glycosylated form.
This was confirmed by de-glycosylation with PNGase F (Fig. 2B). In contrast, the PFIC II
mutants were mostly detected as core-glycosylated proteins, except G238V and D482G, for
which a fraction of 190 kDa mature glycosylated form was also observed. Also included for
comparison was ΔGly, a mutant construct that lacks the lumenal glycosylation domain of
Bsep. ΔGly was expressed exclusively as the nonglycosylated form with mobility faster than
the core-glycosylated GFP-Bsep. The core-glycosylation of the PFIC II mutants is consistent
with the intracellular sequestration pattern previously reported [8] and suggests that these
mutants may not traffic beyond the ER.

To examine the predicted ER localization of PFIC II mutants, we transfected HEK cells with
GFP-tagged Bseps and analyzed their co-localization with an ER marker, calnexin
(Supplement Fig.1). As it can be seen, there is substantial co-localization between GFP-Bsep
and calnexin in mutants that are exclusively core-glycosylated or nonglycosylated, i.e.
G982R, R1153C, R1286Q and ΔGly. For G238V and D482G, which are partially core-
glycosylated, there is a partial co-localization between GFP-Bsep and calnexin. The wt
GFP-Bsep is primarily expressed at the periphery (cell surface) of the HEK cells, in which
case there is virtually no co-localization between GFP-Bsep and calnexin. These data
together demonstrate that the PFIC II mutants and ΔGly are either exclusively or partially
localized to the ER.

Besides different glycosylation pattern, PFIC II mutants were also noticeably expressed at
lower levels compared with the wt protein, with D482G, G982R and ΔGly showing the
lowest expression (Fig.2A). Because the PFIC II mutations could potentially affect the
transcription of Bsep, we next examined the expression of the Bsep mRNA using
quantitative PCR. Bsep expression was normalized against the expression of β-actin. As it
can be seen in Fig.2C, the mRNA levels were comparable between the wt and mutant Bseps,
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suggesting that the transcription of the PFIC II mutants are not affected. Thus the low
expression levels of the PFIC II mutant proteins suggest that they may be subject to rapid
degradation.

The stability of the PFIC II mutants
We next examined the stability of the GFP-tagged PFIC II mutants by adding cycloheximide
to block further protein synthesis and following the amount of protein remaining by anti-
GFP immunoblotting. As can be seen in Fig.3A, for wt GFP-Bsep, the core-glycosylated
form disappears with the chase, while the mature glycosylated form increases
concomitantly, indicating that the core-glycosylated form can be converted to the mature
form. In G238V, the core-glycosylated form disappears while the mature form is not
significantly increased, indicating that the core-glycosylated form is degraded over the chase
period. For D482G, about 30% of the core-glycosylated protein was degraded, while a
significant fraction was converted to the mature glycosylated form, indicating that this
mutant is probably only weakly misfolded and a portion of correctly folded D482G can
traffic through the secretory pathway. G982R, R1286Q and ΔGly were degraded over time
as indicated by the decrease in the core-glycosylated form (the only form detected), whereas
R1153C was relatively stable. These data were confirmed by pulse-chase studies (Fig.3B-
D). As can be seen in Fig.3B, about 60% of wt FLAG-Bsep is converted from a 140 kDa
immature glycosylated form to a 160 kDa mature glycosylated protein over the 120 min
chase and 40% of the 140 kDa protein remains. In contrast, G982R and R1286Q are
degraded with a half-life of around 1 hr (Fig.3C). R1153C is relatively stable. For G238V
and D482G, respectively, only about 20% and 40% of the 140 kDa protein is converted to
the 160 kDa protein, while about 50% of the 140 kDa protein is degraded over 120 min
chase (Fig. 3D). These data suggest that the core-glycosylated G238V and D482G have a
half-life of around 2 hr, which is consistent with the results from the cycloheximide chase
studies, which used chase times up to 4 hrs (Fig. 3A). The higher conversion percentage for
D482G is also consistent with the data in Fig.3A.

The effect of low temperature and chemical chaperone on G238V and D482G
The data in Fig.3 suggest that a portion of D482G and G238V can be converted to the
mature glycosylated form over time during biosynthesis. We next asked if conditions such
as low temperature or chemical chaperones can stabilize D482G and G238V, as these
conditions favor protein folding and have been shown to stabilize the misfolded mutant
protein CFTR ΔF508 during its biogenesis [19]. Both incubation at low temperature (30°C)
and addition of glycerol increases the peripheral, cell surface expression of GFP-tagged
D482G and G238V in HEK cells (Fig.4A). This is confirmed by a higher percentage of
mature glycosylated form in D482G and G238V in HEK cells under these conditions (Fig.
4B). These data together confirm the notion that a fraction of correctly folded D482G and
G238V can traffic through secretory pathway and this fraction is increased under the
conditions that favor protein folding.

The contribution of the proteasome and lysosome to PFIC II mutant turnover
Since the proteasome and lysosome provide two of the major degradation mechanisms in the
cell, we next examined the contribution of these two pathways to the stability of G238V,
D482G and G982R. Treatment with either MG132, a specific proteasome inhibitor or the
combination of ammonium chloride, leupeptin and pepstatin, which inhibits lysosomal
proteolysis, had little or no impact on wt GFP-Bsep degradation (Fig. 5A). In contrast,
treatment with MG132 significantly stabilized the 170 kDa core-glycosylated form of
G982R, D482G and G238V. These data suggest that the proteasome is a major pathway for
degradation of the immature glycosylated forms of these mutant proteins. In contrast, the
combination of ammonium chloride, leupeptin and pepstatin only moderately increases the
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mature glycosylated form of D482G, while not affecting the expression of G238V or
G982R. These data suggest that lysosome is not the major degradation pathway for these
mutants. It is possible that D482G became prone to lysosome degradation when it traffics to
a later stage of secretory pathway. It is also worth noting that the 190 kDa mature
glycosylated form of D482G also increases by the treatment of MG132 compared with the
control condition. This may reflect a situation that when the proteasome function is
inhibited, the stabilized immature glycosylated D482G can traffic beyond the ER and is thus
converted to the 190 kDa mature glycosylated form. The stabilization of G982R by the
proteasome inhibitor was confirmed by pulse-chase studies (Fig.5C), whereas the expression
of wt Bsep is little affected by MG132 (Fig.5B).

Ubiquitination of PFIC II mutants
Because the proteins subjected to the proteasome pathway are covalently modified by
ubiquitin, we next examined the ubiquitination of the PFIC II mutants of Bsep. The wt and
mutant FLAG-Bsep was co-expressed with HA-ubiquitin (HA-Ub) in HEK cells. The
FLAG-Bsep was immunoprecipitated and probed for FLAG-Bsep and HA-Ub (Fig.6). We
also compared the ubiquitination in the presence and absence of MG132, the specific
proteasome inhibitor. As expected, MG132, which inhibits proteasome function,
significantly increases the ubiquitination of both the wt and mutant Bseps (Fig.6). However
the increase in ubiquitination is moderate for wt Bsep, compared with the mutant proteins
G238V, D482G, G982R and ΔGly. This is more obvious if one normalizes the expression
level of the mutant protein and the wt Bsep. Notably, R1286Q is more heavily ubiquitinated
than wt Bsep even in the absence of MG132. A similar finding was seen for the endogenous
ubiquitination of R1286Q in cells not co-expressing HA-Ub (Supplement Fig.2). These data
together suggest that the PFIC II mutants and ΔGly are more heavily ubiquitinated than wt
Bsep. More experiments will be needed to establish that this is the key difference underlying
the differences in their degradation rates.

The effect of the ERAD E3s
Taken together, the data presented above demonstrate that the short-lived PFIC II mutants
and ΔGly are retained in the ER and are likely to be degraded by the ubiquitin/proteasome
pathway. Thus the PFIC II mutants and ΔGly are subject to the ER-associated protein
degradation (ERAD). Inhibition of a specific ubiquitination enzyme of the ERAD pathway
should stabilize a Bsep mutant, whereas over-expression of a specific ERAD ubiquitination
enzyme should accelerate its degradation. To examine if the ERAD E3s affect the
expression of the Bsep mutants, we co-expressed the ERAD E3s HRD1, TEB4, Rma1 or
CHIP with the wt Bsep, G238V and ΔGly proteins. Increased levels of all the E3s resulted in
decreased amounts of G238V and ΔGly compared to the mutant expressed alone (Fig. 7A).
However, a similar pattern was also seen with the wt Bsep and other PFIC mutants (data not
shown), suggesting that these overexpression effects might be relatively nonspecific. For at
least one of the E3s, Rma1, overexpression was associated with increased ubiquitination of
wt FLAG-tagged Bsep (Fig. 7B). Enhanced ubiquitination of G238V was seen with the
other ERAD E3s (data not shown). These data suggest that the overexpressed ERAD E3s
can ubiquitinate Bsep proteins and target them for degradation, but they do not show the
substrate specificity expected from the differences in protein half-lives observed among the
wt and mutant Bseps.

Since overexpression of exogenous ERAD E3s may have nonspecific effects, we used RNA
interference to suppress expression of the endogenous ERAD E3s and asked if this would
affect the level of expression of the wt and mutant GFP-Bseps. As can be seen in Fig. 8A,
the siRNAs reduced levels of endogenous TEB4, Rma1 and CHIP, albeit to different
extents. Reduction of TEB4 and Rma1 levels, but not those of CHIP, stabilized G238V.
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siRNA-mediated reduction in TEB4, Rma1 and CHIP had little or no effect on the levels of
wt GFP-Bsep or ΔGly. These data suggest that TEB4 and Rma1 may function as the E3s
targeting G238V for degradation but do not do so for the wt Bsep and ΔGly proteins.

In contrast, the shRNA-mediated decrease in HRD1 E3 levels caused a substantial increase
in ΔGly levels but had no effect on either wt GFP-Bsep or the PFIC II mutant R1286Q (Fig.
8B). Similar data was also seen for other PFIC mutants (data not shown). These results are
consistent with the possibility that HRD1 might recognize a misfolded structure in Bsep that
is distinct from the aberrations caused by the PFIC II mutants.

Finally, we attempted to detect possible physical interactions between Bsep mutants and the
ERAD E3s or other components of the ER quality control system by co-
immunoprecipitation. We transfected HEK cells with wt FLAG-Bsep, G982R and ΔGly, and
isolated FLAG-Bsep by immunoprecipitation. We probed for co-precipitated ER quality
control components by immunoblotting (Fig. 9). As can be seen, in all cases co-precipitation
was weak or undetectable. Weak binding was seen between the sugar-binding ER chaperone
calnexin and wt Bsep and G982R but not with the nonglycosylated ΔGly mutant, as
expected. The ATPase p97, which extracts the retro-translocated proteins from the ER
membrane [20], and a component of the retro-translocation complex HERP [21,22]
primarily associate with G982R as expected, which is a strong ERAD substrate. However,
other detected interactions (cytosolic chaperone Hsc70, E3 CHIP and the putative retro-
translocation channel derlin-1) were weak and sufficiently similar among the three
substrates that we could not be sure of their specificity. We have tried a number of
detergents (including digitonin, deoxyBigChap, NP-40 and Triton X-100) and solubilization
conditions but could not detect any specific interaction between the endogenous HRD1,
TEB4 and Rma1 E3s and Bsep mutant substrates such as G238V and ΔGly (data not
shown). This may reflect the transient nature of the E3-substrate interaction. More
experiments are needed to characterize the interacting proteins of Bsep mutants.

Discussion
In this study, we have characterized the effect of five missense mutations and one deletion
mutation on the folding and stability of rat Bsep. Taken together, the data from this study
show that G238V, D482G, G982R, R1153C, R1286Q and ΔGly mutations cause retention
of Bsep in the ER to different extents. The core-glycosylation of the PFIC II mutants is
consistent with our fluorescence data that show these mutants concentrating in the ER in
HEK cells (Supplement Fig.1). Although weakly expressed, a significant portion of D482G
is expressed as mature glycosylated protein, which is consistent with previous reports
showing that this mutant can be expressed at the cell surface and also retains bile salt
transport function [8-10]. These data together show that D482G is likely to be only a weakly
misfolded mutant.

Except for R1153C, the PFIC II mutants are short-lived, displaying distinct half-lives as
measured by both cycloheximide chase and pulse-chase analyses. Mutants like G982R and
R1286Q are degraded with a half-life of about 1 hr. For mutants D482G and G238V, only a
portion of immature glycosylated protein can be converted to mature glycosylated protein
over the chase period, while a large pool of immature glycosylated protein is degraded. This
suggests that D482G and G238V are partly misfolded. This notion is supported by the data
showing that conditions favoring protein folding, such as low temperature or the addition of
glycerol, stabilize D482G and G238V and increase the fraction of the mature glycosylated
form and cell surface expression (Fig.4).
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Proteasomes, rather than lysosomes, provide the major degradation pathway for the PFIC II
mutants, while lysosome also moderately contributes to the degradation of D482G. This
may reflect a situation that D482G can traffic through the secretory pathway and at different
stages of the secretory pathway it can be sorted to proteasome or lysosome for degradation.
Kagawa and co-workers have recently also analyzed the degradation of D482G. Comparable
results were seen for the stabilization of D482G by proteasome inhibitor MG132 in MDCK
cells [13]. However, bafilomycin A1, a lysosomal proton pump inhibitor, did not affect
stability of Bsep protein. It is not clear whether this discrepancy was due to the different cell
lines used or a lower sensitivity of assay in the MDCK cells. Some mutations of CFTR have
been shown to facilitate the lysosome targeting and degradation of the CFTR protein [23].

The PFIC II mutant R1286Q appear to be more heavily ubiquitinated than the wt Bsep (Fig.
6 and Supplement Fig. 2). R1286Q is also rapidly degraded (Fig. 3). These data suggest that
the ubiquitin-proteasome pathway is responsible for the degradation of this mutant. In
addition, G238V, D482G, G982R and ΔGly become relatively more ubiquitinated,
compared with wt Bsep, when the function of the proteasome is inhibited, consistent with
the notion that these mutant Bseps are misfolded and thus unstable. Taken together, our data
support the conclusion that the PFIC II mutants and ΔGly are retained in the ER and
degraded by the ubiquitin-proteasome pathway, i.e. these mutants are subject to the ERAD
pathway.

R1153C is an interesting mutant, in that it is stable yet retained in the ER. The R1153C Bsep
protein resembles two mutants of the yeast ABC transporter Ste6p, Ste6-13p and Ste6-90p,
which are retained in the ER and are hyperstable [24]. In contrast, a large number of Ste6
mutants, such as Ste6-166p, are highly unstable and are degraded by the ERAD pathway.
Two different ER quality control mechanisms have been suggested: 1) rapid degradation by
the ubiquitin-proteasome system; 2) retention in the ER to give more time for proper folding
and/or to sequester proteins from the secretory pathway. The R1153C mutant might be an
example of this latter mechanism. R1153C most likely adopts a misfolded, bile salt
transport-inactive conformation, since the mutant protein fails to transport taurocholate
when expressed in Sf9 membrane vesicles [8]. The misfolded R1153C is retained in the ER
for continued folding attempts or sequestration instead of being degraded by the ERAD
pathway.

ERAD is a component of the ER quality-control system. In ERAD, a misfolded protein is
ubiquitinated, retro-translocated out of the ER and finally degraded by the proteasome.
HRD1, TEB4, gp78, Rma1 and CHIP are the known E3s in the ERAD pathway [25]. In
eukaryotes, ERAD is evolutionally conserved. Budding yeast cells primarily use just two
ERAD E3s, Hrd1 and Doa10, which are orthologues of the human E3s HRD1 and TEB4,
respectively [26]. In yeast, Hrd1 primarily targets substrates with misfolded or unfolded
domains located in the ER lumen, whereas Doa10 primarily targets substrates with
misfolded or unfolded domains located in the cytosol [27]. In mammalian cells, the
specificity of the ERAD E3s is less clear. CHIP and Rma1 have been previously reported to
function in the degradation of CFTR ΔF508, which has its mutation located at the
cytoplasmic side [28,29].

In this paper, we found that expression of exogenous E3s leads to the degradation of both wt
and mutant Bsep. This may reflect a situation in which the overexpressed E3 non-
specifically ubiquitinates the Bsep proteins and targets them for degradation. Consistent
with this notion, overexpression of the ERAD E3 Rma1 leads to increased ubiquitination of
wt Bsep. In contrast, siRNA-mediated knockdown of endogenous Rma1 and TEB4
stabilizes G238V but not ΔGly, whereas the knockdown of HRD1 levels significantly
stabilizes ΔGly but not R1286Q. These data suggest that the ERAD E3s have specificity
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towards differently misfolded Bseps. The PFIC II mutants studied in this paper all have their
mutations located at cytoplasmic side, whereas ΔGly has its mutation located at lumenal side
(Fig.1). Therefore, in mammalian cells HRD1 may also usually target proteins with
misfolded or unfolded domains in the lumen of the ER, as occurs most often with yeast
Hrd1, whereas Rma1 and TEB4 might target proteins with lesions facing the cytosol, as is
true for the yeast Doa10. There are exceptions to these rules, such as the ability of HRD1 to
target the soluble p53 protein [30], but our preliminary specificity data suggest that
mammalian and yeast E3s might follow similar trends.

Finally we presented evidence that the ERAD substrates such as Bsep G982R weakly
interact with components of the ER quality control system. The ER quality control is a
complex system, which consists of folding enzymes (the ER and cytosolic chaperons), the
ubiquitination machineries (the ERAD E2s and E3s) and degradation machineries (the ER
retro-translocation channel such as derlin-1 and membrane extraction machineries such as
p97). Although the detected interaction is weak, some of them may be more specific to Bsep
mutants. For example, p97 and HERP primarily associate with G982R, which is a strong
ERAD substrate (Fig.5A). Although calnexin interacts with both wt Bsep and G982R, the
ratio of calnexin bound to Bsep is likely to be higher for G982R, since its expression level is
lower than wt Bsep. The same may be true for Hsc70 and CHIP.

In summary, we have analyzed the modification and stability of a number of PFIC II
mutants, most of which are short-lived and degraded by the ERAD pathway. Different
ERAD E3s appear to recognize different mutants of Bsep. In the future, manipulation of the
ER quality control system, such as inhibition of specific ERAD E3s, might be combined
with chemical or pharmacological chaperones to stabilize the PFIC II mutants and restore
cell surface expression of Bsep. This may be particularly pertinent to the rescue of those
mutants that are partly misfolded but still functional, such as the D482G Bsep mutant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig.1. The locations of PFIC II mutations and ΔGly in Bsep
The positions of G238V, D482G, G982R, R1153C and R1286Q are indicated by star signs
in a predicted topology model of rat Bsep. The Walker A and B regions are shown in boxes
and a number of potential glycosylation sites are indicated by the branch structures in the
first extracellular loop of Bsep. ΔGly represents a mutation that lacks the potential
glycosylation sites. The orientation of the plasma membrane is indicated.
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Fig.2. Expression of PFIC II mutants and ΔGly in HEK 293 cells
(A) The HEK 293 cells were transiently transfected with wt GFP-Bsep, PFIC II mutants and
ΔGly. The lysates (100 μg protein each lane) were separated by SDS-PAGE and GFP-Bsep
was detected by immunoblotting using an antibody against GFP. β-actin was also probed to
indicate the equal loading of lysates. ECL was used to visualize the protein of interest. 190
kDa and 170 kDa indicate the mature and immature glycosylated GFP-Bsep. (B) The cell
lysate of HEK cells transfected with wt GFP-Bsep was digested with PNGase F. (C)
mRNAs were isolated from the HEK cells 24 hrs after transfection. Real-time quantitative
PCR was performed and data represent triplicate measurements for each sample. Bsep gene
expression was normalized to the expression of β-actin.
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Fig.3. The stability of PFIC II mutants and ΔGly in HEK 293 cells
(A) HEK 293 cells were transfected with wt GFP-Bsep, PFIC II mutants and ΔGly.
Cycloheximide was added to the cell culture 24 hrs after transfection and the cells were
harvested at time zero, 1.5 hr and 4 hr of the cycloheximide chase. GFP-Bsep in each cell
lysate was analyzed by immunoblotting using an antibody against GFP. β-actin was also
probed to indicate the equal loading of lysates. Alkaline phosphatase was used to visualize
the protein of interest. The amount of GFP-Bsep at each time point was quantified using
densitometry, normalized against that of β-actin and expressed as percentage of the total
GFP-Bsep at time zero. Each data point represents mean ± SE of triplicate determination.
The HEK 293 cells were transfected with wt FLAG-Bsep (B) and the PFIC II mutants (C
and D). The HEK cells were labeled with S35-methionine and FLAG-Bsep was
immunoprecipitated. 160 kDa and 140 kDa indicate the mature and immature glycosylated
FLAG-Bsep. Each data point represents mean ± SE of triplicate determination.
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Fig.4. Low temperature and glycerol stabilize G238V and D482G
(A) The HEK 293 cells were transfected with wt GFP-Bsep, G238V and D482G. Twenty-
four hours after transfection, the cells were incubated at 37°C for 24 hrs (control), 30°C for
24 hrs or treated with 10% glycerol for 24 hrs. GFP-Bsep was visualized by fluorescence
microscopy. All the images were taken with the same microscopic setting. Bar=10 μm. (B)
The lysates of the HEK 293 cells under these conditions were immunoblotted for GFP-Bsep
and β-actin. ECL was used to visualize the protein of interest.
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Fig.5. Proteasome is the major pathway to degrade PFIC II mutants
(A) The HEK 293 cells were transfected with the wt GFP-Bsep, G238V, D482G, and
G982R. Cycloheximide was added to the cell culture 24 hrs after transfection and the cells
were harvested at indicated time points. GFP-Bsep in each cell lysate was analyzed by
immunoblotting using an antibody against GFP. β-actin was also probed to indicate the
equal loading of lysates. To inhibit proteasome, 20μg/ml MG132 was added to the culture
medium during the cycloheximide chase. Equal amount of DMSO, a solvent used to
dissolve MG132, was added to the control medium. To inhibit lysosome, 15mM ammonium
chloride, 10μg/ml leupeptin and 10μg/ml pepstatin was added to the medium. ECL was used
to visualize the protein of interest. The HEK 293 cells were transfected with wt FLAG-Bsep
(B) and G982R (C). The cells were incubated with medium with DMSO (mock) or with
20μg/ml MG132 during the chase period. FLAG-Bsep was immunoprecipitated. Each data
point represents mean ± SE of triplicate determination.
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Fig.6. The ubiquitination of PFIC II mutants and ΔGly in the HEK 293 cells
The HEK 293 cells were co-transfected with FLAG-Bsep and HA-Ubiquitin (HA-Ub) for 24
hrs. The cells were then incubated with medium with DMSO or treated with MG132 20μg/
ml for 6 hrs. Untransfected HEK cells were used as a negative control (mock). FLAG-Bsep
was immunoprecipitated, and the immunoprecipitate was immunoblotted with an anti-FLAG
or an anti-HA antibody. ECL was used to visualize the protein of interest. FLAG-Bsep and
polyubiquitinated Bsep (Ubn-Bsep) are indicated. IP, immunoprecipitate. IB, immunoblot.
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Fig.7. The co-expression of the ERAD E3 increases the ubiquitination of Bsep and decreases its
level
(A) The HEK 293 cells were transfected with wt GFP-Bsep, G238V and ΔGly alone or co-
transfected with the cDNAs encoding the ERAD E3s HRD1, TEB4, Rma1 and myc-CHIP.
The level of GFP-Bsep was analyzed by immunoblotting with an anti-GFP antibody. β-actin
was also probed to indicate the equal loading of lysates. The expression of the ERAD E3s is
analyzed by immunoblotting with specific antibodies to the E3s. (B) The HEK 293 cells
were transfected with FLAG-Bsep alone or co-transfected with the Rma1 cDNA. FLAG-
Bsep was immunoprecipitated and the immunoprecipitate was immunoblotted with anti-
FLAG and anti-ubiquitin (Ub) antibody respectively. ECL was used to visualize the protein
of interest. IB, immunoblot.
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Fig.8. The suppression of the ERAD E3 stabilizes different Bsep mutants
(A) The HEK 293 cells were transfected with wt GFP-Bsep, G238V and ΔGly. The cells
were co-transfected with the control siRNA or siRNA against TEB4, Rma1 and CHIP. (B)
The HEK 293 cells were transfected with wt GFP-Bsep, R1286Q and ΔGly. The cells were
co-transfected with a control shRNA or shRNA against HRD1. The level of GFP-Bsep was
analyzed by immunoblotting with an anti-GFP antibody. β-actin was also probed to indicate
the equal loading of lysates. The suppression of the ERAD E3s is analyzed by
immunoblotting with specific antibodies. ECL was used to visualize the protein of interest.
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Fig.9. The ERAD substrate G982R interacts with multiple components of the ER quality control
system
The HEK 293 cells were transfected with wt FLAG-Bsep, G982R and ΔGly. Untransfected
HEK cells were used as a negative control (mock). The wt and mutant FLAG-Bsep were
isolated by immunoprecipitation (IP) and eluted from Protein G agarose with a three-FLAG
peptide. Any co-precipitated protein was probed by immunoblotting. The probed proteins
include p97, calnexin, Hsc70, HRD1, HERP, CHIP and derlin-1. An aliquot of cell lysate
was also analyzed, which corresponds to the one tenth of the material used for IP. ECL was
used to visualize the protein of interest.
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