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Abstract
The liver specific bile salt export pump (BSEP) is crucial for bile-acid dependent bile flow at the
apical membrane. BSEP, a member of the family of structurally related ATP-Binding Cassette
(ABC) proteins, is composed of 12 transmembrane segments (TMS) and 2 large cytoplasmic
nucleotide binding domains (NBD). The regulation of trafficking of BSEP to and from the cell
surface is not well understood, but is believed to play an important role in cholestatic liver
diseases such as primary familial intrahepatic cholestasis type 2 (PFIC2). To address this issue,
BSEP endocytosis was studied by immunofluorescence and a cell surface ELISA endocytosis
reporter system using a chimera of the interleukin 2 receptor α (previously referred to as Tac) and
the C-terminal tail of BSEP (TacCterm). An autonomous endocytosis motif in the carboxyl
cytoplasmic terminus of BSEP was identified. We define this endocytic motif by site-directed
mutagenesis as a canonical tyrosine-based motif 1310YYKLV1314 (Yxx∅). When expressed in
HEK293T cells TacCterm is constitutively internalized via a dynamin- and clathrin-dependent
pathway. Mutation of the Y1310Y1311 amino acids in TacCterm and in full length human BSEP
blocks the internalization. Subsequent sequence analysis reveals this motif to be highly conserved
between the closely related ABCB subfamily members that mediate ATP-dependent transport of
broad substrate specificity.

Conclusion—Our results indicate constitutive internalization of BSEP is clathrin-mediated and
dependent on the tyrosine-based endocytic motif at the C-terminal end of BSEP.

Keywords
bile acid transporter; trafficking motif

The bile salt export pump (BSEP, ABCB11) is an ATP-dependent bile salt pump that
functions at the liver canalicular membrane. Mutations in BSEP that result in defective
trafficking can cause cholestatic disorders including progressive familial intrahepatic
cholestasis type 2 (PFIC2), benign recurrent intrahepatic cholestasis and cholestasis of
pregnancy (1-3). The amount of BSEP on the canalicular membrane is regulated by
postprandial demand for the enterohepatic circulation of bile salts (4). Pulse-chase
experiments revealed a large intracellular pool of Bsep in rat liver that is mobilized for
targeting and recycling of Bsep to and from the canalicular membrane (5). Furthermore,
Bsep constitutively recycles between the canalicular membrane and Rab11a positive
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endosomes in WIF-B9 cells (6). Thus, the maintenance and retrieval of BSEP on the apical
membrane is crucial for its function (4, 6). The retrieval of Bsep also plays an important role
in the pathophysiology of rat cholestatic models. Bsep protein is internalized in isolated
perfused rat liver and rat hepatocyte couplets after estradiol 17β-D-glucuronide
administration, a process blocked by protein kinase inhibitors or dibutyrl cAMP (7, 8).
Cholestasis due to lipopolysaccharide administration, as well as oxidative stress in rats
results in internalization of Bsep (9). However, the mechanism by which Bsep is retrieved
from the canalicular membrane remains largely unknown.

In MDCK cells, dominant negative expression of Eps15 increases the apical membrane
expression of rat Bsep suggesting that a clathrin-dependent mechanism may play a role in
regulating cell surface Bsep expression (10). Clathrin has previously been shown to be
involved in apical endocytosis in rat hepatocytes (11). Targeting and trafficking of
membrane proteins depend on sequence motifs and protein-protein interaction with various
trafficking machinery (12). Targeting of a number of membrane proteins to coated pits and
their traffic through endocytic compartments are generally mediated by endocytic signals
located at the cytoplasmic domain of proteins (13-16). Two major types of signals have been
described to regulate targeting and trafficking of a number of receptor proteins: 1. a
tyrosine-based YXX∅ sequence where ∅ is an amino acid with a bulky hydrophobic group,
and 2. dileucine-based LL motifs where the latter leucine may be replaced by a hydrophobic
amino acid residue (16-19). Depending on the primary sequence context and the relative
position of the motif to the membrane, these motifs serve as plasma membrane targeting
signals (20, 21). They are also utilized for efficient sorting to the endosomal system where
the protein may be recycled or transported to the lysosome for degradation (22). The adaptor
AP2 is a plasma membrane localized clathrin adaptor whose subunits bind directly to
tyrosine-based Yxx∅ or NPXY internalization motifs within cytoplasmic or transmembrane
regions of proteins to mediate clathrin-dependent endocytosis (23-27). For example, the
cytosolic domain of another ABC transporter, Cystic Fibrosis Transmembrane Regulator
(CFTR) has numerous consensus endocytic motifs that regulate the clathrin-dependent
endocytosis (14, 28). However, the presence of discrete sorting signals in the cytosolic tail
of BSEP has not been elucidated.

In this study, we tested whether the C-terminus of human BSEP has a targeting/trafficking
signal and whether it contributes to the cell surface expression of BSEP. We demonstrated
by domain swapping using the C-terminal region of BSEP attached to Tac (IL2Rα) that an
internalization motif is present in BSEP. Tac is a cell surface type 1 transmembrane protein
that is targeted to the plasma membrane by default. Tac chimeras have been extensively
used for the identification of trafficking signals because of the monomeric nature of the Tac
protein and the existence of highly specific N-terminal antibodies to track the chimeric
protein (29). We identify by mutagenesis analysis the exact motif in BSEP as a YYKLV
sequence. By transferring this YYKLV motif directly to Tac, we further showed that this
motif is sufficient for internalization. Finally, we demonstrated that this motif is functional
in the full length human BSEP.

EXPERIMENTAL PROCEDURES
Cell Culture

HeLa, HEK293T and COS-7 were maintained in Dulbecco’s modified medium (Invitrogen)
supplemented with 10% fetal calf serum (Invitrogen) containing penicillin and streptomycin.
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Construction of Tac Chimeras
The Tac backbone construct was kindly provided by Dr. John Marshall (Brown University).
The schematic structure of the TacCterm chimeras, consisting of the extracellular and
transmembrane domains of Tac and the C-terminal tail of BSEP, is shown in Figure 1. The
Tac coding sequence was amplified by PCR insertion of EcoRV and XbaI sites for
subcloning into pcDNA3 (Invitrogen, San Diego, CA, U.S.A). TacCterm chimeras were
constructed by two-stage PCR method, using two sets of overlapping primers and ligating
into the Tac construct using EcoRV and the XbaI site. The C-terminal tail of BSEP encoding
residues D1284 to S1321 was amplified using human BSEP (kindly provided by Dr. Bruno
Stieger, University Hospital, Zurich). Deletion mutants of TacCterm (del 1298-1316;
del1308-1316) and alanine substitutions in the following mutants were generated by site-
directed mutagenesis: YY (Y1310A, Y1311A); LM (L1303A, M1304A); LMYY (L1303A,
M1303A, Y1310A, Y1311A). A shorter version of the C-terminal BSEP, Tac8A-YY, was
also generated by inserting 8 alanines and the corresponding two residues
G1308AYYKLV1314). All constructs were confirmed by DNA sequencing.

Construction of full length human BSEP
Human full-length BSEP was amplified by PCR and inserted into the EcoRV site of
pWAY21-EGFP expression vector provided by Dr. Anton Bennett, Yale University. Mutant
GFP-BSEP (Y1310A/Y1311A) was generated by site-directed mutagenesis using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).

Monitoring TAC internalization
HEK293T cells were plated on poly-L-lysine coverslips and transiently transfected using
LipofectAMINE 2000 reagent (Invitrogen) for 18 hours. Cells were washed with ice cold
PBS (with Mg and Ca) and labeled with mouse anti-Tac antibody (IL2R, 0.5ug/ml, 30min,
4°C) (BD Transduction Laboratories, San Jose, CA) in labeling buffer (PBS/Mg/Ca/
0.2%BSA). Internalization was initiated by warming to 37°C and carried out for the
indicated time, then stopped by washing repeatedly with ice cold labeling buffer. Cells were
fixed in 4% paraformaldehyde and washed with PBS and permeabilized with 0.1% Triton
X-100. TacCterm-anti-Tac complexes were detected with Alexa488 or Alexa-568 anti-
mouse secondary antibody (1:500; 1 hr) and fluorescent images were acquired on an LSM
510 confocal microscope (Carl Zeiss Inc, Thornwood, NY).

Inhibition of internalization by dominant negative constructs
Internalization of Tac-chimeras was examined after co-transfection with dominant negative
construct K44A dynamin (provided by Dr. Pietro de Camilli, Yale University, New Haven,
CT) and with wildtype Rab5a-DsRed and dominant negative N133I Rab5a-DsRed kindly
provided by Dr. Richard Pagano (Addgene plasmid 13050, 13051, Cambridge, MA).

Cell ELISA
The internalization efficiency of Tac was quantitated by determining the cell surface density
of Tac before and after internalization at 37°C for 20 min. After fixation with 2%
paraformaldehyde, cells were stained with HRP-goat anti-mouse secondary antibody for 1 hr
and developed using 3,3′,5,5′-tetramethylbenzidine liquid substrate for 15 min. Endpoint
absorbance measurements were taken at 450nm using a Synergy 2 plate reader (BioTek
Instruments Inc, Winooski, VT). The rate of internalization of the TacCterm chimeras was
expressed as a percentage of the decrease in the initial surface binding at 4°C. Background
of HEK293T transfected with empty vector was subtracted from each absorbance
measurement. All experiments were performed in quadruplicate and repeated at least three
times.
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Surface biotinylation and endocytosis of full length human BSEP
Surface biotinylation of BSEP was performed as previously described, with some
modifications (30, 31). HEK293T cells were grown on poly-lysine coated 6-well plates and
transiently transfected using LipofectAMINE 2000 reagent for 48 hours. Cells were cooled
to 4°C and washed three times with PBS (Ca++, Mg++). The plasma membrane proteins
were biotinylated in PBS buffer containing 1 mg/ml sulfo-NHS-SS-biotin (Pierce, Rockford,
IL) for one hour. After biotinylation, cells were washed with quenching buffer (100mM
glycine in PBS buffer) to remove excess free biotin and then washed twice with PBS. The
cells were either lysed immediately with M-PER Mammalian Reagent (Thermo scientific,
Rockford, IL) containing protease inhibitor cocktail or warmed to 37°C and incubated for 0,
2.5, 5, 10, or 20 min to allow for endocytosis. After 20 min the cells were quickly cooled to
4°C and biotinylated protein remaining at the cell surface was stripped with three 10-min
washes in sodium 2-mercaptoethanesulfonate (MESNA) stripping buffer (50 mM 2-
mercaptoethanesulfonic acid, 150 mM NaCl, 1 mM EDTA, 0.2% BSA, and 20 mM Tris, pH
8.6). Excess MESNA was removed with three 5-min washes in iodoacetamide buffer (50
mM iodoacetamide in PBS). Equal amount of protein in the cell lysates was incubated
overnight at 4°C with Streptavidin agarose resin (Thermo, Rockford, IL). Biotinylated
proteins were eluted in 2x SDS buffer, resolved by SDS-PAGE, transferred to nitrocellulose
membrane, and immunoblotted with anti-GFP antibody (Clontech, Mountain View, CA).

RESULTS
C-terminal tail of BSEP contains an endocytic sorting motif

A sequence alignment of the C-terminal cytoplasmic tail of BSEP from ten different species
showed the presence of highly conserved consensus Tyr- and Leu-based endocytic sorting
signals (Figure 1A). The C-terminal cytoplasmic tail encompassing residues 1284-1321
contains a putative leucine-based signal (Leu1298-Met) and a tyrosine-based signal (Tyr1310-
Try-Lys-Leu-Val). To assess whether targeting information is present in the C-terminal
cytoplasmic tail of BSEP, we constructed a Tac chimera consisting of the last 38 amino
acids (residue 1284-1321) of BSEP (TacCterm, Fig 1B). The localization of the TacCterm
was followed by live cell labeling at 4°C with an antibody specific for the extracellular
domain of Tac, followed by shifting to 37°C. After 10 min, TacCterm showed plasma
membrane localization with small amounts localized to peripheral vesicles (Figure 2
bottom). Internalization from the plasma membrane continued over the 60 min with an
increase in the punctuate vesicular fluorescent pattern and, in addition, some shifting to a
perinuclear location resembling a recycling endosomal compartment. Minimal
internalization from the plasma membrane was seen in the cells transfected with the Tac
reporter alone (Figure 2 top). These data were confirmed in COS-7 and HeLa (data not
shown). These observations suggest that endocytic sorting signals in the C-terminus of
BSEP are functional. Immunofluorescence experiments suggested that the internalized
TacCterm was localized to the endosomal compartments (data not shown).

BSEP is internalized through a Rab5a and dynamin-dependent process
In the early endocytic pathway, Rab5 regulates clathrin-coated vesicle mediated transport
from the plasma membrane to the early endosomes as well as homotypic early endosome
fusion (32, 33). Therefore we compared the effect of co-transfection with Rab5a and Rab5a
dominant negative construct (Rab5a DN, I133N) on the internalization of TacCterm in order
to determine if these vesicles were internalized via a clathrin dependent pathway. TacCterm
co-localized with Rab5a-DsRed in swollen endosomes in co-transfected cells (Figure 3A
top). In contrast, when Rab5a DN was co-transfected, there appeared to be less
internalization of TacCterm into the endocytic compartment (Figure 3A bottom). This
Rab5a DN mutant has reduced GTPase activity and is a potent stimulator of homotypic
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fusion between early endosomes (34). Western blotting and cell ELISA experiments
demonstrated that co-transfection with Rab5a resulted in slightly, but not significantly, less
total and surface TacCterm (Supplemental Fig 1A and B). Internalization of TacCterm was
slightly higher in cells transfected with Rab5a and slightly lower in the presence of Rab5a
DN compared to TacCterm alone, although neither were statistically different (Supplemental
Fig 1C). These results suggest that TacCterm most probably enters the early endosomal
vesicles following a clathrin-dependent pathway.

Clathrin-dependent and a subset of clathrin-independent endocytosis require the activity of
dynamin, an ATPase responsible for pinching vesicles from the plasma membrane and
therefore driving cargo internalization into carrier vesicles (35, 36). To determine if
TacCterm internalization was dynamin-dependent, a dominant-negative dynamin mutant
(K44A-GFP) was transfected with TacCterm into HEK293T cells. Cell ELISA experiments
revealed approximately 40% loss of surface TacCterm after 20-min internalization and this
internalization was partially blocked by the expression of K44A dynamin (Figure 3C). These
observations suggest that BSEP is internalized through a Rab5a and dynamin-dependent
process.

Minimal tyrosine-based sequence (GAYYKLV) is sufficient for Tac internalization
The C-terminal tail of BSEP encompassing residue 1284-1321 contains a canonical Tyr-
based signal (Y1310-Y-K-L-V) that might overlap a leucine-based (Leu1301-M) signal. To
assess these signals, we appended the seven amino acids (GAYYKLV) to the Tac molecule
with an eight alanine amino acid linker region to investigate the ability of this motif to
internalize. We found that Tac-8AGAYYKLV was able to internalize into punctuate
structures (Figure 4). Mutations of Y1310Y1311 or L1313V1314 to alanines abolished the
internalization of the Tac chimera and caused the protein to be retained at the plasma
membrane (Figure 4). These data demonstrated that the Y1310Y1311 and L1313V1314 amino
acids are important for internalization.

Internalization efficiency of Tac-BSEP chimeras
In order to investigate the relative contribution of the tyrosine-based motif compared to the
leucine-based motif within the 38-amino acid C-terminal end of BSEP, we mutated
Y1310Y1311 (Tac-YY), L1303M1304 (Tac-LM), or both (Tac-YYLM) to alanine residues and
observed their internalization by immunofluorescence and cell ELISA. Compared to
TacCterm, Tac-YY remained on the cell surface after internalization for 20 min at 37°C
(Figure 5A). However, the Tac-LM internalized to a similar extent as TacCterm indicating
that these two residues do not contribute to internalization of this construct (Figure 5A). In
addition, mutating both putative motifs resulted in loss of internalization compared to
TacCterm, similar to the Tac-YY (Figure 5A). Quantitation of internalization of these Tac
chimeras was then determined using a cell ELISA internalization assay. In HEK293T cells,
40% of cell surface TacCterm was internalized in 20 min, resulting in a rate of ~2%/min
(Figure 5B). In contrast, Tac alone was internalized at a rate of ~0.5% /min (Figure 5B). The
efficiency of internalization was completely abolished in Y1310Y1311 mutant. Mutation of
L1303M1304 did not lead to a significant decrease in internalization confirming that the
leucine-based motif does not contribute significantly to endocytosis. Therefore, the
Y1310Y1311 is the predominant signal for internalization.

Mutation of the tyrosine-based motif in full length BSEP prevents endocytosis
Transfection of HEK293T cells with full length BSEP with or without the tyrosine
mutations was then carried out in order to confirm the importance of this motif in
endocytosis. Immunofluorescence showed that GFP-BSEP was expressed on the cell surface
in both the WT and mutant transfected cells (Fig 6A). Cell surface biotinylation was used to
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label the BSEP prior to internalization and membrane stripping. Strepavidin bead pull down
demonstrated that full length WT GFP-BSEP that had been expressed on the plasma
membrane could be efficiently endocytosed (Figure 6B). Densitometry of the blots revealed
that this internalization occurred at a rate similar to that demonstrated with TacCterm
(Supplemental Fig 2). Mutation of Y1310Y1311 to alanines did not prevent the cell surface
expression of BSEP (Fig. 6A), although there tended to be lower expression of the mutant
protein on the cell surface in this transient cell system. Despite this, no endocytosis was seen
with the mutant protein, even upon prolonged exposure of the blots (Figure 6C). These data
confirm that the tyrosine motif in the C-terminus of BSEP is essential to normal endocytosis.

DISCUSSION
BSEP is the essential determinant of bile salt dependent bile formation. Loss of BSEP
expression and function is associated with severe cholestatic disorders and hepatocellular
carcinoma (1, 2, 37). Despite this crucial role in liver biology, we still know very little of the
cellular mechanisms controlling BSEP expression on the plasma membrane or its functional
activity. In this study, we examined the cellular mechanisms and the specific motif in the
human BSEP molecule that is responsible for its internalization. We have demonstrated that
the amino acids YYKLV in the cytoplasmic tail are sufficient to internalize BSEP and to
sort it to the endosomal pathway. Mutation of both tyrosine residues in this motif is
sufficient to completely block internalization suggesting that within the C-terminal 38 amino
acids, this motif provides the predominant endocytic signal.

In this study, we are also able to follow the TacCterm internalization into early endosomes
and to partially block internalization by dominant negative K44A dynamin and dominant
negative I133N Rab5a constructs, supporting their contribution to this process. We
estimated that BSEP is internalized at a constitutive rate of ~2%/min, consistent with prior
photobleaching recovery experiments of rat canalicular membrane Bsep (6). Taken together,
these results indicate that a clathrin-dependent pathway is involved in the endocytosis of
BSEP from the cell surface. Previously, Ortiz (10) has shown that rat Bsep levels are
increased in the apical membranes of MDCK cells co-transfected with dominant negative
Eps15, a component of clathrin-dependent endocytic machinery. In addition, Bsep has been
found in a clathrin-coated vesicle fraction after membrane fractionation of rat hepatocytes
(10). This is the first study to identify a tyrosine-based YYKLV motif in the carboxyl-
terminus of BSEP that can be internalized through a dynamin-dependent endocytic pathway.

Sequence alignment of the C-terminal region (amino acid 1284-1321) of human BSEP
containing the endocytic motif reveals that this tyrosine-based motif is highly conserved
within the ABCB subfamily (Supplemental Fig 3). This suggests that the mechanisms
controlling the constitutive endocytosis of this ABC subfamily of proteins may also be
mediated by a clathrin-dependent mechanism. A comparison of the carboxyl tail of other
ABC transporters indicates the presence of conserved leucine and tyrosine-based motifs.
Trafficking studies that rely on transposing putative endocytic signals such as the one
described in this study have not been carried out for these other ABC proteins except CFTR
(14, 28, 39). Hu et al demonstrated that appending tyrosine or dileucine based motifs of
CFTR to a Tac reporter allows for rapid internalization, indicating that the carboxyl-
terminus of CFTR contains endocytic signals (14). However, identifying endocytic signals
in a full length polytopic protein is often difficult because creating mutations in the putative
sequence by alanine scanning or sequential deletion may lead to misprocessing of the full
length protein and hamper its trafficking to the plasma membrane. For example, in full-
length MDR1, mutations of analogous leucine or tyrosine residues led to misprocessing and
ER retention, precluding the evaluation of its targeting function (40). However, we were
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able to successfully mutate the tyrosines in the carboxyl-terminus of full length BSEP and
observe the same defect in endocytosis that we had demonstrated in TacCterm.

To date, there are no known disease producing point mutations of human BSEP in the
identified endocytic signal region, however, there are premature stop codons that lead to the
deletion of the tyrosine-based motif (3). Deletion of a major portion of the carboxyl-
terminus in a human disease-causing Bsep mutant in the rat (R1050X) showed proper
targeting to the apical membrane of MDCK cells indicating that a large portion of the C-
terminal nucleotide binding domain is not necessary for biosynthetic processing and apical
targeting (41). However, we and others have identified a number of BSEP mutations that
cause a reduction of Bsep on the cell surface through increased rate of internalization in
heterologous expression systems (30, 41). This loss of Bsep protein from the canalicular
membrane is characteristic of some forms of experimental cholestatic liver injury, as well as
human cholestatic liver diseases. Cholestasis induced by estradiol-17β-D-glucuronide,
taurolithocholic acid, cyclosporine A and lipopolycharide all result in redistribution of Bsep
to the subapical cytoplasm (7, 8, 42, 43). Efforts have been made to compensate for the loss
of cell surface BSEP with the administration of chemical or pharmacological agents such as
MG-132 or sodium phenylbutyrate (30, 41, 44). Although the mechanisms of action are not
clearly defined for these agents, one possible explanation for the increase of BSEP cell
surface expression is that these compounds limit the extent of ubiquitinylation of BSEP (45).
Ubiquitinylation of membrane proteins and endocytic adaptor proteins attenuates signaling
of ligand-dependent activation of receptors by targeting these receptors to the
endolysosomal pathway for degradation. Hayashi et al (45) showed that attaching short
chain ubiquitin to BSEP shortens the half-life of cell surface BSEP. Thus, the effects of
reduced cell surface expression of BSEP in the absence of a defect in biosynthesis may be
explained by enhanced endocytosis as a result of posttranslational modification, such as
ubiquitinylation or phosphorylation, of the protein.

Previous studies have suggested that BSEP is mobilized from an apical recycling pool for
insertion into the canalicular membrane to increase its transport capacity when needed. Once
on the membrane, BSEP resides in caveolin-1, “lubrol-X-resistant” microdomains (46). In
this study, TacCterm internalization is diminished in the presence of dominant negative
K44A dynamin suggesting that caveolar-dependent endocytosis may also be involved since
the latter is dependent on the activity of dynamin (47). However, mice infected with
recombinant caveolin-1 and caveolin-2 have significant increases in the bile acid
(taurocholate) secretory maximum (x 2.5) with no detectable changes in Bsep levels (48).
Disrupting cholesterol content of the canalicular membrane also did not affect the levels of
Bsep at the canalicular membrane but instead affected its functional activity (49). Taken
together with the results presented in this study, clathrin-dependent endocytosis would
appear to be the key pathway for regulating BSEP internalization.

In summary, we have identified a signaling motif for endocytosis of BSEP within the 36-
amino acids C-terminal end of human BSEP to the exclusion of other signals. Based on this
study, the YYKLV sequence is the predominant signal for the internalization of BSEP into
early endosomes. We also suggest that this is a clathrin dependent process. We anticipitate
that further studies of the mechanisms that regulate BSEP endocytosis will help us to
understand how BSEP is retrieved from the cell surface in cholestasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BSEP/Bsep Bile salt export pump

ABC ATP-Binding Cassette

TMS transmembrane segments

NBD nucleotide binding domains

PFIC2 primary familial intrahepatic cholestasis type 2

TacCterm Tac-C-terminal tail of BSEP chimera

AP adaptin

CFTR Cystic Fibrosis Transmembrane Regulator

Tyr tyrosine

Leu leucine
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Figure 1.
Identification and analysis of putative tyrosine-based and leucine-based motifs in BSEP. (A)
Sequence alignment of BSEP from ten different species. The C-terminal 36-amino acid of
BSEP contain a putative tyrosine-based motif (Y1310YKLV) and a leucine-based
(THEEL1301M) motif. The latter has been predicted to be a casein kinase II site. (B)
Schematic representation of the Tac-chimeras that were constructed as described in
Materials and Methods. Tac chimeras (TacCterm and Tac-8AGAYYKLV) are constructs
with the arrangement of Tac (open bar) and the C-terminal cytoplasmic tail of BSEP (filled
bar) as illustrated. The BSEP C-terminal sequences are indicated with numbers representing
the original BSEP sequence. Tac-8AGAYYKLV is the minimal BSEP construct consisting
of eight alanines (8A) inserted between the Tac fragment and the short BSEP sequence,
YYKLV, to generate Tac-8AGAYYKLV and different mutations as described in the text.
TM refers to the transmembrane segment of Tac.
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Figure 2.
Internalization of TacCterm in HEK293T cells. (A) HEK293T cells were transiently
transfected with TacCterm and internalization was detected after antibody labeling at 4°C
and shifting to 37°C. Whereas only a small number of punctuate structures were detected in
control Tac transfected cells, cytoplasmic puncta were readily evident in TacCterm,
indicating internalization of the construct. Internalized TacCterm first presents (5–10 min) in
a number of small vesicles and later (40 min) appears in larger, perinuclear vesicles.
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Figure 3.
Inhibition of internalization by dominant negative (DN) Rab5a-DSRed, N133I, and DN
dynamin, K44A. (A) HEK293T cells were co-transfected with Rab5a (top) or Rab5aDN
(bottom) and TacCterm construct. After 18 hrs of transient expression, the cell surface was
labeled with anti-Tac antibody at 4° C, and then allowed to internalize at 37°C for 20 min.
Endocytosed TacCterm (green) is colocalized with Rab5a-DSRed on swollen endosomes
(top). However, expression of Rab5aDN-DSRed, N131I, partially prevented the
internalization of surface TacCterm, as shown by accumulation of vesicles and small tubules
at the periphery of the cell (bottom) Bar=5μm. (B) Quantitation of internalization of
TacCterm after co-transfection with DN dynamin, K44A, was performed using a cell
ELISA, as described in Material and Methods. TacCterm is internalized approximately 5
fold more than control Tac and this internalization of TacCterm was partially reduced after
co-transfection with K44A dynamin. Tac control transfected with K44A dynamin was not
significantly different than control Tac alone. N=3. Astericks indicate significant difference
in percent internalization between Tac and TacCterm with p<0.05 using student two tailed t-
test.
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Figure 4.
Tac-8A-GAYYKLV is sufficient for the internalization in HEK293T cells. The
Tac-8AGAYYKLV was constructed with eight alanines (8A) followed by the tyrosine-
based motif (GAYYKLV) fused to the C-terminal end of the Tac protein. After 20 min at
37°C Tac-GAYYKLV has been internalized into punctuate structures similar to those seen
with TacCterm construct. The internalization was abolished in the mutant
TAC-8AGAAAKLV, where both tyrosine residues were mutated to alanine residues or in
the mutant TAC-8AGAYKAA, where the lysine and valine residue was mutated to alanine
residues. Bar=5μm
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Figure 5.
The tyrosine-containing motif is essential for the internalization of TacCterm. (A) To
investigate the role of the tyrosine-based (YYKLV) or leucine-based (LM) motif within the
C-terminal end of BSEP, alanine substitutions were made in these amino acids and
constructs were designated as follows: 1. Tac-YY (Y1310Y1311 ), 2. Tac-LM (L1303M1304)
and 3. Tac-YYLM. Anti-Tac labeling at 4°C and internalization for 20 min was performed
as previously described. Note the lack of internalization for the Tac-YY and Tac-YYLM
mutants. Bar=5μm. (B) The amount of internalization from the cell surface was quantitated
by cell ELISA as described in the Materials and Methods. Tac was internalized 13.1+3.1%
and TacCterm was internalized 41.1+7.6% after 20 min at 37°C. Mutating Y1310Y1311 to
alanine residues (Tac-YY) inhibited internalization completely (15.3+4.5%). Mutating
L1303M1304 to alanine residues (Tac-LM) did not affect internalization with 36.3+2.3%
internalized after 20 min. Mutating all four residues (Tac-YYLM) resulted in complete
inhibition of internalization (12.7+3.0%). Results are means ± SD for three separate
experiments performed in quadruplicate. Astericks indicate significant difference in percent
internalization between TacCterm and Tac-YY or Tac-YYLM with p<0.05 using student
two tailed t-test.
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Figure 6.
Mutation of the tyrosine-based motif in full length BSEP prevents endocytosis (A)
HEK293T cells were transiently transfected with full length WT GFP-BSEP or Mut
(A1310A1311) GFP-BSEP, fixed with 4% paraformaldehyde, and GFP fluorescence observed
on a confocal microscope. Both cells showed cell surface expression of the GFP constructs.
Bar=10 μm. (B and C) GFP-BSEP expressed on the cell surface was biotinylated as
described in Methods and the cells were warmed to 37°C to follow the endocytic
internalization. At the specified time points GFP-BSEP remaining on the cell surface was
stripped with MESNA and the cells were lysed. The biotinylated protein internalized from
the cell surface was subjected to streptavidin agarose (SA) pull down. Total cell lysates and
SA bound proteins were separated by PAGE, transferred to nitrocellulose membrane and
blotted with antibody to GFP or βactin. (B) WT GFP-BSEP was endocytosed in a time
dependent manner. (C) No internalized Mut GFP-BSEP was detected even after prolonged
exposure of the blot, confirming that the C-terminal tyrosine motif is important in BSEP
endocytosis. Whole cell lysates indicate that the expression of the GFP-BSEP constructs was
similar in all dishes and blotting with antibody to βactin showed equal loading in all lanes.
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