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The ileal apical sodium-dependent bile acid transporter (ASBT)
is crucial for the enterohepatic circulation of bile acids. ASBT func-
tion is rapidly regulated by several posttranslational modifications.
One reversible posttranslational modification is S-acylation, in-
volving the covalent attachment of fatty acids to cysteine residues
in proteins. However, whether S-acylation affects ASBT function
and membrane expression has not been determined. Using the acyl
resin-assisted capture method, we found that the majority of ASBT
(�80%) was S-acylated in ileal brush border membrane vesicles
from human organ donors, as well as in HEK293 cells stably
transfected with ASBT (2BT cells). Metabolic labeling with
alkyne–palmitic acid (100 �M for 15 h) also showed that ASBT is
S-acylated in 2BT cells. Incubation with the acyltransferase inhib-
itor 2-bromopalmitate (25 �M for 15 h) significantly reduced ASBT
S-acylation, function, and levels on the plasma membrane. Treat-
ment of 2BT cells with saturated palmitic acid (100 �M for 15 h)
increased ASBT function, whereas treatment with unsaturated
oleic acid significantly reduced ASBT function. Metabolic labeling
with alkyne–oleic acid (100 �M for 15 h) revealed that oleic acid
attaches to ASBT, suggesting that unsaturated fatty acids may
decrease ASBT’s function via a direct covalent interaction with
ASBT. We also identified Cys-314 as a potential S-acylation site. In
conclusion, these results provide evidence that S-acylation is
involved in the modulation of ASBT function. These findings
underscore the potential for unsaturated fatty acids to reduce
ASBT function, which may be useful in disorders in which bile acid
toxicity is implicated.

The apical sodium-dependent bile acid transporter (ASBT)2

(SLC10A2) is responsible for the reclamation of bile acids from

the lumen of the distal ileum and is thus crucial for maintaining
the enterohepatic circulation of bile acids. A great deal of evi-
dence has supported the importance of ASBT in intestinal bile
acid absorption. For instance, inactivating mutations in ASBT
have been linked to primary bile acid malabsorption (1) and
mice with targeted deletion of the slc10a2 gene display loss of
bile acids in the stool, decreased bile acid pool size, and
enhanced bile acid synthesis (2). Conversely, enhanced ASBT
function is associated with diseases such as hypercholesterol-
emia and necrotizing enterocolitis, and ASBT inhibition is
being explored for the treatment of several of these disorders
(3–6). Given the importance of ASBT as a therapeutic target, it
is critical to understand the cellular processes that regulate the
function of ASBT.

Previous studies have demonstrated that ASBT function is
tightly regulated by several posttranslational mechanisms.
ASBT has been shown to be ubiquitinated at lysine residues,
which target the protein for proteasomal degradation (7, 8).
ASBT is also glycosylated at asparagine residue 10, which sta-
bilizes the protein and protects against degradation (9, 10). In
addition,ASBTissubjecttoserine,threonine,andtyrosinephos-
phorylation, which regulates its trafficking between the plasma
membrane and subapical compartments (11, 12) as well as its
proteasomal degradation (7). Given that these posttranslational
regulatory mechanisms rely on the covalent modification of
amino acid residues, it is likely that additional modifications
involving other amino acid residues may also be involved in
regulating ASBT.

In this regard, cysteine residues can be subject to protein
S-acylation, a lipid posttranslational modification that is an
important regulatory mechanism for many membrane proteins
(13). S-acylation is the reversible attachment of long chain fatty
acids (FAs) to cysteine residues via a covalent thioester bond.
The attachment of FAs is catalyzed by the zDHHC family of
palmitoyl acyltransferases, named for their highly conserved
zinc finger aspartic acid-histidine-histidine-cysteine domain
(13–15). These enzymes are polytopic transmembrane proteins
with a cytosolic catalytic domain. Although it is generally
accepted that zDHHC proteins possess S-acyltransferase activ-
ity, relatively little is known with regard to how these enzymes
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identify their target proteins. Unlike many enzymes, including
those responsible for other protein lipid modifications, there
are few known consensus sequences for zDHHC enzymes (16).
This has made prediction of protein S-acylation quite challeng-
ing, requiring experimental approaches to determine whether a
protein is subject to S-acylation and which cysteine residues are
involved. Interestingly, recent evidence has clearly demon-
strated the importance of cysteine residues in ASBT function,
although their potential role in maintaining ASBT function via
S-acylation has yet to be fully investigated (17, 18). We hypoth-
esized that posttranslational modification by S-acylation is crit-
ical for ASBT function and may modulate its rapid functional
response to certain external cues, such as the availability of
different types of fatty acids.

S-acylation has been shown to regulate the function of a wide
variety of cellular proteins, including ion and solute transport-
ers (13, 19). Plasma membrane trafficking, transport capacity,
protein stability, and phosphorylation status of these transport
proteins have been shown to be modulated by S-acylation. For
instance, S-acylation of the � and � subunits of the epithelial
sodium channel was shown to modulate channel gating by
increasing the open probability and reducing self-inhibition of
the channel (20, 21). In addition to regulation of the epithelial
sodium channel, it was recently shown that S-acylation of the
cystic fibrosis transmembrane conductance regulator is crucial
for its trafficking from the Golgi apparatus to the plasma mem-
brane (22, 23). Additionally, S-acylation of the dopamine trans-
porter (SLC6A3) was shown to regulate its phosphorylation
status, transport kinetics, and stability (24, 25).

In the present study, we aimed to determine the S-acylation
of ASBT in native intestine and a cell culture model, and also
investigated the role of S-acylation in regulating ASBT function
and subcellular localization. We demonstrated that S-acylation
is crucial for the function of ASBT and may serve as an impor-
tant regulatory role in bile acid homeostasis.

Results

ASBT is acylated in native intestinal cells and 2BT cells

S-acylation is a crucial mechanism by which the localiza-
tion and function of membrane proteins are regulated (13).
We first aimed to determine whether ASBT protein was
S-acylated in native intestinal tissues from human donors.
We used acyl resin-assisted capture (acyl-RAC) to quantify
the proportion of ASBT that was S-acylated. In this method,
proteins are treated with S-methyl methanethiosulfonate
(MMTS), which blocks free (nonacylated) thiols. Blocked
proteins are then treated with hydroxylamine (HA), which
cleaves the thioester bonds of S-acylated residues. Thus, cys-
teine residues that were initially nonacylated are blocked by
MMTS, whereas residues that were initially acylated are
cleaved to form free thiols. Proteins are then precipitated
using thiopropyl Sepharose 6B resin, which binds to the ini-
tially acylated free thiols. This method results in S-acylated
proteins binding to the resin, whereas nonacylated proteins
remain unbound in the supernatant (26, 27) (Fig. 1A). For
these experiments, treatment with Tris was used as a nega-
tive control for the HA reaction, such that in samples treated

with Tris, no protein should bind to the resin as acyl groups
are not cleaved. Anti-human ASBT antibodies were vali-
dated in human donor intestine, demonstrating a band at
�38 kDa in Brush Border Membrane Vesicles (BBMVs) gen-
erated from ileum, but not in jejunum, proximal colon, or
distal colon (Fig. 1B). When acyl-RAC was performed on
BBMVs from human donor ileum, the majority of ASBT and
flotillin-1 (a well-known S-acylated membrane protein) (28)
were found in the bound fraction of HA-treated samples
(Fig. 1C). These data strongly indicate that the majority of
ASBT is acylated in human intestine.

We next investigated whether ASBT is acylated in HEK293
cells stably transfected with a human ASBT-V5 fusion protein
(2BT cells). We have previously shown that ASBT-V5 in 2BT
cells is functional and regulated in a similar manner to native
ASBT (29, 30). When acyl-RAC was performed in these cells,
�80% of ASBT-V5 bound to the resin, similar to what was seen
in native tissues (Fig. 1D).

2-Bromopalmitate reduces ASBT acylation and function

To further confirm that ASBT is acylated in 2BT cells, we
performed metabolic labeling by incorporating alkyne–
palmitic acid (alk-PA) into acylated proteins. Cells were
deprived of lipids for 6 h in media containing 0.25% FA-free
BSA, followed by 15 h incubation with either 100 �M PA or
100 �M alk-PA in the presence or absence of 25 �M 2-bro-
mopalmitate (2-BP), an inhibitor of acyltransferases. Protein
lysates were prepared, and alkyne–palmitoylated proteins
were conjugated to azido-PEG3-biotin via copper-catalyzed
azide-alkyne cycloaddition, also known as “click chemistry”
(31, 32). Biotin-conjugated proteins were precipitated with
NeutrAvidin agarose beads, followed by SDS-PAGE and
Western blotting (Fig. 2A). As shown in Fig. 2B, ASBT-V5
was detected in the bound fraction from cells treated with
alk-PA but not from those treated with PA (as expected),
indicating that alk-PA was incorporated into ASBT-V5. The
incorporation of alk-PA in ASBT-V5 was �50% reduced by
treatment with the acyltransferase inhibitor 2-BP (Fig. 2,
B–C), suggesting enzyme-dependent acylation of ASBT in
2BT cells.

In addition to reducing ASBT acylation, 30-min treatment
with 25 �M 2-BP was able to produce a robust �50% decrease
in [3H]TC uptake (Fig. 3A). These findings were confirmed
by measuring real-time luminescence from the biolumines-
cence bile acid tracer CA-SS-Luc. When 2BT cells were
treated with 2-BP at the same time that CA-SS-Luc was
added, the rate of CA-SS-Luc luminescence generation was
markedly reduced when cells were treated with 10 or 25 �M

2-BP (Fig. 3B). The area under the curve measurement,
which represents total CA-SS-Luc uptake, was �70%
reduced by 10 �M 2-BP and nearly eliminated by 25 �M 2-BP.
To investigate potential mechanisms by which 2-BP reduces
ASBT function, we examined ASBT plasma membrane
expression by cell surface biotinylation. As shown in Fig. 3C,
30-min treatment with 25 �M 2-BP reduced ASBT surface
expression by �40%, suggesting that S-acylation may be
important for targeting ASBT to the plasma membrane.
These data indicate that reduced acylation by 2-BP may lead
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to decreased ASBT plasma membrane expression, with a
corresponding decrease in ASBT function.

Incubation with unsaturated fatty acids decreases ASBT
function

Although PA is the most common fatty acid seen in S-acy-
lated proteins, other types of fatty acids can be incorporated
into proteins by S-acylation (16, 33). To determine whether
other fatty acids can be incorporated into ASBT, we performed
metabolic labeling with alkyne– oleic acid (alk-OA). As shown
in Fig. 4A, alk-OA was incorporated into ASBT, indicating
that oleic acid may S-acylate ASBT. Interestingly, the type of
fatty acyl moiety has been shown to affect the function of
acylated proteins (34 –36). We hypothesized that incubation
with fatty acids other than PA would result in altered ASBT

function. 2BT cells were incubated for 15 h with either vehi-
cle (DMSO), 100 �M PA (16:0), or 100 �M OA (18:1). Follow-
ing incubation, [3H]taurocholate (TC) uptake was per-
formed and results were normalized to vehicle. Treatment
with PA showed a slight increase in [3H]TC uptake. How-
ever, incubation with 18:1 unsaturated OA decreased uptake
by �50% (Fig. 4B). Using the CA-SS-Luc bioluminescence
approach for measuring ASBT function, the results showed
that PA incubation significantly increased the biolumines-
cence by �30% compared with DMSO control, whereas OA
incubation reduced bioluminescence by �75% after 45 min
of imaging (Fig. 4C). These studies indicate that unsaturated
fatty acids may decrease ASBT function via a mechanism
dependent on ASBT acylation.

Figure 1. ASBT is S-acylated in native intestine. A, schematic of acyl-RAC method. Free cysteines are blocked with MMTS, followed by cleavage of thioesters
with hydroxylamine. Acylated proteins are precipitated with thiopropyl Sepharose 6B resin. B, the expression of ASBT in brush border membrane vesicles
prepared from different regions from the human gastrointestinal tract: jejunum (jej); ileum (IL), proximal colon (PC), and distal colon (DC). C, ASBT acyl-RAC in
human ileal brush border membrane vesicles (representative Western blotting from three different donors with similar results). D, ASBT acyl-RAC in HEK293
cells stably transfected with ASBT-V5. n � 4.
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Cysteine 314 is important for ASBT S-acylation and transport
function

To determine which cysteine residue(s) may be important for
ASBT S-acylation, we generated a mutant ASBT with Cys-314
mutated to Ser. This site was chosen because its location in the
cytoplasmic C-terminal domain of ASBT makes it accessible to
zDHHC enzymes, which possess a cytosolic catalytic domain
(17, 37). WT and C314S ASBT-V5 plasmids were transfected in
HEK293 cells and Western blotting and [3H]TC uptake were
performed. As shown in Fig. 5A, C314S ASBT-V5 retained
expression in these cells. However, this mutant displayed a sig-
nificant �50% decrease in its transport function relative to WT
ASBT (Fig. 5B). Additionally, we performed acyl-RAC in these
cells to determine the acylation status of C314S ASBT-V5.
Interestingly, this mutant showed remarkably reduced acyla-
tion compared with WT ASBT (Fig. 5C). These data indicate
that Cys-314 is acylated under basal conditions and that block-
ing acylation at this site may contribute to the reduction in
ASBT transport function. However, as can be seen in Fig. 5C,
there is a population of ASBT C314S that remains acylated,
suggesting the involvement of additional cysteine residues. Of
note, the surface level of C314S ASBT-V5 was not significantly
different from the WT ASBT-V5 fusion protein (Fig. 5D).

Discussion

In this manuscript, we have demonstrated that S-acylation is
an important posttranslational regulatory mechanism that

modulates ASBT function. It is important to note that unlike
many other posttranslational regulatory mechanisms, there are
no known sequence motifs that are useful for predicting which
proteins are likely to be S-acylated. Although there are some
prediction tools available (38 –41), it remains necessary to
empirically identify S-acylated proteins. To date, no studies
examining the global pool of S-acylated proteins in the intestine
have been performed. There is preliminary evidence to suggest
that ASBT is also S-acylated.3 In the present study, we demon-
strated by acyl-RAC that ASBT is S-acylated in human ileum
under basal conditions, as well as in HEK293 cells that overex-
press human ASBT-V5 fusion protein (2BT cells). Further-
more, studies in 2BT cells showed that alk-PA incorporation
into ASBT is reduced �50% by the acyltransferase inhibitor
2-BP, providing further evidence that ASBT is a substrate for
zDHHC palmitoyl acyltransferases. Interestingly, incubation
with 2-BP reduced ASBT S-acylation and ASBT plasma mem-
brane expression, suggesting that S-acylation may contribute to
targeting ASBT to plasma membranes. Importantly, these
experiments also demonstrate that ASBT acylation is function-
ally relevant. Indeed, 25 �M 2-BP treatment for 30 min
decreased transport function by �50%, suggesting that ASBT
S-acylation may be subject to rapid and dynamic regulation.
Similarly, real-time measurement of CA-SS-Luc biolumines-
cence was reduced by �70% in response to 10 �M 2-BP and

3 P. Swaan et al., University of Maryland, personal communication.

Figure 2. 2-Bromopalmitate decreases ASBT acylation. A, schematic of metabolic labeling by alk-PA in 2BT cells. Alk-PA incorporates into acylated proteins
and is conjugated to biotin by click chemistry. Biotinylated proteins are precipitated with NeutrAvidin agarose resin. B and C, incorporation of alk-PA in ASBT
in the presence or absence of 25 �M 2-BP. n � 3, *, p � 0.05.
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almost completely abolished by 25 �M 2-BP over the course of
45-min imaging.

Interestingly, recent evidence has indicated that the effects of
S-acylation may vary depending on the specific fatty acid bound
to a protein. Originally, palmitic acid was thought to be the
principal fatty acid attached to cysteine residues, which is why
this posttranslational regulatory mechanism has traditionally
been called palmitoylation. However, it has become understood
that other fatty acids can also be substrates for S-acylation.
Indeed, studies by Muszbek et al. (42) used GC/MS to show that
in human platelets �74% of the pool of fatty acids incorporated
into proteins were palmitic acid, �22% were stearic acid, and
�4% were oleic acid. Importantly, they did note that intersub-
ject variability was high, and that the composition of this pool
could be altered by exogenous supplementation of fatty acids.
These studies highlight the potential role of nonpalmitic fatty
acids in regulating proteins via S-acylation. Other studies have
demonstrated that zDHHC enzymes, which are the acyltrans-
ferases responsible for S-acylation, have a relatively broad sub-
strate specificity that allows PA, OA, and long chain polyunsat-
urated fatty acids to be utilized as substrates and incorporated
into proteins (43, 44). Indeed, numerous studies have identified
distinct functional effects depending on the fatty acyl moiety

attached to a protein (36). For example, studies demonstrated
that polyunsaturated FAs can be attached to cysteine residues
to reduce association with lipid rafts and affect protein function
(34, 35). In the present study, we showed that 15-h incubation
of 2BT cells with saturated PA increased ASBT function,
whereas incubation with unsaturated OA decreased trans-
porter activity. Using click chemistry– based metabolic label-
ing, we also showed that alkyne– oleic acid incorporates into
ASBT, indicating that the effects of OA on ASBT function may
be dependent on S-acylation. The measured increase in ASBT
in response to treatment with PA was not remarkable when
ASBT function was assessed by the traditional method using
the radioactive labeled TC. However, there was a clear 30%
significant increase in ASBT activity when determined by the
novel bioluminescence-based approach. The differences in the
results may be because the traditional method allows the deter-
mination of the function only at one time point whereas the
bioluminescence-based method measures the overall activity of
ASBT in real-time over a period of 45 min.

A seven-transmembrane model for ASBT protein has been
determined and the effects of mutations in all cysteine residues
were assessed (17, 18, 45, 46). In the current study, we chose to
examine whether mutation in Cys-314 has any effect on ASBT

Figure 3. Inhibition of S-acylation decreases ASBT activity and surface membrane expression. A, [3H]TC uptake in 2BT cells treated with 25 �M 2-BP for 30
min. n � 6; ****, p � 0.0001. B, bioluminescence and area under the curve calculations from 2BT cells treated with 1 �M CA-SS-Luc and 100 �M TC added
simultaneously with either 10 �M or 25 �M 2-BP and imaged in real time. n � 4, ****, p � 0.0001 compared with DMSO, ††††, p � 0.0001 compared with 10 �M

2-BP. C, cell surface biotinylation of 2BT cells treated with 25 �M 2-BP for 30 min. n � 4; *, p � 0.05.
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S-acylation. This particular cysteine residue was chosen
because it is the only cysteine residue found in the cytosolic C
terminus of ASBT and is conserved among species. Given that
the catalytic domain of zDHHC enzymes are present in the
cytosol (17, 37), we would expect S-acylated residues to be
located in cytosolic domains. Also, the Cys-314 was predicted
as a potential site for S-acylation using GPS-Lipid 1.0 (41). Of
note, some cysteine-to-alanine or -serine mutations were pre-
viously shown to abrogate ASBT function, whereas mutations
in others including Cys-314 decreased ASBT function only by
about 50% (17, 18, 45, 46). Our current data further confirmed
these previous findings showing that the C314S mutation also
decreased ASBT by about 50%, whereas the mutant was equally
expressed when transfected in HEK293 cells. Acyl-RAC
showed that a smaller pool of C314S ASBT was S-acylated com-
pared with WT ASBT, indicating that Cys-314 is subject to
S-acylation. However, the fact that a sizeable pool of ASBT
C314S remains acylated suggests the involvement of additional
acylation sites. We also found that the C314S mutation did not
significantly alter ASBT expression on the plasma membrane as
compared with WT ASBT. This observation is not in agree-
ment with the conclusion made from the data presented in Fig.
3 that indicated a decrease in the level of ASBT on plasma
membrane by the S-acylation inhibitor 2-BP. Several possible

explanations could be considered to reconcile these seemingly
incongruous results. One possibility is that ASBT harbors mul-
tiple sites for S-acylation including Cys-314 and blocking the
S-acylation on Cys-314 alone (C314S mutant) is not sufficient
to reduce the ASBT level on plasma membranes, in contrast
with total inhibition of S-acylation (treatment with 2-BP).
Another possibility is that 2-BP causes a decrease in ASBT
S-acylation a well as in the acylation of additional cellular pro-
teins involved in ASBT trafficking to plasma membranes. Fur-
ther studies will be needed to determine which other cysteine
residues are subject to S-acylation and also which acyltrans-
ferases and thioesterases are involved in ASBT acylation.

It also be interesting in future studies to determine whether
ASBT S-acylation is important in the pathophysiology of dis-
eases in which ASBT is implicated. It has been shown that sev-
eral disease states, including obesity and metabolic syndrome,
are associated with alterations in the global pool of S-acylated
proteins, often referred to as the palmitoylome (47, 48). It is
important to mention that the S-acylation of transport proteins
has been implicated in the pathogenesis of metabolic diseases.
For instance, it has been shown that the fatty acid transporter
CD36 is subject to S-acylation, which is important for its endo-
plasmic reticulum and Golgi processing, as well as its targeting
to lipid rafts (49). Importantly, Zhao et al. (50) recently demon-

Figure 4. Incubation with unsaturated fatty acids decreases ASBT function. A, metabolic labeling of ASBT by alk-OA in 2BT cells (representative Western
blotting of three separate experiments). B, [3H]TC uptake in 2BT cells treated with either DMSO, 100 �M PA, or 100 �M OA. n � 6; ****, p � 0.0001 compared with
DMSO; ††††, p � 0.0001 compared with PA. C, real-time uptake and area under the curve calculation of bioluminescent bile acid tracer CA-SS-Luc in 2BT cells
treated for 15 h with DMSO, 100 �M PA, or 100 �M OA. n � 4; ****, p � 0.0001 compared with DMSO; ††††, p � 0.0001 compared with PA.
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strated that hepatic CD36 is hyperpalmitoylated in nonalco-
holic steatohepatitis patients, resulting in increased plasma
membrane CD36 expression. This study also showed that over-
expression of a nonacylated CD36 mutant in the liver of mice
protected against nonalcoholic steatohepatitis development,
implicating CD36 S-acylation in the pathogenesis of this
disease.

In this regard, dietary lipids, insulin signaling, and ethanol
metabolism can alter the palmitoylome (51–54). For instance,
feeding of a high-fat diet (�60% calories from saturated FAs)
was associated with hyperpalmitoylation and dysregulation of
AMPA glutamate receptor subunit GluA1 in the brain (54).
These studies strongly suggest that consumption of FAs affects
global S-acylation. However, it is not known whether changing
the composition of dietary FAs will affect the fatty acyl moieties
attached to proteins, which could be expected to show func-
tional changes. Therefore, it will be important in future studies
to examine the effects of individual dietary compounds as well
as disease states on ASBT acylation status and transport func-
tion, in both cell culture and in vivo models.

In conclusion, we have demonstrated that ASBT function
depends on its S-acylation. Inhibiting acylation with 2-BP or
incubation with unsaturated FAs decreases ASBT function,
whereas incubation with saturated PA increases ASBT func-
tion. We identified Cys-314 as a potential site of S-acylation,
but there are likely other sites that remain unidentified to be
determined in future studies. Our results provide insights into a
novel molecular mechanism via which fatty acids affect the
function of ASBT and bile acid absorption.

Experimental procedures

Cell culture and materials

HEK293 were purchased from ATCC and grown in plastic
flasks at 37 °C in an atmosphere consisting of 5% CO2 and 95%
air. Cells were cultured in Dulbecco’s modified Eagle’s medium
containing 4 mM L-glutamine, 4.5 g/liter glucose, 1 mM sodium
pyruvate, and 1.5 g/liter sodium bicarbonate, supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100

mg/ml gentamicin (Invitrogen). HEK293 cells stably trans-
fected with human ASBT-V5 (2BT) were cultured in the same
media containing 7 �g/ml puromycin. All chemicals and re-
agents were purchased from Sigma-Aldrich unless otherwise
specified.

Western blot analysis

Cells were lysed using commercially available cell lysis buffer
(Cell Signaling Technologies) supplemented with 0.1% SDS,
unless otherwise specified. Samples were prepared in Laemmli
buffer (Bio-Rad) supplemented with 2.5% �-mercaptoethanol,
boiled for 5 min, and resolved by SDS-PAGE. Proteins were
transferred to nitrocellulose membranes and probed with anti-
bodies. Anti-V5 tag antibodies were obtained from Invitrogen
(catalogue no. R96025), Anti–flotillin-1 antibodies were
obtained from Abcam (catalogue no. ab50671), and Anti–pan
cadherin antibodies were obtained from Sigma-Aldrich (cata-
logue no. C1821). Human ASBT was detected using custom-
made antibodies generated previously in our laboratory (29).
Cell surface biotinylation was performed as previously
described (11, 12).

Preparation of human intestinal brush border membrane
vesicles

Small and large intestines from healthy adult organ donors
were obtained from Gift of Hope (IL) immediately after harvest
of organs for transplantation. The small intestine was divided
into three segments of equal length. The proximal segment was
designated as the jejunum and the distal segment was desig-
nated as the ileum. The large intestine was divided into proxi-
mal and distal segments of equal length. The intestine was
cleaned, and mucosa were scraped from the seromuscular layer
and stored at �80 °C. Purified BBMVs were prepared from fro-
zen samples by the CaCl2 precipitation method as described
previously (29, 55–57). Purified BBMVs were suspended in
buffer containing 25 mM HEPES, pH 7.4, 25 mM NaCl, 1 mM

EDTA, and 1% Triton X-100 for acyl-RAC analysis (see below).

Figure 5. Cys-314 is important for ASBT S-acylation and transport function. A and B, cellular expression (A) and [3H]TC uptake (B) in HEK293 cells
transfected with WT or C314S ASBT-V5. n � 3; ****, p � 0.0001 compared with WT. C, Western blotting of bound (S-acylated) and unbound (nonacylated)
acyl-RAC fractions from HEK293 cells transfected with WT or C314S ASBT-V5 (representative of three Western blots with similar results). D, a representative
Western blotting for cell surface biotinylation of WT and C314S ASBT-V5 fusion proteins.
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Acyl resin-assisted capture (acyl-RAC)

Acyl-RAC was performed on crude membrane preparations
as described previously (26, 27). Briefly, protein lysates were
suspended in detergent-free buffer containing 25 mM HEPES,
pH 7.4, 25 mM NaCl, and 1 mM EDTA. Lysates were subjected to
ultracentrifugation at 136,000 � g for 1 h to prepare crude
membranes, which were then solubilized in the lysis buffer sup-
plemented with 1% Triton X-100. Membranes were subjected
to thiol blocking by 1.5% S-methyl methanethiosulfonate
(MMTS) in a buffer containing 100 mM HEPES, pH 7.4, 1 mM

EDTA, and 2% SDS for 4 h at 40 °C. Blocked proteins were
precipitated in acetone, washed several times, and resuspended
in buffer containing 100 mM HEPES, pH 7.4, 1 mM EDTA, and
1% SDS. Hydrated thiopropyl Sepharose 6B resin was added to
these proteins and mixed with HA, pH 7.5, at a final concentra-
tion of 0.5 M. As a negative control, a separate reaction was
prepared with HA replaced by Tris-HCl. This solution was
incubated overnight at room temperature with end-over-end
mixing. The following day, supernatant (unbound fraction) was
collected, the resin was washed several times, and bound pro-
teins were eluted by boiling in Laemmli buffer supplemented
with 2.5% �-mercaptoethanol for 10 min. The volumes of
unbound and bound fractions were equalized and subjected to
SDS-PAGE followed by Western blotting.

Metabolic labeling with alkyne-fatty acids

Metabolic labeling with 100 �M alk-PA (palmitic acid 15-yne;
Avanti Polar Lipids) or 100 �M alk-OA (oleic acid 17-yne;
Avanti Polar Lipids) was performed in DMEM supplemented
with 0.25% fatty acid–free BSA. To prepare these solutions, 200
mM DMSO stocks of either unlabeled PA, OA alk-PA, or
alk-OA were added to 20% fatty acid–free BSA to a concentra-
tion of 8 mM. 50 mM 2-bromopalmitate or vehicle were also
added to a concentration of 2 mM. These solutions were soni-
cated briefly and incubated at 37 °C until the fatty acids had
fully dissolved, followed by 80� dilution in 37 °C DMEM.
These solutions were added to cells and incubated at 37 °C for
15 h to allow for incorporation of fatty acids. Following incuba-
tion, cells were lysed in buffer containing 150 mM NaCl, 50 mM

HEPES, 2 mM MgCl2, 0.1% Triton X-100, 1% SDS, and 1�
EDTA-free protease inhibitor. Up to 200 �g of protein lysate
was subjected to copper-catalyzed azide-alkyne cycloaddition
with azido-PEG3-biotin as described previously (58). Briefly,
lysates were incubated for 1 h at room temperature with 50 �M

azido-PEG3-biotin in a solution containing 100 �M CuSO4, 500
�M THPTA, and 1.5 mM sodium ascorbate. Proteins were pre-
cipitated in methanol, washed, and solubilized in RIPA buffer.
They were then incubated with NeutrAvidin agarose beads
(Thermo Fisher) overnight at 4 °C with end-over-end mixing.
The following day, supernatant (unbound fraction) was col-
lected, the resin was washed several times, and bound proteins
were eluted by boiling in Laemmli buffer supplemented with
�-mercaptoethanol for 10 min. Samples were then subjected to
SDS-PAGE followed by Western blotting.

Supplementation with fatty acids

Fatty acid supplementation of 2BT cells with either 100 �M

PA (16:0) or oleic acid (18:1) was performed in DMEM supple-

mented with 0.25% fatty acid–free BSA prepared as above.
ASBT function was then assessed as described below.

Assessment of ASBT function by [3H]TC uptake

Following treatment with FAs or 2-BP, assessment of ASBT
activity by [3H]TC uptake was performed as described previ-
ously (29). Briefly, cells were washed twice at room temperature
with uptake buffer containing 110 mM NaCl (with sodium) or
choline chloride (without sodium), 4 mM KCl, 1 mM MgSO4, 1
mM CaCl2, 45 mM mannitol, 5 mM glucose, and 10 mM HEPES,
pH 7.4. Cells were then incubated with uptake buffer contain-
ing 1 �Ci/ml of [3H]TC and 10 �M cold TC at room tempera-
ture for 5 min, washed with ice-cold PBS, and lysed in 0.5 M

NaOH. Radioactivity was measured by liquid scintillation
counting (Packard Tri-CARB 1600-TR, Packard Instruments)
and total protein was measured by the method of Bradford (59).
Results were calculated as pmol � mg protein�1 � 5 min�1 and
normalized to control.

Assessment of ASBT function by bioluminescent bile acid
tracer (CA-SS-Luc) uptake

Assessment of ASBT activity by CA-SS-Luc uptake was per-
formed as described recently (60). Briefly, cells were washed
twice at room temperature with uptake buffer containing 110
mM NaCl (with sodium) or choline chloride (without sodium), 4
mM KCl, 1 mM MgSO4, 1 mM CaCl2, 45 mM mannitol, 5 mM

glucose, 10 mM HEPES, pH 7.4, and 100 �M TC. Cells were then
incubated with uptake buffer containing 1 �M CA-SS-Luc and
immediately imaged by a Xenogen IVIS Spectrum in vivo imag-
ing system (Caliper Life Sciences) and bioluminescence was
captured continuously with 1-min exposure times for 45 min.
The luminescence produced from each well was quantified
using Living Image software (PerkinElmer).

Plasmid construction

Human ASBT cDNA was previously generated in our labora-
tory and subcloned into pSF-CMV-Puro-COOH-TEV-V5
(Oxford Genetics) (60). To generate the ASBT C314S mutant, site-
directed mutagenesis was performed with the QuikChange II XL
kit (Agilent) as per the manufacturer’s instructions using the prim-
ers: 5�-TCTGCCTTGTTTTTTCCATGACTTTTCTTGTATG-
CCACATAAAATC-3� and 5�-GATTTTATGTGGCATACAA-
GAAAAGTCATGGAAAAAACAAGGCAGA-3�.

Transfection experiments

HEK293 cells were seeded into 24-well plates or 10-cm
dishes and grown to �70% confluence. Cells were transfected
with 1 �g/well or 12 �g/dish of ASBT-V5 WT or C314S plas-
mids using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. 48 h post transfection, ASBT
function was assessed by [3H]TC uptake or CA-SS-Luc biolu-
minescence method and S-acylation was measured by acyl-
RAC analysis.

Statistical analysis

Results were expressed as mean � S.E. of at least three exper-
iments performed on multiple occasions. Statistical analysis
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was performed by Student’s t test (GraphPad Prism). p � 0.05
was considered statistically significant.
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