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Membrane-proximal cysteines 259 and 260 in the cytoplasmic tail of the coxsackievirus and adenovirus
receptor (CAR) are known to be essential for the tumor suppression activity of CAR. We demonstrate that
these residues provide an S-acylation motif for modification of CAR with the fatty acid palmitate. Substitution
of alanine for cysteines 259 and 260 results in the additional localization of CAR in perinuclear compartments
with no effect on the efficiency of adenovirus infection. The results indicate that palmitylation is important for
stable plasma membrane expression and biological activity of CAR but is not critical for adenovirus receptor
performance.

Adenovirus (Ad) infection is initiated by high-affinity bind-
ing of Ad fiber to the coxsackievirus-Ad receptor (CAR),
which contains an N-terminal exoplasmic region, a single trans-
membrane domain, and a C-terminal cytoplasmic tail (2, 3, 29).
A number of studies have shown that the transmembrane and
cytoplasmic domains of CAR are not essential for Ad vector
infection of cells and tissues (22, 27, 31, 35–37). In contrast, it
was recently demonstrated that the transmembrane and cyto-
plasmic domains are required for the biological activity of
CAR in mediating cellular adhesion and growth suppression of
human bladder and prostate tumor cells (20, 21). Strikingly,
the suppression of tumor cell growth showed dependence on
the presence of cysteines 259 and 260 (21). These first two
amino acids in the membrane-proximal region of the cytoplas-
mic tail of CAR provide a putative signal for S-acylation (23,
25), the covalent posttranslational attachment of long-chain
fatty acids to cysteine residues by thioester linkage (24).

In mammalian cells, the saturated 16-carbon fatty acid
palmitate is commonly involved in S-acylation of membrane-
spanning proteins, an event that can occur at different loca-
tions inside cells (24). Newly synthesized membrane proteins
can incorporate palmitate in the endoplasmic reticulum (ER)
or the cis-Golgi complex (7, 33). S-acylation also takes place at
the plasma membrane, where it regulates internalization and
recycling of surface receptors and controls stable plasma mem-
brane expression of various surface proteins (1, 6, 14, 17).
Palmitylation, a dynamic event driven by cellular palmityl
transferase and thioesterase activities, plays an important role
in the regulation of signaling activity of a variety of signal
transduction molecules at the cell surface (10, 11, 13, 24, 39).
In the present study, we evaluated whether the tandem cys-
teines at positions 259 and 260 in the cytoplasmic tail of CAR,
which have recently been implicated in the regulation of CAR-
facilitated signaling events (21), constitute a functional fatty
acid acylation signal.

Palmitylation of CAR. Different mutant forms of CAR were
used to evaluate the function of cysteines 259 and 260 in
S-acylation (Fig. 1). Construction of tailless CAR was done as
reported before (37). Constructs encoding C259A, C260A-CAR,
and C259Stop-CAR were generated by site-directed mutagen-
esis. A sensitive method for detection of protein fatty acylation
is provided by radiolabeling of cells with synthetic fatty acid
analogs that are modified with 125I at the �-carbon group (4,
32). After labeling of CHO-CAR cells with 125I-IC16 and the
relevant synthetic analog for palmitate (4) and immunoprecipi-
tation with anti-CAR monoclonal antibody (RmcB), efficient
125I labeling of a single protein migrating at 46 kDa was ob-
served (Fig. 2A, lanes 3 and 4, top). This 125I-IC16 labeling was
not present in control CHO cells (Fig. 2A, lanes 1 and 2, top),
which express very little endogenous CAR (2). Labeling with
[35S]methionine, performed in parallel to provide an internal
control for expression of the protein backbone, confirmed that
significant levels of CAR protein were expressed in CHO-CAR
cells but not in control CHO cells (Fig. 2A, bottom). Efficient
125I-IC16 labeling of CAR was also observed in human lung
epithelial A549 cells, which express large amounts of endoge-
nous CAR (data not shown). In both cases, the CAR-associ-
ated 125I-IC16 label was sensitive to alkaline treatment (data
not shown), indicating that fatty acid was attached by a thio-
ester linkage characteristic of protein palmitylation (4, 32).

To analyze the exact site of palmitate linkage to CAR, ra-
diolabeling was performed with transfected COS-1 cells that
express either full-length CAR, tailless-CAR containing cys-
teines 259 and 260, or mutant CAR constructs in which cys-
teines 259 and 260 were replaced (C259A, C260A-CAR) or
deleted (C259Stop-CAR; Fig. 1). Labeling with [35S]methi-
onine showed that all of the constructs were expressed at
similar levels and had the correct molecular masses, i.e., 46
kDa for CAR and C259A, C260A-CAR and 33 kDa for tailless-
CAR and C259Stop-CAR (Fig. 2B, lanes 3 to 10, bottom).
Significantly different labeling profiles were observed after
125I-IC16 incubation. In agreement with the previous results
(Fig. 2A), high levels of 125I-IC16 incorporation were observed
for full-length CAR (Fig. 2B, lanes 3 and 4, top). Strikingly,
tailless-CAR, which contains cysteines 259 and 260 but lacks
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the remainder of the cytoplasmic tail (Fig. 1), also efficiently
incorporated 125I-IC16, to levels similar to those incorporated
by full-length CAR (Fig. 2B, compare lanes 7 and 8 with lanes
3 and 4, top). In contrast, no fatty acid incorporation was
detected for the C259A, C260A-CAR and C259Stop-CAR con-
structs (Fig. 2B, lanes 5 and 6 and 9 and 10, top). These results
show that the tandem cysteine motif at positions 259 and 260
in the cytoplasmic tail of CAR constitutes a signal for S-acy-
lation with the fatty acid palmitate. The lack of 125I-IC16 in-
corporation in the C259A, C260A-CAR and C259Stop-CAR
constructs (Fig. 2B) demonstrates that palmitylation is re-
stricted to the cysteines at positions 259 and 260. Since both
cysteines are equally fitted for palmitate attachment, each cel-
lular CAR molecule can, in principle, be modified with two
palmitate groups. However, it is difficult to demonstrate the
palmitylation status of each individual cysteine residue un-
equivocally, as the removal of one cysteine can artificially in-
duce or increase palmitate attachment to the remaining cys-
teine, complicating the interpretations of labeling experiments.
Importantly, the observed palmitylation of the tailless CAR
construct (Fig. 2B) shows that this cysteine motif, by itself, is
sufficient for S-acylation, with no requirement for the remain-
der of the cytoplasmic tail. This observation suggests that the
biological activity of tailless CAR in the suppression of tumor
cell growth (21) is based on the palmitylation status of this
construct. This hypothesis is also supported by the absence of
this growth suppression activity in a CAR construct that lacks
cysteines 259 and 260 (tailless-m; reference 21) and is not
palmitylated (Fig. 2B).

Palmitylation and cellular localization of CAR. Protein
palmitylation occurs at different locations inside the cell and
has been associated with regulation of protein transport and
cell surface localization of membrane receptors and mem-
brane-associated cytoplasmic proteins (1, 6, 10, 13, 14, 17, 24,
39). Since CAR is abundantly expressed in many epithelial

cells in adult tissues (9, 22, 28, 29, 34), we evaluated the role of
S-acylation in the intracellular membrane distribution of hu-
man CAR in different epithelial cell types by confocal laser
scanning fluorescence microscopy. Normal human bronchial
epithelial (NHBE) cells, fixed with paraformaldehyde, lysed
with Triton X-100, and then stained with anti-CAR monoclo-
nal antibody(RmcB) and fluorescein isothiocyanate-conju-
gated goat anti-mouse antibody, displayed a uniform distribu-
tion of endogenous CAR in the lateral plasma membrane
domain (Fig. 3A) in honeycomb patterns typically observed in
airway epithelial cells (22, 34). Interestingly, CAR was concen-
trated in smaller clusters that typically accumulate at sites of
contact between two or more cells (Fig. 3A), indicating local-
ization of CAR at specific sublocations in the plasma mem-
brane (22). To evaluate the role of the palmitylation motif in
the intracellular distribution of CAR, Madin-Darby canine
kidney (MDCK) epithelial cells were infected with an Ad vec-
tor encoding human CAR (AdCAR) or nonpalmitylated
C259A, C260A-CAR (AdC259A, C260A-CAR). Two days after
infection, exogenously expressed human CAR was specifically
detected in subsets of MDCK cells infected by the AdCAR
vector (Fig. 3B). Western blotting experiments demonstrated
that the anti-CAR antibody did not cross-react with endoge-
nous CAR in MDCK cells (data not shown). In agreement with

FIG. 1. Schematic of human CAR constructs. Full-length human
CAR (amino acids 1 to 365) contains an N-terminal exoplasmic region,
a single transmembrane (TM) domain, and a C-terminal cytoplasmic
tail that includes tandem cysteines at positions 259 and 260 (shaded
area) next to the transmembrane domain. C259A, C260A-CAR is a
full-length CAR construct in which cysteines 259 and 260 are replaced
with alanines. In tailless-CAR (amino acids 1 to 260), the cytoplasmic
tail is deleted, with the exception of cysteines 259 and 260, whereas in
the C259Stop-CAR construct (amino acids 1 to 258), the entire cyto-
plasmic tail is removed.

FIG. 2. Palmitylation of human CAR at cysteines 259 and 260.
(A) Control CHO cells (lanes 1 and 2) and CHO-CAR cells (lanes 3
and 4) were starved for 1 h at 37°C in Dulbecco modified Eagle
medium containing 2% dialyzed fetal bovine serum and radiolabeled
for 4 h at 37°C with 125I-IC16, an iodinated palmitate analog, at 20
�Ci/ml (top). In parallel, cells were incubated for 1 h at 37°C in
Dulbecco modified Eagle medium minus methionine and cysteine con-
taining 2% dialyzed fetal bovine serum and radiolabeled for 4 h at
37°C with Expre35S35S protein labeling mix at 25 �Ci/ml (35S-Met;
bottom). Lysates from duplicate radiolabeled dishes were subjected to
immunoprecipitation with anti-CAR monoclonal antibody (RmcB)
and then subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and autoradiography. Radiolabeled CAR migrated with an
apparent molecular mass of 46 kDa, as indicated by the arrow.
(B) COS-1 cells were transfected with Lipofectamine (Invitrogen,
Carlsbad, Calif.) and empty pcDNA3.1 vector (Mock; lanes 1 and 2) or
plasmids containing full-length CAR (lanes 3 and 4), C259A, C260A-
CAR (lanes 5 and 6), tailless-CAR (lanes 7 and 8), or C259Stop-CAR
(lanes 9 and 10) and radiolabeled with 125I-IC16 (top) and Expre35S35S
(35S-Met; bottom). The tailless-CAR and C259Stop-CAR constructs
migrated at 33 kDa, as indicated by the arrow.
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earlier reports (22), human CAR expressed in MDCK cells
also displayed lateral plasma membrane staining with punctate
patterns, similar to that of endogenous CAR in NHBE cells
(Fig. 3, compare panels A and B). In contrast, MDCK cells
infected with AdC259A, C260A-CAR showed altered distribu-
tion of C259A, C260A-CAR, with prominent localization in
perinuclear compartments in addition to the plasma mem-
brane (Fig. 3C). This difference was also shown by analysis of
optical sections taken in the vertical, x-z, direction by confocal
laser scanning microscopy (Fig. 3D and E). In comparison to
the basolateral membrane staining of CAR (Fig. 3D) (22, 34),
nonpalmitylated CAR displayed a broader distribution, also

appearing in a perinuclear compartment for which the identity
is unknown. These findings indicate that, as has been observed
for other palmitylated cell surface receptors (1, 6,14, 17, 24),
S-acylation is essential for uniform plasma membrane expres-
sion of CAR.

Since protein palmitylation can occur both in the ER or early
Golgi and at the plasma membrane, the lack of palmitylation may
reduce the transport of newly synthesized C259A, C260A-CAR
through the ER-Golgi pathway or, alternatively, it may cause
increased internalization of C259A, C260A-CAR from the plasma
membrane, resulting in additional perinuclear localization. The
same relative distribution of nonpalmitylated C259A, C260A-CAR

FIG. 3. Immunolocalization of CAR in epithelial cells. The intracellular membrane distribution of CAR in NHBE cells (A) or of human CAR
(B and D) or nonpalmitylated C259A, C260A-CAR (C and E) expressed in MDCK cells by Ad-mediated gene transfer was analyzed by fixation in
4% paraformaldehyde for 30 min at room temperature, lysis for 20 min at room temperature with 1% Triton X-100 in phosphate-buffered saline
containing 1 mM CaCl2 and 5 mM MgCl2, and staining with anti-CAR monoclonal antibody (RmcB) in phosphate-buffered saline containing 1
mM CaCl2 and 5 mM MgCl2 containing 0.2% albumin, followed by a fluorescein isothiocyanate-conjugated goat-anti-mouse secondary antibody.
The distribution of CAR protein is visualized in white, and the 4�,6�-diamidino-2-phenylindole-stained nuclei in panel E are grey. Cells were
monitored by laser scanning confocal microscopy en face (A to C) or in the x-z direction (D and E). Bars, 10 �m.
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between the plasma membrane and the perinuclear region can be
seen inside cells expressing higher or lower levels of C259A,
C260A-CAR protein (Fig. 3C). This implies that the altered dis-
tribution of nonpalmitylated C259A, C260A-CAR is not a conse-
quence of Ad vector-driven overexpression.

Palmitylation of CAR and Ad-mediated gene transfer. It is
known that the transmembrane and cytoplasmic tail domains
of CAR are not critical for Ad infection and Ad-mediated gene
delivery to different cells and tissues (22, 27, 31, 35–37). Inter-
estingly, the tailless CAR construct used in these studies con-
tained cysteines 259 and 260, which mediate palmitylation (Fig.
1 and 2B). GPI-CAR, containing a glycosyl-phosphatidylinosi-
tol-glycolipid membrane anchor replacing the transmembrane
and cytoplasmic regions, is another lipidated CAR construct
capable of mediating Ad infection (22, 31, 35, 37). Both of
these fatty acid and glycolipid modifications direct aggregation
or clustering of proteins into membrane subdomains (8, 26, 32,
39). Since the Ad fiber can bind three CAR molecules and
immobilization of CAR receptors increases the stability of the
interactions between Ad fiber and CAR (5, 18), it was of
relevance to reevaluate the significance of S-acylation of full-
length CAR for the efficiency of Ad infection. To test this
concept, CHO cells were first infected with different amounts
of Ad vector encoding full-length CAR, which is palmitylated
(Fig. 2), or an Ad vector expressing mutant C259A, C260A-
CAR, which is not palmitylated (Fig. 2B). Two days after
infection, at which time both CAR constructs were expressed
at the same protein level (data not shown), cells were rein-
fected with increasing amounts of Ad reporter vector express-
ing the LacZ transgene from Escherichia coli (Ad�gal) (19).
Transgene expression (�-galactosidase [�gal] activity) was
measured 1 day after Ad�gal infection. Preinfection of CHO
cells with Ad vector encoding CAR resulted in a dose-depen-
dent increase in transgene expression levels over the back-
ground, measured in cells preinfected with the control, empty
AdNull vector (Fig. 4). Remarkably, the transgene expression
in cells expressing vector-derived CAR or nonpalmitylated
C259A, C260A-CAR showed very similar profiles (Fig. 4). Like-
wise, the �gal activity levels in transfected CHO cells express-
ing either tailless CAR or C259Stop-CAR also displayed no
significant differences (data not shown), in agreement with
previous observations (21). Together, these results indicate
that the possible localization of CAR in membrane lipid do-
mains mediated by protein lipidation has no relevance for the
efficiency of Ad infection. Recent structural analysis of cox-
sackievirus B3 in association with CAR suggests that interac-
tions between cytoplasmic tails and transmembrane domains
of separate CAR molecules drive pairwise binding of CAR to
coxsackievirus capsids, and it will be of interest to test the role
of CAR palmitylation in the clustering of bivalent CAR and its
effect on coxsackievirus binding and infection (15).

Conclusions. The cytoplasmic tail of CAR represents a sig-
nificant part of its total protein structure and displays a high
degree of homology (95%) between humans and mice (2, 3,
29), implying an important biological role for this domain. The
present study provides direct evidence that the cytoplasmic tail
of CAR contains a functional motif for S-acylation with the
fatty acid palmitate (Fig. 2), consisting of cysteines 259 and
260, which are conserved in CAR in all of the species studied.
The CAR tail also contains a consensus protein tyrosine phos-

phorylation motif and a signal for interaction with proteins
containing PSD95/DLG/ZO-1 domains (2, 3, 12, 29), suggest-
ing the involvement of CAR in intracellular signaling events.
The role of protein palmitylation in the regulation of the ac-
tivity of signaling proteins by mediation of the assembly or
clustering of the molecules into specialized subdomains of the
plasma membrane, such as caveolae or membrane lipid rafts,
has received significant interest (10, 11, 13, 24, 26, 39). This
concept supports a model in which palmitylation regulates the
association of CAR with membrane subdomains that provide
optimal microenvironments for the cellular activity of CAR.

However, CAR is an orphan receptor whose natural cellular
function, other than as a receptor for viruses, remains un-
known (2, 9, 28). CAR expression patterns show variability
among different species and between different tissues and
stages of development (9, 28). In rodents, the receptor is highly
expressed during embryonic development throughout the ner-
vous system and in epithelial cells, but after birth, nervous
expression rapidly decreases and CAR is primarily restricted to
epithelial cells (28). CAR levels may be up-regulated again in
adult tissue in response to different stimuli, such as tissue
regeneration, immune reactions, or cell density changes, indi-
cating that CAR expression is tightly regulated during devel-
opment and adulthood (9, 28). Interestingly, CAR expression
levels differ considerably among human bladder, prostate, and
other cancer cell types. Importantly, the CAR levels are low in
highly tumorigenic cells and upregulation of CAR suppresses
tumor cell growth (20, 21). The extent of CAR-mediated
growth inhibition appears to be closely connected to the ob-
served levels of CAR-facilitated intercellular adhesion activity
in cancer cells (20, 21). This cellular activity of CAR as a cell
adhesion molecule is supported by earlier reports demonstrat-

FIG. 4. Ad�gal infection of CHO cells expressing CAR and non-
palmitylated CAR. CHO cells were infected with an Ad vector carrying
no transgene (AdNull [Œ]) or an Ad vector expressing wild-type CAR
(AdCAR [E]) or C259A, C260A-CAR (AdCA, CA [F]) for 1 h at 37°C
at 1 (solid lines) or 20 (broken lines) PFU per cell. After 2 days,
triplicate monolayers of infected CHO cells were subsequently ex-
posed to Ad�gal for 1 h at 37°C at 0, 1, 10, or 50 PFU per cell and
�-galactosidase activity was measured 24 h after Ad�gal infection.
Results are presented as the mean � the standard deviation of tripli-
cate monolayers of cells and are representative of two experiments.
MOI, multiplicity of infection; RLU, relative light units.
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ing the capacity of exodomains of CAR to direct homotypic
interactions (16, 30). The CAR-mediated cellular adhesion
activity in tumor cells requires the exoplasmic and transmem-
brane domains of CAR, whereas tumor cell growth suppres-
sion also depends on the presence of cysteines 259 and 260 in
the cytoplasmic domain (20, 21), which has been shown in the
present study to provide a protein palmitylation motif.

In conclusion, the observations in the present study support
the concept that palmitylation plays an important role in the
regulation of the cellular distribution and biological activity of
CAR. These findings suggest that manipulation of the palmi-
tylation status of CAR presents an important mechanism for
regulation of the tumor cell growth-suppressing potential of
CAR. In this context, chemically modified fatty acid analogs
that act as inhibitors of protein palmitylation and have the
ability to manipulate the membrane distribution and activity of
surface proteins should provide interesting tools with which to
test this concept (38).
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