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In this study, a zebrafish homologue of the coxsackievirus and adenovirus receptor (CAR) protein was
identified. Although the extracellular domain of zebrafish CAR (zCAR) is less than 50% identical to that of
human CAR (hCAR), zCAR mediated infection of transfected cells by both adenovirus type 5 and coxsack-
ievirus B3. CAR residues interacting deep within the coxsackievirus canyon are highly conserved in zCAR and
hCAR, which is consistent with the idea that receptor contacts within the canyon are responsible for coxsack-
ievirus attachment. In contrast, CAR residues contacting the south edge of the canyon are not conserved,
suggesting that receptor interaction with the viral “puff region” is not essential for attachment.

Coxsackie B viruses and many adenoviruses initiate infection
by attaching to a 46-kDa transmembrane protein, the coxsack-
ievirus and adenovirus receptor (CAR) (1, 16, 22). Mice are
susceptible to infection by coxsackie B viruses, and a murine
homologue of CAR has been shown to function as a receptor
for both coxsackieviruses and adenoviruses (2, 22). CAR ho-
mologues identified in the rat, pig, dog (8), and cow (20) are
nearly identical to human CAR (hCAR) and murine CAR, but
these proteins have not been shown to function in virus infec-
tion. Several nonhuman viruses, including adenoviruses iso-
lated from dogs (18), fowl (19), and chimpanzees (6), and a pig
picornavirus, swine vesicular disease virus (11), have been
shown to interact with hCAR. We wished to use interspecies
CAR chimeras to map the site for virus attachment, and we
isolated a CAR homologue from a nonmammalian vertebrate,
the zebrafish (Danio rerio), in the expectation that it would not
bind viruses. However, we found that zebrafish CAR (zCAR)
functioned as a receptor when expressed in transfected cells.

Identification of a zCAR homologue. A search of the ex-
pressed sequence tag database revealed several zebrafish
cDNA clones with sequences similar to those of hCAR. When
these cDNA clones were obtained and examined further, one
clone (GenBank accession no. AI54913) was found to contain
the entire coding sequence of a CAR homologue that showed
52% amino acid identity to hCAR overall, with 45% identity
within the extracellular domain and 66% identity within the
cytoplasmic domain (Fig. 1).

zCAR cDNA was inserted into a mammalian expression
vector (pcDNA 3.1; Invitrogen, Carlsbad, Calif.) and intro-
duced by electroporation into CHO dhfr cells as previously
described for transfection with the integrin �2 subunit (3).

Stably transfected cells were analyzed by flow cytometry with
the monoclonal antibody RmcB, which recognizes hCAR (1)
but not murine CAR (data not shown). Somewhat unexpect-
edly, RmcB detected zCAR on the surface of transfected CHO
cells (Fig. 2); as was previously observed (1), mock-transfected
CHO cells showed no staining with RmcB. To eliminate the
possibility that we had inadvertently obtained CHO cells ex-
pressing hCAR, the zCAR cDNA was reisolated, resequenced,
and used for an independent transfection; the same result was
obtained.

zCAR functions as a virus receptor. Wild-type CHO cells do
not appear to express CAR (as detected by indirect immuno-
fluorescence and immunoblotting with a polyclonal anti-CAR
antibody that detects human, murine, and canine CAR [refer-
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FIG. 1. Predicted zCAR amino acid sequence. The hCAR se-
quence (h) and the sequence of a zebrafish homologue (z) (GenBank
accession no. AF268197) are shown. The predicted hydrophobic leader
(determined as described in reference 13) and transmembrane do-
mains are in italics. Residues at the interface with adenovirus fiber (4)
are underlined. (Residues at the interface with CB3 are shown in Fig.
5.)
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ence 5 and unpublished data]), and CHO cells do not bind
radiolabeled coxsackievirus B3 (CB3) or adenovirus (1). How-
ever, CHO-zCAR cells, like CHO-hCAR cells, bound radio-
labeled CB3 and binding was blocked by RmcB (Fig. 3A).
CHO-zCAR cells became infected, as demonstrated by viral
cytopathic changes (data not shown) and by expression of viral
antigen after exposure to CB3 (Fig. 3B); CB3 infection was
blocked by RmcB. CHO-zCAR cells, like CHO-hCAR cells,
but not mock-transfected CHO cells, were efficiently trans-
duced by an adenovirus type 5 vector carrying green fluores-
cent protein (Fig. 4); transduction of zCAR cells, like trans-
duction of hCAR cells, was inhibited by a polyclonal anti-CAR
antibody (5) (data not shown).

CAR residues that make contact within the CB3 canyon are
highly conserved. The structure of CB3 in complex with CAR
was recently determined by cryo-electron microscopy (9).
CAR’s N-terminal immunoglobulin domain inserts into the
canyon on the CB3 surface, with its distal end in contact with
the north rim and floor of the canyon and the A and G beta

FIG. 2. Expression of zCAR on transfected CHO cells. CHO cells
transfected with cDNA encoding hCAR or zCAR were incubated first
with the anti-CAR monoclonal antibody RmcB or with a control an-
tibody (MOPC 195) and then with fluorescein isothiocyanate-conju-
gated goat antibody to mouse immunoglobulin. Cells were examined
by flow cytometry. As previously reported (1), no RmcB staining of
mock-transfected CHO cells was observed (data not shown).

FIG. 3. CB3 interaction with zCAR. (A) Virus attachment. In 24-
well tissue culture plates, confluent CHO cells stably transfected with
zCAR in pcDNA 3.1 (CHO-zCAR) or with expression vector alone
(CHO-pcDNA) were exposed to monoclonal antibody RmcB (ascites
fluid diluted 1/100) or to the control antibody MOPC 195 for 30 min at
room temperature. Monolayers were rinsed and then incubated with
35S-labeled CB3-Nancy (prepared as described in reference 3) for 4 h
at room temperature. Monolayers were washed four times, and then
cell-bound radioactivity was determined. (B) Virus infection. CHO-
zCAR, CHO-hCAR, or CHO-pcDNA cells grown on glass multiwell
slides were preincubated with a control monoclonal antibody (MOPC
195), the anti-CAR monoclonal antibody RmcB, or no antibody before
infection with CB3-Nancy (10 PFU per cell). After incubation for 24 h
at 37°C, infected cells were visualized by staining for CB3 viral antigen
with a polyclonal horse anti-CB3 serum, followed by a fluorescein
isothiocyanate-conjugated goat antibody to horse immunoglobulin and
examination by immunofluorescence microscopy.
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strands in contact with the south rim, which is largely com-
posed of residues from the “puff region,” a prominence formed
by the EF loops of VP2. In zCAR, residues that make contact
with virus deep within the canyon are highly conserved whereas

those residues that contact the south rim of the canyon are not
conserved (Fig. 5). This suggests that receptor interaction with
the viral puff region—in poliovirus and rhinovirus, a recogni-
tion site for neutralizing antibodies (15, 17)—is not essential
for virus attachment. In a previous study (21), mutation of
hCAR K99, a conserved residue that contacts the north edge
of the canyon, did not interfere with CB3 attachment to CAR.
Thus, consistent with previous predictions (17), receptor con-
tacts with viral residues deep within the canyon, but not with
residues exposed on the virus surface, are likely to be essential
for coxsackievirus attachment.

Based on the crystal structure of a CAR-adenovirus fiber
complex (4), 16 hCAR residues contact the fiber; 8 of these are
identical in zCAR (Fig. 1), and many of the others have un-
dergone conservative replacements.

The zCAR extracellular domain is less than 50% identical to
that of hCAR, yet it is sufficiently similar to hCAR to permit
recognition by monoclonal antibody RmcB and to permit at-
tachment and infection by CB3 and adenovirus type 5. Al-
though picornaviruses and adenoviruses have been isolated

FIG. 4. zCAR mediates adenovirus type 5-mediated gene delivery.
Cells were incubated with adenovirus type 5 carrying green fluorescent
protein (1 PFU per cell) for 1 h at room temperature and then cultured
for 48 h at 37°C. Green fluorescent protein expression was determined
by flow cytometry.

FIG. 5. Receptor residues in contact with the virus surface. The CB3 footprint onto CAR is shown, with the boundaries of the canyon marked
by dashed green lines. Residues in red are identical in zCAR and hCAR, and those in pink are similar in size and charge. Nonconserved residues
are shown in grey. The triangular inset depicts the icosahedral asymmetric unit of the virus, the receptor footprint on the virus surface, and the
boundaries of the canyon. CAR residues are labeled as in reference 1. This figure is adapted from He et al. (9).
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from fish (7), there is no evidence to suggest that zCAR func-
tions naturally as a virus receptor. However, the observation
that zCAR permits virus infection of transfected cells provides
information about the structural basis of virus-receptor inter-
action and suggests that contacts within the canyon are primar-
ily responsible for CB3 attachment.

Although CAR has been observed to mediate homotypic cell
interactions (10), to contribute to the integrity of epithelial
tight junctions (5), and to regulate the growth of tumor cells
(14), its natural function is not well defined. In zebrafish, CAR
is highly expressed in the embryonic nervous system (A. Chin,
J. Bergelson, and M. Mullins, unpublished observations); tech-
niques for gene targeting in zebrafish (12) may provide infor-
mation about CAR function in these nonmammalian verte-
brates. Search of the expressed sequence tag database reveals
that there are CAR homologues in the frogs Silurana tropicalis
(GenBank accession no. AL655801, AL594052, and
AL630149) and Xenopus laevis (AW871784), but we have not
identified CAR homologues in invertebrates.
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