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Attachment of an adenovirus (Ad) to a cell is mediated by the capsid fiber protein. To date, only the cellular
fiber receptor for subgroup C serotypes 2 and 5, the so-called coxsackievirus-adenovirus receptor (CAR) pro-
tein, has been identified and cloned. Previous data suggested that the fiber of the subgroup D serotype Ad9 also
recognizes CAR, since Ad9 and Ad2 fiber knobs cross-blocked each other’s cellular binding. Recombinant fiber
knobs and *H-labeled Ad virions from serotypes representing all six subgroups (A to F) were used to determine
whether the knobs cross-blocked the binding of virions from different subgroups. With the exception of sub-
group B, all subgroup representatives cross-competed, suggesting that they use CAR as a cellular fiber receptor
as well. This result was confirmed by showing that CAR, produced in a soluble recombinant form (sCAR),
bound to nitrocellulose-immobilized virions from the different subgroups except subgroup B. Similar results
were found for blotted fiber knob proteins. The subgroup F virus Ad41 has both short and long fibers, but only
the long fiber bound sCAR. The sCAR protein blocked the attachment of all virus serotypes that bound CAR.
Moreover, CHO cells expressing human CAR, in contrast to untransformed CHO cells, all specifically bound
the sCAR-binding serotypes. We conclude therefore that Ad serotypes from subgroups A, C, D, E, and F all use

CAR as a cellular fiber receptor.

Human adenoviruses (Ads) are associated with a wide range
of tropisms (33, 50, 51). They have been classified into six
distinct subgroups A to F, with at least 49 serotypes (21, 41), on
the basis of their genetic variability, oncogenic potential, and
G+C content of their DNA (21, 50-52). A further subclassi-
fication of subgroups B (BI and BII) and D (DI, DII, and DIII)
has been made on the basis of differential hemagglutination
patterns (12, 18, 32, 33, 40, 50). Ads have the ability to infect
a wide range of different tissues and have been identified as
causative agents of widely different diseases (21, 22, 50, 51).
For example, serotypes Ad2 and Ad5 (subgroup C) are asso-
ciated with upper-airway infections, as is serotype Ad3 (sub-
group B), although the latter appears to infect an anatomically
distinct region of the airway (22, 50, 51). Serotypes Ad8 and
Ad9 (subgroup D) are associated with epidemic keratocon-
junctivitis, Ad4 (subgroup E) is associated with pneumonia,
Ad12 (subgroup A) is associated with cryptic enteric infection
(33), and Ad40 and Ad41 (subgroup F) are associated with
gastroenteritis (references 22, 50, and 51 and references there-
in). Detailed phylogenetic analysis of diverse Ad serotypes has
yielded two phenotypic clusters; the gastrointestinal cluster,
with subgroups A and F, and the respiratory cluster, with
subgroups B, C, and E (3).

It has been suggested that the apparent tropism of different
serotypes in different tissues results from virus interactions
with distinct cellular receptors (50, 51). Indeed, it has been
shown convincingly that the Ad2/5 and Ad3 fiber proteins rec-
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ognize different cellular receptor proteins (9, 10, 38, 45). It has
also been demonstrated that the subgroup B serotype Ad35 rec-
ognizes a receptor other than CAR (4). This has led to the
construction of Ad5/fiber 3 chimeras (27, 44) and an Ad5/fiber
7 chimera (14) that have an altered fiber receptor tropism and
thus can be used to target tissues that display differential fiber
2/fiber 3 receptor levels like the THP1 monocytes (44).
Attachment and uptake into cells of subgroup C Ads occur
by separate but cooperative events that result from the inter-
action of the fiber protein with a receptor for attachment and
the penton base protein with a receptor for internalization
(55). The 46-kDa coxsackievirus-adenovirus receptor (CAR)
protein mediates fiber-dependent attachment of subgroup C
Ad2 and Ad5 (4, 49). The C-terminal knob of the fiber protein
confers the specificity of the cellular receptor recognition (13,
16,27, 29, 38, 45). Analysis of the fiber 5 knob at 1.7 A by X-ray
crystallography has yielded a model for the structure of this
protein and has identified several exposed amino acid residues
and structural loops that have been theorized to be involved in
cellular receptor recognition (56). Next, in a process that has
been shown to be independent of fiber-cell recognition (11, 27,
55), the viral penton base protein binds to cellular «,-integrins
through the RGD loop, a tripeptide motif that protrudes out of
the tertiary peptide structure of the penton base, resulting in
rapid internalization of the virus particle (30, 45, 46, 52, 54, 55).
Apart from the identification of CAR as the cellular fiber
receptor for Ad2 and Ad5 (4, 49), progress has been made in
elucidating the molecular mechanisms that underlie cell rec-
ognition and attachment. Through cross-competition experi-
ments, it has been shown that the fibers of Ad2, Ad5, and Ad9,
despite their distinct tropisms and classification into the dif-
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ferent subgroups C and D (21, 33, 50), recognize the same
cellular fiber receptor (38).

The observation that the knobs from Ad9 (subgroup D) and
Ad2 (subgroup C) cross-compete for binding suggested that
Ad serotypes from other subgroups might likewise recognize
the same receptor. As a first step, we constructed baculovirus
expression clones of eight fiber knob proteins derived from
serotypes representing the six subgroups. In competition ex-
periments we found that with the exception of Ad3, all sero-
types representing the five subgroups A and C through F,
cross-competed with CAR. To allow detailed analysis of this
phenomenon, we produced a baculovirus clone that expressed
a soluble form of the CAR protein (sSCAR) in insect cells. The
purified sCAR protein was shown to bind directly to viral
capsids and fiber knobs from five of the six subgroups. In ad-
dition, preincubation of the CAR binding serotypes with sSCAR
was shown to block their binding to CAR-expressing cells.
Finally, binding experiments with Chinese hamster ovary (CHO)
cells that had been transformed with the cDNA of the human
CAR gene (4) verified that the CAR protein can be used as a
cellular fiber receptor by serotypes from all Ad subgroups ex-
cept subgroup B.

MATERIALS AND METHODS

General methods. DNA manipulations were performed by standard methods
(1). All DNA digests were done in an universal restriction enzyme buffer, which
has been described previously (39). Protein analysis by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotting was performed as de-
scribed previously (1, 28).

Viruses and cell lines. Ad2, Ad3, Ad4, Ad5, Ad7, Ad9, Ad12, Adl15, Ad19,
Ad31, and Ad41 were obtained as stocks from the American Type Culture
Collection (Rockville, Md.) and were passaged on 293/ORF6 cells (5) in Dul-
becco’s modified Eagle’s medium (Gibco BRL, Gaithersburg, Md.) supplement-
ed with 5% fetal calf serum. The cell lines used and their maintenance have been
described elsewhere (38). CHO-CAR cells, which express the full-length human
CAR gene (4), were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum. [methyl->H]thymidine-labeled Ads were
produced as described previously (38).

All virus stocks were subjected to quality control by PCR with sets of primers
specifically designed for each serotype. The sense primers were designed to
hybridize to the junction of the shaft and the knob region of the fiber gene, the
so-called TLWT hinge (47), which is conserved among most serotypes. Specificity
for individual serotypes was provided by the antisense primers that were de-
signed against the highly variable HI loop of the fiber knob (56). All virus stocks
were evaluated with all primer pairs. No cross-contamination for any of the
viruses was observed. The PCR products obtained were digested with enzymes
specific for each knob DNA sequence and analyzed on agarose gels.

Fiber gene sequences. All Ad fiber gene sequences used for similarity studies
and expression construct cloning were obtained from the GenBank/EMBL da-
tabases. The accession numbers and references are as follows: F2, P03275 (17);
F3, M12411 (42); F4, L19194 (15); F5, M18369 (6, 7); F7, P15141 (19); F8,
X74660 (36); F9, X74659 (36); F12, X73487 (43); F15, X74658 and X74659
(35a); F19, X94485 (35a); F31, X76548 (37); F40 Long, P18047 (25); F40 Short,
M28822 (24); FA1 Long, P14267 (35); F41 Short, X17016 (34).

Expression constructs. The baculovirus expression vector pAcSG2 was used
for expression (Pharmingen, San Diego, Calif.) of the sSCAR and fiber knob
proteins. The sCAR clone was designed to contain amino acids 1 to 236 of the
human CAR extracellular domain (4), upstream of a linker sequence and a
FLAG tag consisting of the amino acids DYKDDDDK for detection and puri-
fication purposes (Eastman Kodak Co., Rochester, N.Y.). Construction of His-
tagged versions of the fiber 3 knob (F3K), F5K, and FOK has been described
previously (38). All other His-tagged fiber constructs were generated by design-
ing primer pairs for PCR amplification between the hinge sequence TLWT, or
similar sequence (8, 47), and the native C terminus. All PCRs were performed
with Ultma DNA polymerase (Perkin-Elmer, Foster City, Calif.) by a standard
PCR protocol. The DNA sequences of all expression clones were determined
with an automated ABI 373 DNA sequencer (Applied Biosystems, Foster City,
Calif.). Except for the designed DNA sequence changes, no nucleotide differ-
ences were found in comparison with the original sequences reported in the
GenBank/EMBL databases. Insect virus expression clones were generated by
using the Bsu36 I-digested BacPak DNA and transfection kit (Invitrogen, San
Diego, Calif.). Recombinant His-tagged fiber knob proteins were produced in
Tn5 B1-4 insect cells and purified as described previously (38, 55). FLAG-tagged
sCAR protein was purified on an affinity column with a coupled anti-FLAG M2
antibody as specified by the manufacturer (Eastman Kodak Co.) with one mod-
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FIG. 1. Phylogenetic tree of 13 fiber knob amino acid sequences. The sources
of the sequences are identified in Materials and Methods. The sequences were
aligned as described in the footnote to Table 1.

ification: the 500-pl elution fractions, which are at pH 3.5, were neutralized by
collection in tubes that contained 30 pl of 1 M Tris (pH 8.0).

Slot-blot experiments. For the sCAR binding experiments, either virions (2 X
10" particles) or purified fiber protein (2 pg) was blotted onto a nitrocellulose
membrane. After blocking for 1 h in phosphate-buffered saline (PBS) with 5%
milk, the blot was incubated overnight in PBS with 0.5% milk and sCAR protein
(100 ng/ml) at 4°C. After two washes, the blot was incubated with a 1:10,000
dilution of the anti-FLAG mouse monoclonal antibody M2 (Eastman Kodak
Co.) and incubated for 2 h at room temperature (RT). After two washes with
PBS-0.5% milk-0.05% Igepal CA 630 (Sigma, St. Louis, Mo.), the blot was
incubated for 2 h in the same buffer with a 1:10,000 dilution of a goat-anti mouse
secondary antibody conjugated to horseradish peroxidase (Boehringer Mann-
heim, Indianapolis, Ind.). Detection was carried out with the ECL Western blot
detection kit (Amersham Life Sciences, Arlington Heights, TIIL.).

Competition experiments. Assays to evaluate the binding of Ad serotypes were
done essentially as described previously (38). Briefly, 10° A549, CHO, or CHO-
CAR cells were preincubated at 37°C for 1 h and then chilled at 4°C for 10 min.
3H-labeled virions were added, and the mixture was incubated for 1 h. The cells
were washed twice with cold PBS, pelleted, resuspended in 100 pl of PBS, and
counted directly in a scintillation counter. Competition experiments with sSCAR
protein were done at RT with 2 X 10°® Ramos cells.

RESULTS

Fiber knob cross-competition. Previous studies have shown
that Ad9 (subgroup D) and Ad12 (subgroup A) are blocked
from binding to cells by preincubation of cells with fiber pro-
tein of the subgroup C viruses, which suggested that they are
able to recognize the CAR protein as a cellular fiber receptor
(2, 38). These observations prompted us to evaluate the fiber
receptor specificity from the different Ad subgroups. As a first
step, we aligned the amino acid sequences of 13 fiber knobs by
using the Jotun-Hein algorithm. Two major clusters on the
phylogenetic tree were distinguished (Fig. 1): the top cluster
included Ad serotypes in subgroups A, C, D, and E, and the
lower branch included those in subgroups B and F. Knobs
within the same subgroup were most similar; Ad2 and AdS,
66%; Ad9 and Ad15, 59%; Ad12 and Ad31, 81%; and Ad3 and
Ad7, 52%. Knob sequences between subgroups were less sim-
ilar (Table 1). For example, F5K was 63% similar to F4K, 52%
similar to F9K, 40% similar to F12K, and only 29% similar to
F41LK.

On the basis of these comparisons, we selected eight knobs
for constructing His-tagged baculovirus expression vectors of
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TABLE 1. Alignment of 15 fiber knob amino acid sequences”
SUBGROUPS
A B C D E F
Long Fiber  Short Fiber
F12K F31K F3K F/K F2K F5K F8K F9IK FI5K FI9K F4K F40K F41K F40K F41K
F12K 100 81 26 23 38 40 32 32 30 34 37 41 42 37 36
F31K 100 26 23 37 42 33 34 31 36 38 41 41 37 35
F3K 100 52 32 28 30 29 29 29 33 20 20 21 21
F7K 100 33 27 28 28 27 30 32 24 24 21 20
F2K 100 66 50 50 44 49 64 29 29 24 24
F5K 100 51 52 46 50 63 29 29 24 24
F8K 100 95 59 85 43 23 23 22 21
FIK 100 61 84 44 23 23 23 22
F15K 100 59 45 27 27 23 22
F19K 100 43 26 26 23 22
F4K 100 29 29 25 24
F40LK 100 97 37 36
F41LK 100 37 36
F40SK 100 97
F41SK 100

¢ Similarity table of fifteen knob amino acid sequences. The sources of the sequences are identified in Materials and Methods. The sequences were aligned from
the TLWT hinge sequences or comparable sequence (8, 47) to the translational stop codon by using the program Megalign with the Jotun-Hein Algorithm with a
PAM 250 weight table. Similarity scores between serotypes within a subgroup are printed in boldface type.

F12K (subgroup A), F3K (subgroup B), F2K and F5K (sub-
group C), F9K (subgroup D), and F4K (subgroup E). Since
Ad41 (subgroup F) has both a long fiber and a short fiber (57),
both F41LK and F41SK were produced in insect cells. After
purification, the knob proteins were used in competition bind-
ing assays with *H-labeled parental viruses on A549 cells (Ta-
ble 2). Fiber knobs of Ad2, Ad4, Ad9, and Ad12 and the long
fiber of Ad41 inhibited attachment by all viruses tested, with
the exception of Ad3, which was inhibited only by its homol-
ogous fiber knob. This suggested that with the exception of
Ad3, all serotypes tested could use CAR as a cellular fiber
receptor. Serotype Ad9 was only partially inhibited by F2K,
F4K, F5K, F9K, F12K, and F41LK. Inhibition of Ad9 binding
increased to 90% after the cells were treated with 5 mM EDTA
(data not shown). This confirmed an earlier observation that
cellular binding by Ad9 depends on both fiber-receptor and
penton base—a,-integrin interactions, the latter of which is
divalent-cation dependent and inhibited by chelators such as
EDTA and EGTA. The F41SK protein inhibited none of the
serotypes, including the parental virus Ad41, whereas the
F41LK protein did. Therefore, this suggests that the Ad41 long
fiber can function as the cellular attachment protein for Ad41.

Soluble CAR protein binds to capsids and fiber knob pro-
teins. Since Ad2 and Ad5 fibers have been shown to bind to
CAR, our cross-competition results strongly suggested that
subgroups A, D, E, and F also bind to CAR. A baculovirus
vector was constructed that expressed a secreted version of
sCAR, which consisted of the extracellular domain of the CAR
protein with its native signal sequence (4), a linker sequence,
and a FLAG-tag sequence, DYKDDDDXK, to facilitate detec-
tion and purification. In addition to the serotypes already avail-
able to us, viral stocks of three more serotypes, Ad31 (sub-
group A), Ad15 (subgroup D), and Ad19 (subgroup D), were
produced in 293/ORF6 cells (5). Purified Ads from each of the
serotypes were immobilized on nitrocellulose with a slot-blot
apparatus and tested for their ability to bind sCAR (Fig. 2). All
the serotypes tested, except those from subgroup B, bound
sCAR protein. They included Ad12 and Ad31 (subgroup A),

Ad2 and Ad5 (subgroup C), Ad9 and Ad15 (subgroup D), Ad4
(subgroup E), and Ad41 (subgroup F). In an additional exper-
iment (data not shown), the subgroup D virus Ad19 also bound
to sCAR. The signal for Ad41 appeared weaker than the other
signals, perhaps because the short Ad41 fiber does not bind
CAR. Not surprisingly, the subgroup B viruses Ad3 and Ad7
did not bind sCAR protein (Fig. 2).

These results were confirmed by blotting purified fiber knob
proteins onto a nitrocellulose membrane and incubating the
blot with sCAR protein. The results in Fig. 3 demonstrate that
with the exception of F3K and F41SK, all the fiber knob pro-
teins tested were capable of binding SCAR protein. Although
each of the tested knobs was purified, differences in both purity
and measured protein concentrations may explain the differ-
ences in observed signal strength. In a reverse experiment in
which sCAR protein was first immobilized onto plastic and
then labeled viruses were bound, levels of binding were mea-
sured that fluctuated no more than two- to threefold among all

TABLE 2. Cross-competition of Ad serotypes by
purified knob proteins®

Inhibition® by:

Sero-

WP A (F12K) B (F3K) C (F2K) D (F9K) E (F4K) —
F41LK F41SK

Ad12  +++ - +++  H++ -
Ad3 - N - - - -
Ad2  +++ - +++  H++ -
Ad9  ++ - ++ ++ ++ o+ -
Ad4d  +++ - +++  H++ -
Ad4l  +++ - +4++  +++ -

@ Approximately 10® A549 cells (human lung carcinoma cells) were preincu-
bated for 1 h in 250 pl of PBS plus 2 pg of purified fiber knob protein per ml at
37°C. The cells were chilled for 10 min, and *H-labeled serotypes were added and
incubated for 1 h at 4°C. The cells were washed twice. The pellet was taken up
in 100 pl of PBS, added to scintillation cocktail, and counted directly.

> +++, >95% inhibition; ++, 40 to 60% inhibition; —, no inhibition.
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FIG. 2. sCAR-virus slot blot. Approximately 2 X 10'” particles of each se-
rotype were blotted onto nitrocellulose. The blot was blocked 5% milk in PBS
and then incubated overnight with soluble CAR protein. Detection was per-
formed as described in Materials and Methods. The lettering refers to the sub-
group classification. The letter-and-number combination refers to the following
serotypes: Al and A2, Ad12 and Ad31; B1 and B2, Ad3 and Ad7; C1 and C2,
Ad2 and AdS; D1 and D2, Ad9 and Ad15; E1, Ad4; F1, Ad41.

serotypes tested (data not shown). This suggests that the af-
finity of each serotype for the CAR protein is by and large
comparable. Clearly, further study is needed to address this
point.

The ability of the sCAR protein to block fiber-mediated
attachment to Ramos cells was next evaluated. These cells
were chosen because they express high levels of CAR protein
but lack o,-integrins. This allows for a direct evaluation of
fiber-mediated binding while eliminating any secondary bind-
ing mechanism that involves o, -integrins, as has been found for
Ad9 (38). First we determined that a final concentration of
sCAR protein of 10 pg/ml was needed to completely inhibit
Ad2 binding to Ramos cells (data not shown). Then *H-labeled
Ad12, Ad3, Ad2, Ad9, Ad4, and Ad41 (equal number of input
counts; the particle numbers as determined by UV spectros-
copy were approximately the same) were incubated with sCAR
protein for 30 min at room temperature and added to Ramos
cells. After a 1-h incubation, the cells were washed and bound
virus was determined by scintillation counting (Fig. 4). Our
results indicated that all viruses that had previously been
shown to bind sCAR bound at comparable levels to Ramos
cells except for serotype Ad9, which bound at a much lower
level than the other viruses. Although it has been shown that
Ad9 is able to use the CAR protein as a cellular fiber receptor,
it preferentially uses a,-integrins to bind to cells. Since Ramos
cells lack these vitronectin receptors, we hypothesize that other
cell surface receptors may interfere with the ability of the
short-shafted Ad9 fiber to reach its cell surface receptor CAR,
resulting in the observed lower level of Ad9 binding to these
cells (38). No binding for Ad3 was found, indicating that
Ramos cells do not express the receptor for Ad3 fiber. Prein-
cubation of the viruses with sCAR protein resulted in a 95%
drop in the amount of virus bound to the cells. This demon-
strated that the sSCAR protein blocked the viral fiber proteins
by binding to their receptor recognizing knobs and thus pre-
vented them from binding to their native receptor present on
Ramos cells. The results also demonstrated for the first time
that the sCAR protein can interact directly with the fiber
protein without cofactors and, since its intracellular tail is lack-
ing, without intracellular signaling.

To confirm that the serotypes chosen attached to cells
through a fiber-CAR interaction, a binding experiment was
set up with wild-type CHO cells, which do not express the
CAR protein, and a CHO cell line that had been transformed
with the cDNA for human CAR (4). In the control experiment,
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none of the tested viruses (Ad12, Ad2, Ad9, Ad4, and Ad41)
bound above background to wild-type CHO cells (Fig. 5). All
viruses, however, bound at high levels to the CHO-CAR cells.
Upon preincubation of these cells with saturating amounts of
purified F5K protein (final concentration, 2 pg/ml), binding of
the viruses dropped to background levels. Preincubation of
Ad5 with saturating amounts of SCAR protein also inhibited
the binding of this virus by as much as 95% (data not shown).
Similar results were obtained when purified sCAR protein was
immobilized in polystyrene wells, followed by a binding assay
with *H-labeled Ad virions. After preincubation of wells with
F5SK protein, virtually no virus binding was found (data not
shown). These results confirmed that the tested viruses all used
the CAR protein as a cellular fiber receptor.

DISCUSSION

The CAR protein has recently been identified as the cellular
fiber receptor for the subgroup C viruses Ad2 and AdS and the
coxsackie B viruses (4, 49). In this study, we have demonstrated
that at least seven more Ad serotypes can use CAR as a cel-
lular fiber receptor: Ad12 and Ad31 (subgroup A); Ad9, Ad15,
and Ad19 (subgroup D); Ad4 (subgroup E); and Ad41 (sub-
group F). Our results confirm the earlier observation that Ad2
fiber can block the binding of Ad12 to A549 and HeLa cells (2)
and that Ad12 fiber knob can block Ad2. The fact that soluble
CAR bound to both Ad12 and Ad31 was not surprising, since
the fiber knobs of these serotypes are 81% similar at the amino
acid level (Table 1).

From a previous study, it appeared that Ad9 (subgroup D)
used the same cellular fiber receptor as Ad2 (38). A compar-
ison of the fiber knob sequences of Ad8, Ad9, Ad15, and Ad19
revealed high similarity scores ranging from 59% between
F15K and F19K to 85% between FIK and F19K to 95% be-
tween F8K and F9K (Table 1). Therefore, it is not surprising
that SCAR bound to both the blotted Ad15 and Ad19 virions
(Fig. 1 and data not shown). Given the high similarity between
AdS8 and Ad9 fiber knob sequences, we would expect that Ad8
will bind to CAR as well.

It has been hypothesized that the only serotype in subgroup
E, Ad4, is an Ad of mixed genotype in that the E1, E2, and E3
regions of the viral genome are homologous to sequences typ-
ically found in subgroup B viruses whereas the fiber gene and
E4 are probably derived from subgroup C virus (3, 15). The
Ad2 and Ad4 fiber knob sequences are 64% similar (Table 1),

Ad Subgroups

A B C D E F

s . S

2

FIG. 3. sCAR-fiber knob protein slot blot. Approximately 2 ug of each pu-
rified fiber knob protein was blotted onto a nitrocellulose. The blot was blocked
and incubated overnight with SCAR protein. Detection was performed as de-
scribed in Materials and Methods. The lettering refers to the subgroup classifi-
cation. The letter-and-number combination refers to the following fiber knob
proteins: Al, F12K; B1, F3K; C1 and C2, F2K and F5K; D1, F9K; E1, F4K; F1
and F2, F41LK and F41S-K.
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FIG. 4. sCAR protein inhibits binding to Ramos cells. Equal specific activity input doses (9,000 cpm) of radiolabeled Ad serotypes were incubated with SCAR
protein at 10 pg/ml for 30 min at RT. Next, the virus was added to 2 X 10° Ramos cells and incubated in suspension for 1 h at RT. The cells were washed, the pellet
was resuspended in 100 wl of PBS, and bound virus was determined by scintillation counting. The bars represent cpm bound (mean of three assays = 5%). CTRL is

control binding without SCAR preincubation.

and it is not surprising that both recognize the same cellular
fiber receptor.

The subgroup F serotype Ad41 has been shown to contain
two distinct fiber genes; one encodes a fiber shaft consisting of
22 B-repeats of 15 amino acids each, and the other encodes a
shaft with 12 B-repeats of 15 amino acids each (48, 57); these
are designated the long-shafted (41L) and short-shafted (41S)
fibers, respectively. We have demonstrated that fiber 41L rec-
ognizes CAR as a cellular fiber receptor protein. Competition
experiments with purified fiber 41S knob protein failed to in-
hibit the binding of *H-labeled Ad41 to A549 cells, suggesting
that F41L functions as the attachment protein for this serotype
(Table 2). Subgroup F has one more serotype, Ad40, that has
also been shown to contain both a long-shafted protein and a
short-shafted fiber protein (24). The knobs of the long fibers of
Ad40 and Ad41 show 97% similarity at the amino acid level
(26, 48). Therefore, it is highly probable that the long-shafted
Ad40 fiber will also serve as the attachment protein.

It is interesting that an overall sequence similarity of only
29% for F2K and F41LK still results in recognition and binding
to CAR as a cellular fiber receptor (Table 1). At this similarity
level, however, it is still possible that conserved amino acids
will play a role in the fiber-receptor interaction, possibly aug-
mented by interactions based on structural secondary and ter-
tiary features conserved between the different fiber knobs, such
as loops, B-sheets (56), and clefts or canyons. As has been found
for numerous protein-protein recognition sites (23), conserved
amino acids and structures may cojointly provide multiple con-
tacts between the fiber and the CAR proteins, resulting in
attachment of the virus to the cell. Such contact points may
vary between the numerous fiber-CAR pairs, as may the rela-
tive affinity of the different fibers for the CAR protein.

Our results further show that the F41S knob protein has no
effect on the cell attachment of its parental virus Ad41 or any
of the other tested viruses to the CAR protein. Several hypoth-
eses can be offered as to the possible function of the short-
shafted fiber. It has been shown for Ad40 that the virion pen-
ton base proteins are complexed with either the short- or the
long-shafted fiber and that both combinations may occur on
individual virions (24). Both the Ad40 and Ad41 penton base
proteins lack the RGD sequence (31, 48), which promotes
internalization of Ad particles by a,-integrins (55). The short-
shafted fiber may promote internalization by interacting with

receptors other than the «-integrins. Experiments to evaluate
this hypothesis are in progress.

The short-shafted Ad40 and Ad41 fibers are nearly as unre-
lated to the long-shafted fibers as they are to fibers of different
subgroups (24, 34, 48). The subgroup F enteric viruses com-
prise only two serotypes, although at least 176 strains have
been identified based on DNA restriction patterns (24, 26, 48).
Studies of the heterogeneity of the fiber DNA and protein
sequence have led to the hypothesis that the long-shafted fibers
of Ad40 and Ad41 are similar enough for genetic recombina-
tion to occur with some frequency (26, 31, 48). The 41S fiber,
which has been hypothesized to have evolved from the AdS
fiber (24), may have lost its ability to recognize CAR as a cel-
lular fiber receptor. Therefore, the 41S fiber may be a natural,
if redundant, fiber mutant.
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FIG. 5. Qualitative analysis of Ad binding to CHO-CAR cells. Approxi-
mately 10° CHO-CAR cells, or CHO-CAR cells preincubated with F5K protein
at 5 pg/ml, were incubated for 1 h at 4°C with radiolabeled Ad serotypes. The
cells were washed, the pellet was resuspended in 100 pl of PBS, and bound virus
was determined by scintillation counting. Open bars represent binding of the
viruses to CHO cells standardized to 1 (mean of 3 assays *+ 6%). Hatched bars
represent binding to CHO-CAR cells (fold increase over binding to CHO). Solid
bars represent binding to CHO-CAR cells after preincubation with F5K protein
(fold increase over binding to CHO). The counts measured (in cpm) were as
follows: Ad12, 323, 5,021, 865; Ad2, 944, 10,299, 1,500; Ad9, 50, 320, 210; Ad4,
293, 4,772, 1,135; Ad41, 255, 8,567, 1,158.
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FIG. 6. A model for Ad tropism based on fiber shaft length, fiber receptor recognition, and penton base receptor recognition. The serotypes from the five Ad
subgroups that recognize CAR have different fiber shaft lengths and are complexed with the pentameric penton base that has RGD sequences, although penton base
can occur without RGD sequences (Ad40 and Ad41). Fibers from subgroups A and C to F are able to recognize the CAR protein as a cellular fiber receptor. The
number of B-repeats in the fiber shaft of those serotypes varies from 23 (Ad12) to 8 (Ad9). Once the number of B-repeats drops to 8, attachment is enhanced by direct
interaction of the penton base RGD loops with the cellular a,-integrins. The cellular fiber receptors for fiber 41 short and fiber 3 remain unidentified.

Our finding that the fibers of so many Ad serotypes are
capable of using the CAR protein as a cellular receptor does
not exclude the possibility that receptors other than CAR are
recognized or used by these viruses. In this respect, a mimo-
tope resembling the MHC class I a2 domain has been identi-
fied (20) as a potential cellular fiber binding site. A synthetic
MHC-I «2 icosamer, although completely dissimilar to the
sequence of the extracellular domain of the human CAR pro-
tein (4, 49), has been reported to show a net neutralization
effect on Ad5 binding to HeLa cells (20).

In the past, Ads have been classified on the basis of their
hemagglutination (HA) properties with erythrocytes from 13
different species (18, 40). Subgroup D has been further divided
into group DI viruses (Ad9 and Ad19), which strongly hemag-
glutinate human and rat erythrocytes, group DII viruses (Ad15
and Ad22), which strongly hemagglutinate rat erythrocytes, and
group DIII viruses, which do not hemagglutinate any erythro-
cytes (12, 18, 40). The subgroup C and E viruses Ad2, AdS, and
Ad4 show weak HA with rat erythrocytes, whereas the sub-
group A viruses show virtually no HA at all (18). The Ad se-
rotypes we have tested show widely differential HA activity but
still recognize CAR as a cellular fiber receptor. Incubation of
human erythrocytes, which express the CAR protein, with an
anti-CAR antibody inhibits hemagglutination by the subgroup
DI viruses Ad8 and Ad9 (5a). Taken together, these observa-
tions suggest that recognition of CAR and the ability to hem-
agglutinate erythrocytes are properties of fiber proteins that
are distinct but may overlap.

Viruses belonging to subgroups A, C, D, E, and F all bind
the same cellular fiber receptor, CAR, yet they cause different
patterns of disease. It is therefore unlikely that the fiber-re-
ceptor interaction is the sole determinant of viral tissue tro-
pism (33, 50, 51). Observed differences in subgroup tropism
may be significantly influenced by several attachment-related
factors like the length of the fiber shaft and the receptor
specificity of the penton base (Fig. 6). The shaft length of the
fiber proteins varies from 23 to 6 B-repeats (8). Differences in
fiber shaft length influence the role of penton base in binding,
as previously shown for Ad9 (38), as do differences in the
receptor specificities of penton base (53). When these differ-
ences are accounted for, the subgroups can be grouped as

those with long CAR-recognizing fibers with RGD-containing
pentons (subgroups A and C) or RGD-minus pentons (sub-
group F), intermediate-length CAR-recognizing fibers with
RGD-containing pentons (subgroup E), short CAR-recogniz-
ing fibers with RGD-containing pentons (subgroup D), and
short non-CAR-recognizing fibers with RGD-containing pen-
tons (subgroup B) (Fig. 6). We propose, therefore, that fiber
shaft length is a prime determinant of the Ad attachment
strategy. As long as the number of B-repeats in the fiber shaft
remains above a critical number, the virus will use its fiber
exclusively for attachment, followed by internalization by the
a,-integrins (55). In this respect, it is of interest that serotype
Ad4 (subgroup E), whose fiber has 12 B-repeats, binds to A549
cells exclusively through the fiber protein (data not shown).
Any number of fiber shaft B-repeats below the critical number
will result in a viral binding strategy that consists of binding, to
various degrees, to CAR in combination with direct binding to
the o,-integrins. This binding strategy may be a contributing
factor to tropism for short-shafted viruses such as those in
subgroups D and B.

Serotypes Ad40 and Ad41 (subgroup F) are viruses with
long-shafted CAR-recognizing fibers, which lack an RGD se-
quence in their penton base protein (31, 48). Internalization of
these viruses may be facilitated by cellular molecules other
than the o-integrins, by using binding sites that have not been
identified yet. Several in vitro studies of these enteric Ads have
demonstrated that in addition to attachment and internaliza-
tion, Ad tropism is governed by many factors that work at the
cellular, transcriptional, and translational level (21, 22, 48, 50).
This, however, may be vastly different in vivo (31). The eluci-
dation of the mechanisms that underlie both the extracellular
and the intracellular aspects of Ad tropism will have great
impact on the molecular biology of Ads as well as on the
application of Ad-based vectors in human gene therapy.
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