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The human parvovirus adeno-associated virus type 2 (AAV2) has
many features that make it attractive as a vector for gene ther-
apy1,2. However, the broad host range of AAV2 might represent
a limitation for some applications in vivo, because recombinant
AAV vector (rAAV)-mediated gene transfer would not be spe-
cific for the tissue of interest. This host range is determined by
the binding of the AAV2 capsid to specific cellular receptors
and/or co-receptors3–6. The tropism of AAV2 might be changed
by genetically introducing a ligand peptide into the viral capsid,
thereby redirecting the binding of AAV2 to other cellular recep-
tors. We generated six AAV2 capsid mutants by inserting a 
14-amino-acid targeting peptide, L14, into six different putative
loops of the AAV2 capsid protein identified by comparison with
the known three-dimensional structure of canine parvovirus. All
mutants were efficiently packaged. Three mutants expressed
L14 on the capsid surface, and one efficiently infected wild-type
AAV2-resistant cell lines that expressed the integrin receptor
recognized by L14. The results demonstrate that the AAV2 cap-
sid tolerates the insertion of a nonviral ligand sequence. This
might open new perspectives for the design of targeted AAV2
vectors for human somatic gene therapy.

To specifically modify the natural tropism of AAV2, a detailed
analysis of the three-dimensional structure of the viral capsid
would be very useful. However, the three-dimensional structure
of AAV2 is unknown. Moreover, previous genetic analyses of
AAV2 mutants did not determine capsid regions mediating the
binding of AAV2 to its natural receptor7–9. Therefore, we devel-
oped a hypothetical model of the AAV2 capsid three-dimen-
sional structure based on the following assumptions: AAV2 is
homologous in its structure to other parvoviruses; its tropism is
determined by non-conserved amino acids; and the region al-
lowing the insertion of polypeptides for AAV2 re-targeting
should be hydrophilic and flexible. To derive some structural in-
formations on the AAV2 capsid protein, we analyzed the known
three-dimensional structure of the canine parvovirus (CPV) cap-
sid protein10 using the SOPM algorithm11 and aligned the AAV2
and CPV capsid protein amino acid sequences with the
CLUSTAL W program12. Using this approach, we identified six
sites in the AAV2 capsid protein, residues  261, 381, 447, 534,
573 and 587 (Fig. 1), that were expected to accept the insertion
of a ligand polypeptide without disruption of functions essential
for the viral life cycle.

To re-target AAV2, we inserted the 14-amino-acid peptide L14
(QAGTFALRGDNPQG) into the cap gene at these six sites. We
chose L14, which has the RGD motif of the laminin fragment P1
(ref. 13), because it is the target for several cellular integrin
receptors13 and can also serve as viral receptor14; no specific sec-
ondary structure of L14 is required for recognition of the recep-
tor13; and L14 has been used successfully for re-targeting avian
retroviruses15.

We first analyzed the six AAV2 capsid mutants (I-261, I-381, I-
447, I-534, I-573 and I-587) for their ability to package the viral
genome. There was no quantitative or qualitative difference
between the mutants and wild-type AAV2 in the production of
duplex monomer and dimer replicative forms of AAV2 during
packaging in HeLa cells (data not shown). Moreover, each
mutant could be efficiently packaged (Table 1). We confirmed
the particle concentrations by electron microscopy (data not
shown).

To determine whether the structure of the capsid mutants was
similar to that of wild-type AAV2, we did an ELISA (enzyme-
linked immunosorbent assay) using the A20 monoclonal anti-
body, which specifically reacts with completely assembled AAV2
capsids16. A20 reacted with capsid mutants I-447, I-534, I-573
and I-587, but not with mutants I-261 and I-381, indicating that
both the capsid assembly and the A20 epitope were conserved in
four of the six mutants (Table 1).

We next determined whether the L14 peptide would be ex-
posed on the surface of the capsid mutants. For this, we did two
different ELISAs using a polyclonal antibody against L14 
(Fig. 2a). In the first, direct ELISA, viral particles were directly
attached to microtiter plates, and the reactivity of the capsids
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Table 1 Capsid formation of the AAV2 capsid mutant virions

virus particles/mla A20+capsids/mlb

wt AAV2 8 × 1013 6 × 1012

I-261 1 × 1012 - c

I-381 1 × 1012 - c

I-447 1 × 1013 8 × 1011

I-534 5 × 1011 3 × 1010

I-573 1 × 1012 1 × 10117

I-587 4 × 1013 3 × 1012

aTiters of particles with an AAV2 genome. bTiters of particles showing the conforma-
tional A20 epitope. cNo A20 epitope could be detected on the capsid.
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Fig. 1 Delineation of insertion sites for a ligand pep-
tide in the AAV2 capsid protein. Amino acids are num-
bered from the initiation codon of the AAV2 VP1 capsid
protein. a, Observed secondary structure for the CPV
VP2 capsid protein (row 1) and the secondary struc-
tures of CPV VP2 (row 2) and AAV2 VP3 (row 3) capsid
proteins predicted by the SOPM method11. �, β-sheets;

, α-helices. b, Topology of the CPV VP2 capsid pro-
tein10. Red, positions of the amino-acid residues after
which the L14 ligand peptide was inserted; numbers,
position in VP2 of CPV/position in the capsid protein of
AAV2. c, Alignment of the amino-acid sequences of the
capsid proteins from AAV2 (VP3) and CPV (VP2), using
the CLUSTAL W program12. Bold, amino acids homolo-
gous in CPV and AAV2; °, amino acids N-terminal of the
insertion site of L14.

with antibody against L14 was measured. In
this assay, all six capsid mutants reacted with
the antibody against L14 (Fig. 2a). To exclude
the possibility that the signals resulted from
recognition of free mutant capsid proteins in
viral preparations, we did a second, indirect
ELISA in which the AAV2 capsid mutants were
selectively bound to the plates by the A20
monoclonal antibody before addition of the
antibody against L14. In this assay (Fig. 2a),
mutants I-447, I-573 and I-587 showed reac-
tivities with the antibody against L14 similar
to those seen in the direct ELISA. Mutants I-
261 and I-381 could not react in this assay, as
they were not coated with A20 (Table 1).
Mutant I-534 did not react with the antibody
against L14 in the indirect ELISA, indicating
that the signal obtained for this mutant in the
direct ELISA reflected the detection of free mu-
tant capsid proteins. These results indicated
that at least three of the six mutants (I-447, I-573 and I-587)
presented the L14 peptide on the capsid surface.

To study the binding of the AAV2 capsid mutants to the L14-
specific integrin receptor, we did cell attachment assays13,15. We
used B16F10 and RN22 cells, because they expressed the L14-
specific integrin receptor on their surface13 and were resistant to
AAV2 infection. Two of the three mutants presenting L14 at the
capsid surface, I-447 and I-587, bound to B16F10 and RN22 cells
with similar efficiencies (Fig. 2b). In contrast, there was no
binding to these cells by wild-type AAV2 or the mutants I-261,
I-381, I-534 and I-573 (Fig. 2b), even when increasing numbers
of viral capsids were coated (data not shown). This was unex-
pected for mutant I-573, as it presented the L14 peptide 

(Fig. 2a); however, this might be explained by a spatial
hindrance phenomenon, as described for neutralizing anti-
bodies directed against adenovirus17.

To assess the specificity of the binding of mutants I-447 and 
I-587 to B16F10 cells, we repeated the cell attachment assays in
the presence of a competing RGDS peptide or an inactive RGES
peptide. The binding of both mutants I-447 and I-587 to B16F10
cells could be completely inhibited with 250 µM of the RGDS
peptide whereas the RGES peptide was inactive (Fig. 2c and 2d).
We obtained similar results with RN22 cells (data not shown).

We next assessed the susceptibility of two cell lines, Co-115
and B16F10, to become infected by the mutants I-447 and I-587.
We used Co-115 cells to assay for wild-type receptor tropism of

virions because they permitted infection by wild-type
AAV2 and failed to bind the L14 peptide (data not
shown). We chose the B16F10 cell line for the reasons
mentioned above. Infected cells were assayed for viral
Rep protein expression after 3 days by immunofluores-
cence using the antibody against Rep, 76/3 (ref. 16). In
Co-115 cells, Rep expression was detected after infection
with wild-type AAV2 and with I-447 and I-587. In Co-
115 cells, the infectivity of both mutants was 0.05–0.5%
the infectivity of wild-type virus (Table 2). This might be
caused by a reduced binding of the mutants to the nat-
ural AAV2 receptor or by changes in the subsequent
steps of virus uptake and transport to nucleus.

Table 2 Infection of Co-115 and B16F10 cells

Titer on CO115 cells Titer on B16F10 cells
Virus heparin – + – – +

RGDS – – – + –

wt AAV2a 2 × 109 nd < 1 nd nd
I-447a 1 × 106 nd < 1 nd nd
I-587a 1 × 107 nd 1 × 106 < 1 nd
rAAV/LacZb 5 × 107 6 × 104 < 1 nd nd
rAAV(I-587)/LacZb 6 × 105 8 × 102 5 × 104 < 1 5 × 104

Titers of viral preparations are expressed ain Rep-EFU/ml for the viral preparations with the viral rep
gene, or bin LacZ-EFU/ml for the viral preparations with the LacZ gene. Infection assays were done
with (+) or without (–) heparin (100 µg/ml) or RGDS (200 µM) inhibitor. nd, not determined.

a

b

c
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Fig. 2 Presentation and functionality of
the L14 sequence. a, Detection of L14
on the capsid surface of the mutants by
either a direct ELISA (filled bars) or 
an indirect ELISA (shaded bars). 
b, Attachment assays of B16F10 (�) and
RN22 ( ) cells on the different viral
preparations. The number of adherent
cells was measured by a colorimetric
assay and is given as absorbance. c and
d, Inhibition assays of the attachment of
B16F10 cells on mutants I-447 (c) and I-
587 (d). Inhibitors: RGDS (�) and RGES
(�). a–d, Data represent one of three in-
dependent similar experiments.

In B16F10 cells, Rep was ex-
pressed after infection with I-587
(Fig. 3) but not I-447. The titer of I-
587 was estimated as high as 
1 × 106 Rep-expression-forming
units (EFU)/ml (Table 2). Similar
results were obtained with RN22
cells (data not shown). In addition,
by using a rAAV(I-587)/LacZ vector
containing the LacZ reporter gene
in a modified capsid presenting
the L14 peptide at site 587, we
demonstrated the feasibility of targeted gene transfer in B16F10
cells (Fig. 3c). The titer of rAAV(I-587)/LacZ was 5 × 104 LacZ-
EFU/ml, representing an increase of the susceptibility of B16F10
cells for rAAV vectors by more than 4,000% (Table 2).

The attachment of AAV to its host cell seems to be a two-step
mechanism that requires heparan sulfate proteoglycan as a pri-
mary receptor for the attachment of AAV to the cell membrane4

and either αVβ5 integrin5 or human fibroblast growth factor re-
ceptor molecule6 as co-receptors. To determine the relative con-

tributions of heparan sulfate proteoglycan and L14-specific
integrin receptor for infecting B16F10 cells with I-587, cells were
infected in the presence of either 100 µg/ml soluble heparin, a
specific inhibitor of the AAV–heparan sulfate proteoglycan
interaction4, or 200 µM RGDS blocking peptide (Table 2).
Transduction of Co-115 cells with rAAV/LacZ and rAAV(I-
587)/LacZ was inhibited by more than 99% by heparin. In con-
trast, infection of B16F10 cells by rAAV(I-587)/LacZ could not be
blocked by heparin but could be blocked by RGDS peptide, indi-
cating that the mutant I-587 infected B16F10 cells through the
L14-specific integrin receptor without the contribution of
heparan sulfate proteoglycan (Table 2).

Re-targeting of AAV2 has been attempted using different
strategies. One attempt added the single-chain fragment variable
region of a monoclonal antibody against CD34 to the N termi-
nus of the VP2 capsid protein18. Although re-targeted AAV2 viri-
ons were obtained that were able to infect CD34+ cells, this
strategy had two chief disadvantages. The infectious titer was rel-
atively low (4 × 102 virions per ml). Moreover, because the
method of virus production required all three wild-type capsid
proteins (VP1, VP2 and VP3) in addition to the single-chain frag-
ment variable-VP2 fusion protein, the final vector preparation
contained both wild-type and re-targeted rAAV capsids. Another
approach to re-targeting AAV2 used bispecific antibodies recog-
nizing the AAV2 viral capsid (through one Fab arm) and the al-
ternative cell surface receptor (through the other Fab arm)19. This
strategy allowed the transduction of megakaryocytic leukemia
cell lines through the vector–bispecific antibody complex.
However, the success of this approach depends on a very stable

Fig. 3 Transduction of B16F10 cells. a and b, B16F10 cells infected with
wild-type AAV2 (wt AAV2) or with mutant I-587 and visualized with light
microsopy (a) or Rep-immunofluorescence staining (b). Original magnifica-
tion, ×63. c, X-gal staining of B16F10 cells infected with rAAV/LacZ or
rAAV(I-587)/LacZ. Original magnification, ×20.
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interaction between the vector particle and the bispecific anti-
bodies to prevent premature dissociation of the targeting anti-
body from the vector particle. Moreover, the use of bispecific
antibodies might require an additional purification step to re-
move free antibody from the viral preparation and to avoid com-
petition of free antibody with virus–bispecific antibody
complexes for the cellular receptor.

In conclusion, our study represents the first successful at-
tempt, to our knowledge, of insertional mutagenesis of the cap-
sid protein for re-targeting the viral tropism of AAV2 to cells that
are normally resistant to AAV2 infection. This indicates that a
genetic receptor targeting of AAV2 vectors is possible and opens
new avenues for the design of targeted AAV2 vectors for human
somatic gene therapy, in particular for in vivo protocols.

Methods
Capsid protein structure analysis. All protein sequence analyses were
done on the World-Wide Web by NPS@ (Network Protein Sequence 
@nalysis, URL:http://pbil.ibcp.fr/NPSA). The CPV VP2 capsid protein (pro-
tein data bank code, 2CAS) related to AAV2 was found by scanning the
NRL-3D database using the Smith and Waterman algorithm20. The ob-
served secondary structure of the CPV VP2 capsid protein was derived
from crystallographic data by using the classical DSSP algorithm21 on the
2CAS file of atomic coordinates (Fig 1a, row 1). The predicted secondary
structure of the same protein was determined by the SOPM method11

(Fig. 1a, row 2). The comparison of both observed and predicted sec-
ondary structures yielded a prediction accuracy level of about 84% (472
correctly predicted residues over 563 residues), indicating that the SOPM
algorithm provided very precise results for this protein family. Thus, the
sequence of the corresponding capsid protein of AAV2, VP3, was sub-
jected to the same SOPM algorithm (Fig. 1a, row 3). The comparison of
the predicted secondary structures for both protein sequences (CPV VP2
and AAV2 VP3) indicated that both proteins had similar topologies, allow-
ing the use of the CPV capsid protein structure as a crude template for the
AAV2 capsid protein. After analysis of the three dimensional structure of
the CPV VP2 capsid protein with the RASMOL program, six regions in this
protein were identified that were exposed on the viral capsid surface and
were expected to be flexible enough to accept the insertion of a peptide
sequence (Fig. 1b). The corresponding regions on the AAV2 VP3 capsid
protein were identified by alignment of the sequences of the CPV VP2
capsid protein and the corresponding capsid protein of AAV2, VP3 
(Fig. 1c). We excluded the possibility that the delineated sites for insertion
were not predicted as regular secondary structure elements of the AAV2
capsid protein (Fig. 1a), where insertions would destabilize the capsid.

Plasmids. The plasmid pUC-AV2 was constructed by subcloning the 4.8-
kb BglII fragment of pAV2 (37216; ATCC, Rockville, Maryland) into the
BamHI site of the pUC19 (New England Biolabs) by blunt-end ligation. It
contains the full-length AAV2 genome and served as the parental plasmid
to all constructs described in this report.

The plasmid pCap was obtained by blunt-end subcloning the 2.2-kb
EcoRI–BspMI fragment of pUC-AV2 into the EcoRI site of the pUC19;
therefore, it contains only the cap gene. It served as template for all PCR
reactions.

The plasmids pI-261, pI-381, pI-447, pI-534, pI-573 and pI-587 contain
the full-length AAV2 genome; the L14-encoding sequence was inserted in
the cap gene of the AAV2 genome after nucleotides 2985, 3345, 3543,
3804, 3921 and 3963, respectively (Fig. 1c, precise location in the capsid
protein sequence). The mutagenesis was achieved by using the ExSiteTM

PCR-based Site-Directed Mutagenesis Kit as described by the supplier
(Stratagene, La Jolla, California). For each mutant, a PCR fragment was gen-
erated by using the pCap plasmid as the template with two primers: one (K)
containing the 20 nucleotides belonging to the cap gene immediately up-
stream of the insertion site and also some nucleotides coding for the 5’ ex-
tremity of the L14 peptide; and the other (L) containing the 20 nucleotides
belonging to the cap gene immediately downstream of the insertion site
and also some nucleotides coding for the 3’ extremity of the L14 peptide.
The PCR products were amplified into bacteria and sequenced. The 1.4-kb
EcoNI–XcmI fragment containing the L14-encoding sequence was then
subcloned in pUC-AV2 from which the corresponding fragment encoding
the wild-type cap sequence had been removed. The following primers were
used: K/261 (5’–CTTGGGAAATTTGTTTGTAGAGGT–3’) and L/261
(5’–CCGGCACTTTTGCCCTCCGCGGTGATAATCCACAAGGAAGC-

CAATCAGGAGCCTCGAA–3’) for pI-261; K/381 (5’–CTTGGTTC-
AGGGTGAGGTATCCAT–3’) and L/381 (5’–CCGGCACTTTTGCCC- TC-
CGCGGTGATAATCCACAAGGAAACGGGAGTCAGGCAGTAGG–3’) for
pI-381; K/447 (5’–CTTGTCTGCTCAAGTAATACAGGT–3’) and L/447
(5’–CCGGCACTTTTGCCCTCCGCGGTGATAATCCACAAGGAACAAACACTC-
CAAGTGGAAC–3’) for pI-447; K/534 (5’–CTTGAAAAAACTTTT-
CTTCATCG–3’) and L/534
(5’–CCGGCACTTTTGCCCTCCGCGGTGATAATCCACAAGGACCTCA-
GAGCGGGGTTCTCAT–3’) for pI-534; K/573 (5’–CTTGCGTAGC-
CACGGGATTGGTT–3’) and L/573 (5’–CCGGCACTTTTGC-
CCTCCGCGGTGATAATCCACAAGGAGAGCAGTATGGTTCTGTATC–3’) for
pI-573; and K/587 (5’–CTTGGTTGCCTCTCTGGAGGTT–3’) and L/587
(5’–CCGGCACTTTTGCCCTCCGCGGTGATAATCCACAAGGAAGA-
CAAGCAGCTACCGCAGA–3’) for pI-587.

The pRC plasmid was constructed by blunt-end subcloning of the 4.5-
kb XbaI–XbaI fragment of psub201(+) (ref. 22; plasmid obtained from R.J.
Samulski) into the PstI and BamHI sites of the pSV40oriAAV (ref. 23).

The pRC(I-587) plasmid was a derivative of the pRC plasmid, obtained
after subcloning of the EcoNI–XcmI fragment of pI-587 in pRC from which
the corresponding fragment had been removed. Both plasmids pRC and
pRC(I-587) contain the AAV2 rep- and cap-encoding regions but lack the
viral ITRs; therefore, they allow the production of helper-free AAV2-based
vectors either in a wild-type AAV2 capsid (pRC) or in a capsid presenting
the L14 peptide at the residue 587 (pRC(I-587)).

The pZnL plasmid was constructed by inserting the BglII fragment of
pAD-LacZ (plasmid obtained from A. Doenecke) into the SnaBI–SnaBI sites
of the psub201(+). The resulting plasmid is an AAV2-based vector plasmid
with the zeocin selectable marker gene and the Escherichia coli LacZ gene
with a nuclear localization signal, both promoted by the cytomegalovirus
promotor and flanked by AAV2 ITR sequences.

Cell culture. Human cervix epitheloid carcinoma (HeLa; ATCC CCL 2;
American Type Culture Collection, Rockville, Maryland), mouse melanoma
(B16F10), rat schwannoma (RN22; obtained from R. Timpl) and human
coloncarcinoma (Co-115) cells have been described13,24. They were main-
tained as monolayer cultures at 37 °C and 5% C02 in Dulbecco’s modified
Eagle’s medium (DMEM) (HeLa, B16F10, RN22) or DMEM–Ham’s-F12
(1:1) medium (Co-115) supplemented with 10% fetal calf serum (FCS),
100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine.

Production of AAV2 particles. For the generation of AAV2 virions, HeLa
cells were seeded at 10% confluency in plates 150 mm in diameter. Cells
were transfected with DNA plasmids (35 µg pUC-AV2, pI-261, pI-381, pI-
447, pI-534, pI-573 or pI-587 for the production of the wild-type AAV2, I-
261, I-381, I-447, I-534, I-573 and I-587 AAV2 mutant viral preparations,
respectively; or 17.5 µg pZnL with 17.5 µg of helper plasmid pRC or
pRC(I-587) for the production of the rAAV/LacZ and rAAV(I-587)/LacZ
AAV2-based viral vector preparations) by adding a 1:1 mixture of 2× BBS
buffer (50 mM BES (N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid), pH 6.95, containing 280 mM NaCl, 0.75 mM Na2HPO4 and 0.75
mM NaH2PO4) and 260 mM CaCl2 and subsequently incubated 18–22 h
at 35 °C in an atmosphere of 3% CO2. At 48 h after transfection, cells
were incubated with adenovirus type 5 (multiplicity of infection = 5) for 1
h in 10 ml of serum-free medium and then supplemented with 10 ml of
medium containing 20% FCS. At 72 h after adenovirus type 5 infection,
the AAV2 viruses were purified and concentrated by two cycles of ultra-
centrifugation on CsCl gradients (P = 1.4 g/ml) as described23.

Titer determination. The concentration of DNA containing viral particles
was determined by DNA dot–blot hybridization. AAV2 viral preparations
were first incubated with 500 µg/ml DNaseI to remove putatively free
viral genomes that could be subsequently hybridized with the probe. The
viral preparations were then blotted in serial dilutions and finally hy-
bridized with a random-primed Rep probe by standard methods. Particle
titers were determined by comparing the intensity of the hybridization
signals with that obtained for a plasmid standard of known concentration
blotted on the same membrane.

The titer was also tested by an ELISA using the mouse monoclonal anti-
body A20, which recognizes only assembled capsids of AAV2 (ref. 16).
Purified A20 (200 ng) was attached to Costar microtiter plates by
overnight incubation at 4 °C. After plates were blocked with PBS contain-
ing 10% bovine serum albumin (BSA) and 0.05% Tween 20, serial dilu-
tions of AAV2 preparations were added to the wells, and were incubated
for 3 h at room temperature. After washing with PBS, the wells were incu-
bated with biotin-conjugated A20 for 1 h at room temperature. After a
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second wash, the wells were incubated with peroxidase-conjugated strep-
tavidin (Dianova Hamburg, Germany) for 1 h at room temperature. After
plates were washed, 100 µl of substrate solution (0.1 M sodium citrate
buffer, pH 6.0, containing 0.1 µg TMB (3,3’,5,5’-tetramethylbenzidine)
and 0.003% H2O2) was added to each well for 10 min, then the reaction
was stopped by the addition of 50 µl 1 M H2SO4. Light absorbance at 450
nm was then measured with an automated microplate reader (BioRad,
Richmond, California). Particle titers were determined by comparing the
absorbance with that obtained for viral preparation of known titer added
to the same plate.

Detection of L14 peptide on capsid surface. To generate an antiserum
against L14 peptide, a rabbit was injected intramuscularly with 250 µg
thyroglobulin-conjugated L14 peptide in Freund’s complete adjuvant,
and was then administered two booster injections at 3-week intervals
with 200 µg of thyroglobulin-conjugated L14 peptide in Freund’s incom-
plete adjuvant. Blood was collected 1 week after the second booster in-
jection, and serum was prepared by standard techniques.

An ELISA with antiserum against L14 was used to analyze the presenta-
tion of the L14 peptide on the capsid surface. Viral preparations (1 × 109

viral particles) were either directly coated in 100 µl PBS on 96-well mi-
crotiter plates (Costar, Cambridge, Massachusetts) by overnight incuba-
tion at 4 °C (direct ELISA) or added to wells that had been coated with
200 ng A20 (indirect ELISA). Nonspecific binding was blocked with 100 µl
blocking buffer (PBS containing 10% bovine serum albumin and 0.05%
Tween-20). Rabbit antiserum against L14 (diluted 1:1,000 in blocking
buffer) was added to each well for 1 h at 37 °C. Plates were washed with
PBS and subsequently incubated with biotin-conjugated goat antibody
against rabbit (Dianova, Hamburg, Germany) for 1 h at 37 °C, and perox-
idase-streptavidin for 1 h at room temperature. The colorimetric assay
was done as for the A20 ELISA.

Cell attachment assay. Binding of the AAV2 mutants to the integrin re-
ceptor was analyzed in the cell attachment assay as described13. Viral
preparations (1 × 109 viral particles) were coated directly onto 96-well mi-
crotiter plates in 100 µl PBS and blocked in PBS containing 1% BSA. Cells
(1 × 105 in 100 µl) were plated in the coated plates and were allowed to
attach for 30 min at 37 °C in a humidified incubator. At the end of the at-
tachment period, the wells were washed twice with PBS to remove non-
attached cells. Adherent cells were fixed with 100% ethanol (10 min),
stained with crystal violet, washed extensively with distilled water, and
the crystal violet was absorbed by the cells was solubilized with 0.5%
Triton X-100 (50µl/well). Color wields were then measured at 570 nm
with an ELISA reader. In the inhibition assays, cells were mixed with either
RGDS or RGES soluble synthetic peptide at various concentrations (1-250
µM) before adding to the plate.

Virus replication assay. Cells were grown to 70% confluency on slides
and were infected with serial dilutions of viral preparations in serum-free
medium containing adenovirus type 5 at a multiplicity of infection of 5
plaque-forming units per cell. In the inhibition assays, cells were infected
in presence of 100 µg/ml heparin or 200 µM RGDS peptide . After a 1-
hour incubation at 37 °C, the medium was replaced with fresh complete
medium. Titers of viral preparations were determined 3 d later either by in
situ detection of Rep protein synthesis in an immunofluorescence assay16

(Rep titer) or using the X-Gal in situ assay by cytochemical staining23 (LacZ
titer). Titers were calculated from the last limiting dilution of viral stocks
that led to fluorescence-positive cells or to β-galactosidase-producing
cells, respectively.
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