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Protein ligands of the human adenovirus type 2
outer capsid identified by biopanning of a phage-
displayed peptide library on separate domains of
wild-type and mutant penton capsomers
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A filamentous phage-displayed random hexapeptide
library was screened on the adenovirus type 2 (Ad2)
penton capsomer and its separate domains, penton
base, full-length fiber, fiber shaft and fiber knob.
Affinity supports were designed to immobilize the
penton ligate with a preferred orientation, via immuno-
adsorption to pre-coated antibody. Three classes of
phagotopes were distinguished in the eluates from the
penton and fiber domains. (i) The first class represented
peptide sequences identified in certain Ad2 capsid
proteins, protein Illa, protein pVllI, penton base and
penton fiber. Data from specific ligand elution of phages
bound to fiber and penton base wild-types and mutants
suggested that the region overlapping the RLSNLLG
motif at residues 254-260 in the penton base and the
FNPVYP motif at residues 11-16 in the fiber tail
formed mutual interacting sites in the penton capsomer.
(ii) The second class consisted of phagotopes homo-
logous to peptide sequences found in host cell mem-
brane proteins involved in receptor or adhesion
functions. One of the most abundant species corre-
sponded to a conserved motif present in the 1-strand
B of type III modules ofhuman fibronectin. In addition,
phages which were screened for their failure to bind
to penton base RGD mutants were found to carry
consensus motifs to peptide sequences present in the
RGD recognition site of human integrin P subunits.
(iii) The third class comprised peptide motifs common
to both viral and cellular proteins, suggesting that a
mechanism of ligand exchange could occur during virus
entry and uncoating, and virus assembly and release.
Keywords: adenovirus/Ad2 receptor/fiber shaft/fiber knob/
phagotopes

Introduction
The vertex capsomer of the adenovirus (Ad) icosahedral
capsid, the penton, is a heteromeric protein composed of
two different late gene products, the penton base subunit,
anchored in the capsid, and a fibrous projection, the fiber
(Wilcox and Ginsberg, 1963; Valentine and Pereira, 1965;
Nermut, 1984; Pettersson, 1984). The Ad penton is com-
posed of four major domains with different structural and
functional roles, namely (i) penton base, (ii) fiber tail, (iii)
fiber shaft and (iv) fiber knob. The tail, which comprises
the N-terminal 40 residues in the serotype 2 fiber, has
been shown to be the domain of binding of the fiber to

the penton base (Devaux et al., 1987; Weber et al., 1989;
Novelli et al., 1991b; Karayan et al., 1994). The shaft
sequence is characterized by a 15 residue repeat motif, of
which the number varies according to the different Ad
subgroup, resulting in various lengths for the fibers
(Norrby, 1969; Green et al., 1983; Signas et al., 1985;
Ruigrok et al., 1990; Stouten et al., 1992; Kidd et al.,
1993). The distal knob domain comprises the C-terminal
180 residues of the fiber sequence, of which the last 40
have been found to be required for fiber trimerization
(Novelli and Boulanger, 1991a,b).
The penton capsomer, which represents the most

accessible and outermost structural component of the
virion, owing to the fiber projection and its distal knob
(Xia et al., 1994), has been found to be essential for human
adenovirus-host cell interactions and virus infection. Thus
in the currently accepted model of sequential interactions
between Ad and its cell receptor(s), the primary event
would consist of virus-cell recognition and attachment,
involving the fiber knob and an as yet unidentified cell
surface receptor. Subsequently the conserved RGD motifs
in the penton base and host cell components (such as
XV03 and av135 integrins) within the plasma membrane
would interact and permit (or facilitate) endocytosis of
the virion (Lonberg-Holm and Philipson, 1969; Hennache
and Boulanger, 1977; Svensson et al., 1981; Neuman
et al., 1988; Defer et al., 1990; Varga et al., 1991; Bai
et al., 1993; Belin and Boulanger, 1993; White 1993;
Wickham et al., 1993; Cuzange et al., 1994; Mathias
et al., 1994; Nemerow et al., 1994; Sprengel et al., 1994).
However, significant differences in RGD ligand usage
have been observed between Ad2 and Adi2 (Bai et al.,
1994) and additional capsid proteins, which remain to be
identified, could also participate in Ad cell entry (Greber
et al., 1993; Wickham et al., 1994). This is the case for
proteins located at or near the vertices of the virus
icosahedron, as suggested for peripentonal hexon-
associated protein VI (van Oosterum and Burnett, 1985;
Stewart et al., 1991, 1993) or for the capsid protein
Illa (Everitt et al., 1975; Boudin et al., 1980; Cuillel
et al., 1990).
The aim of the present study was to investigate further

the host cell membrane proteins involved in Ad2 attach-
ment (referred to as 'fiber receptors') and Ad2 endocytosis
(termed 'penton base receptors') and the possible subsets
of membrane receptor peptide sequences interacting with
the external components of the adenovirion. For this
purpose we used the technique of affinity selection of
complementary peptide ligands from a filamentous
bacteriophage-displayed random peptide library on
immobilized ligates (Parmley and Smith, 1988; Cwirla
et al., 1990; Scott and Smith, 1990). This technique has
been successfully applied to the identification of (i) the
epitope recognized by a monoclonal antibody (Stephen
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and Lane, 1992; Yayon et al., 1993), (ii) the immunofoot-
prints of pathogens in human sera (Folgori et al., 1994)
and (iii) complementary peptide sequences in partner
proteins of integrins (Koivunen et al., 1993, 1994), cellular
chaperones (Blond-Elguindi et al., 1993) or concanavalin
A (Oldenburg et al., 1992; Scott et al., 1992).

For this analysis we developed several strategies for
the isolation and characterization of Ad capsid-specific
hexapeptide phagotopes displayed in the pIII minor coat
protein of fd-derived filamentous phage fUSE5 (Scott and
Smith, 1990) from over 108 different sequences. (i) Phage
biopanning was performed using a variety of Ad penton-
derived affinity systems. This included wild-type penton
capsomers (base + fiber) isolated from Ad2-infected HeLa
cells and immobilized on a solid support and each of its
structural domains, namely penton base, full-length fiber,
fiber shaft and fiber knob, expressed as recombinant
proteins in baculovirus-infected insect cells (Novelli and
Boulanger 1991b; Karayan et al., 1994; Louis et al.,
1994). (ii) Penton base mutants carrying amino acid
substitutions in the conserved RGD motif consensus to
adhesion sequences were biopanned with the same library.
(iii) Phage biopanning was also carried out on immobilized
penton ligate specifically oriented through its binding to
pre-coated polyclonal or monoclonal antibodies (mAb).
(iv) Selective elution of phages by competition with an
excess of specific viral ligand (Blond-Elguindi et al.,
1993; Smith and Scott, 1993), i.e. soluble fiber with
immobilized penton base or soluble penton base with
immobilized fiber, was also designed to probe the peptide
sequences involved in penton base and fiber interactions.
The results of our phage biopanning revealed a complex

picture for the ligands of the Ad2 penton capsomer.
Comparison of our protein sequence data with those in
gene banks suggested that they belonged to two major
classes. One class of motifs corresponded to Ad2 capsid
components, among which some have already been
identified as penton partner proteins. The second class of
peptide ligands were homologous to sequences found in
cell membrane proteins with receptor or adhesion func-
tions. Certain sequences were found to be common to
these two classes.

Results
Identification of mAb epitopes by phage
biopanning
In order to validate our affinity systems, as well as to
characterize the immunological probes used in our study,
the epitopes of two different mAb were characterized by
biopanning of the fUSE5 phage-displayed hexapeptide
library. The first mAb was directed against the fiber
(4D2.5), the second was against the penton base (20G1).
MAb 4D2.5 recognizes an epitope which is conserved in
Ad2 and Ad5 fiber, reacts better with SDS-denatured fiber
monomer than intact trimer in immunoblotting and has
been localized within the N-terminal tail by peptide
mapping (Hong and Engler, 1991). This was further
supported by an absence of reactivity to our N-terminal
truncated fiber mutant FiAT17 (Novelli and Boulanger,
1991b). The hexapeptide sequences biopanned on mAb
4D2.5 are presented in Table I. Among the phagotopes
isolated the central tetrapeptide core NPVY was con-

Table I. Phagotopes biopanned on anti-fiber and anti-penton base
monoclonal antibodiesa

Anti-fiber tail Anti-penton base Background
mAb 4D2.5 mAb 20G1 (BSA)

FNPVYP RQFQSP SLERSI
QFNPVY RQNQSP KQVKLN
FNPAYY SQFQSP VWGVFP
MNPAYS SQFQAP SLRWGS
MNPVYS SQFQAP DLRSAF
MFNPVS IQFQGP IARRAI
MFNPVS FQWQGP RVIPMY
MFNPVS QWQAPA FIPLFS
MFNPVS QWQAPA RFIWRW
YFNPAY QGQAPV REMVFY
AYNPIY FLMVRT
YNWVYD

Consensus Consensus
FNPVYP RQ(W,F)Q(S,A)P
Fiber sequence Penton base sequence
'ITFNPVYPYD'5 264RQPFQE269

aThe phage-displayed hexapeptide library was biopanned on
immobilized mAb. Colonies of Tet + Kan-resistant bacterial cells,
corresponding to mAb-bound phages, were isolated and their
phagotope-harboring recombinant pIII genes were sequenced, as
described in Materials and methods. Phages non-specifically adsorbed
onto bovine serum albumin-coated microtitration wells showed some
samples of the background binding.

sistently found, with some variations observed at the first
and last positions. F and Y were found at higher frequencies
as the first residue and P was found once as the last one.
A similar peptide motif, FNPVYP, is present between
residues 11 and 16 in both Ad2 and Ad5 and was found
to be highly conserved within the fibers of other serotypes
(Kidd et al., 1993). This confirmed the previous mapping
of 4D2.5 and its identification as a non-conformation-
dependent, linear epitope.
The anti-penton base mAb 20G1 had been selected

against recombinant penton base isolated in its native
form. Preliminary characterization by immunoblotting
assays had shown that 20G1 reacted with non-denatured
pentamers and monomers of wild-type penton base and N-
terminal deletion mutant PbAT69 and C-terminal deletion
mutant PbCT53 1, suggesting that its epitope was localized
in the central domain of the penton base, within residues
70-530 (Karayan et al., 1994). The 20G1 epitope was
further characterized by phage library biopanning (Table
I). The consensus phagotope found was RQXQZP, in
which X was an aromatic residue (phenylalanine or
tryptophan) and Z an amino acid residue with a short side
chain (serine or alanine). The best fitting peptide sequence
in the Ad2 penton base protein was the RQPFQE motif
at position 264 (Roberts et al., 1986), in a region presenting
a high probability of accessibility and antigenicity.

Design of affinity supports with specific
orientation of the ligates
Adenovirus apex-mimicking affinity support. The penton
capsomer is an asymmetrical molecule with a well-defined
polarity at each of the 12 vertices of the virion. The
penton base constitutes an integral part of the capsid,
whereas its fiber projection, which terminates in a distal
knob, gives the isolated penton capsomer the aspect of a
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Fig. 1. Phage panning on an affinity support coated with mAb. In the
case depicted here a mAb directed against the penton base was pre-
coated onto a microtitration plate before adsorption of Ad penton
capsomer. If the mAb epitope is in the vicinity of the fiber attachment
site (e.g. mAb 20G1) steric hindrance will prevent adsorption of intact
penton onto the support and only free penton base would be capable
of binding to the mAb-coated support. The antigen binding domain of
the mAb will then be available for phage binding and the phagotope
motif isolated will represent the mAb epitope. Note that the different
components are not represented to their respective scale.

dumb-bell shaped structure under the electron microscope
(Pettersson, 1984; Ruigrok et al., 1990; Karayan et al.,
1994). It has been shown that the N-terminus of the fiber
polypeptide chain is engaged in binding with the penton
base, whereas its C-terminus forms the terminal knob
(Devaux et al., 1987; Weber et al., 1989). To screen for
host cell peptide sequences which recognize the Ad2
virion it was therefore essential in our biopanning assays
to mimic the natural orientation of the penton capsomer,
as in the capsid. This was achieved by pre-coating the
affinity support with polyclonal antibody against the
penton base, followed by immunoadsorption of penton
capsomer, so as to have the penton anchored via its base
and with its distal fiber knob oriented upwards. The
advantage of such an oriented ligate was to ensure that
reactive peptide sequences on the external domains of the
penton capsomer would be accessible to the phages for
binding, as occurs in the virion during host cell recognition.

Affinity support with monoclonal antibody-oriented
penton. Alternatively, the orientation of the penton ligate
was directed via its specific binding to a pre-coated penton
base mAb, of which the epitope has been identified in the
sequence. As depicted in Figure 1, if the penton base
mAb epitope is at or close to the fiber binding site, the
epitope would be inaccessible in the complete penton

capsomer by steric hindrance. In this case only free penton
base, if any, would be able to adsorb to the affinity
support. In the absence of saturating amounts of free
penton base in the ligand protein sample, free Fab would
be available to select phagotopes corresponding to the
mAb epitope. On the other hand, if the mAb epitope is
far from the fiber binding site in the penton base three-
dimensional structure, complete penton capsomer (namely
base + fiber) would be retained on the pre-coated mAb
layer and no Fab would be available after saturation
by penton.

Therefore, phage biopanning on affinity supports with
mAb-oriented ligates represents an indirect method to
determine the topology of the fiber binding site at the
surface of the penton base capsomer with respect to a
mAb with defined epitope. As shown below, we used both
these indirect approaches and the ligand elution method
to identify the fiber binding site in the penton base.

Biopanning of the hexapeptide library on penton
and penton base capsomers
Ad2 penton was immobilized by adsorption to pre-coated
penton base antibody, biopanned with the recombinant
phage library and the bound phages eluted at low pH. The
phagotopes isolated were sorted into different groups,
according to the respective position of the amino acid
residues, the charge, hydropathy and bulk of their side
chains. Five groups were thus defined for the Ad2 penton
and each group identified by a consensus motif which
was the most represented sequence (Table II). For example,
groups I (GLSIWN), II (NGSYPL) and III (AQQHYA)
were composed of homogeneous and highly represented
phagotopes. Members of groups IV (NDMISR) and V
(TLR) were more heterogeneous, as each individual
sequence was represented by only one or a few copies.
The GLSIWN, NGSYPL and AQQHYA motifs were also
eluted from the penton base, but three phagotope groups,
VI (MTSDDL), VII (VEPATP) and VIII (RWYRPI), were
unique to the penton base and were not found in the acid
eluate from penton adsorbed via its penton base moiety
(Table II).

Biopanning of the hexapeptide library on the
full-length fiber and fiber domains
Three motifs, GLSIWN (group I), AQQHYA (group III)
and NDMISR (group IV), which were found previously in
the penton and penton base eluates, were also recovered
from full-length fiber, but their respective groups showed
more sequence heterogeneity (Table III). This could be due
to a random adsorption of fiber onto the surface and/or,
alternatively, to some heterogeneity in the fiber quaternary
structure. Both the recombinant full-length fiber and fiber
knob have been shown to exist as true trimers (Henry et al.,
1994; Louis et al., 1994), whereas fiber shaft expressed by
FiDT61-410 (residues 61-410 in the Ad2 fiber sequence)
has been shown to occur mainly in monomeric and dimeric
forms (Novelli and Boulanger, 1991b).

Biopanning of the phage library on the separate fiber
domains, shaft and knob, also yielded phagotopes homo-
logous to the GLSIWN motif, but AQQHYA-related
peptides were only found with full-length fiber trimer and
members of the NDMISR group were only found with
the shaft. This would suggest that both NDMISR and
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Table II. Hexapeptide phagotopes eluted from penton capsomer
(base-fiber complex isolated from Ad2-infected HeLa cells) and from
recombinant penton base (pb)a

Group Penton
(low pH eluted)

(I) GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
FESIWP
WDGLSP
PVWLSQb

(II) NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL

(III) AQQHYA
AQQHYA
AQQIML

(IV) NDMISR
NDMISR
NDMISR
IDLMSI
RTKMSL
HMTRND

(V) TNSLRA
LTARSI
ATSHRI
TERLHL

(VI)

(VII)

(VIII)

Recombinant pb
(low pH eluted)

GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
LGEWSF
GRLWDT
WDAVNL
WKWVNL
HSWLSH
ASPWLV
APWKVW

NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL

ASQSHF
AQFQHH
GITHVA
QLPAKQ
HQLDSA

Recombinant pb
(fl-fiber eluted)

GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN
GLSIWN

NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL
NGSYPL

GQQDYA
GQQDYA
GQQDYA

MNTLRY
RMNTKH
NRMRYL
NSQRYK
AEKLRY
YRSKSS
YVKSRF
FYTLHT

MTSDDL
SMDADD
DDTYLF
LDLDPG

VEPATP
VEPATP
YIRVEP
EYTPDRb
SRPDQRb
RWYRPI
RWYRPI
RWYSPI
RTYRPI
RAAWPI
KAIWRW

aPhages were adsorbed on the immobilized penton, isolated from Ad2-
infected HeLa cells or on recombinant penton base (pb), expressed in
baculovirus-infected Sf9 cells, as described in Materials and methods.
Elution was carried out using low pH buffer (total elution) or, more

specifically, by competition with the natural ligand of penton base,
soluble wild-type full-length fiber (fl-fiber).
bReverse orientation

Table III. Hexapeptide phagotopes eluted from recombinant full-
length (fl) fiber and from its separate domains, shaft and knoba

Group fl-fiber
(acid eluted)

(I) GLSIWN
MVLFWS
TLSVFG
KWDTRR
WWVIRDb

(III) AQQHYA
NTQYQL
AVYHGQb

(IV) NDMISR
VLENSM
FSTNGM
RLMGVIb

(IX) MPKSLR
PQLVPS
IGLPTR

(X) RARRSI
RIRLEN

(XI) KKCCYI

(XII) GRIFRH
GRIFRH
TRLYDR
DRRYMP

(XIII)

Fiber knob Fiber shaft fl-fiber
(acid eluted) (acid eluted) (pb eluted)

TRVSWE
WSIAVSb
FSWLVIb
TIFITI

IRVRTW
LVRQVF

MRLTNM
GLRMFM

PKLGNH
PVRHPN
MPAHPF
PHFARS
SPRNKF
RTPTLF

LPRARA
RIRSLI

KKCCYI
KKCCYI

STLVRY
YRVLRT
THSKSF
SHHSSQ

GAFFIG
GAILVI
KNLFFI
SSRVFF
LSAGLA

KKCCYI
KCCYST
KCCYST
KCCFYV

AGIFRH
VRSHLL
HKTLGF
TEHRID
VLTVIH
ITRSSG
LAGTRL
NEFSNY
ELASVY
DARELY

GGFELI
GALLFP

(XIV) RRVLLG
RRVLLG
RRVLLG
RRVLLG
RRVLLG
RRVLLG
RRVLLG
RRVLLG
RRVLLG
RYVLPI

aPhages were adsorbed on recombinant fiber proteins isolated from
baculovirus-infected Sf9 cells. Elution was carried out using low pH
buffer (total elution) or, more specifically, by competition with the
natural ligand of the fiber, i.e. soluble penton base (pb), also obtained
as recombinant protein. Refer to Materials and methods for details.
bReverse orientation.

AQQHYA phagotopes were specific for the fiber shaft,
but their binding would depend upon the conformational
structure of the fiber ligate: AQQHYA would preferentially
recognize the fiber shaft in its trimeric structure, as in
the full-length recombinant fiber FiFL582, whereas the
monomeric and dimeric forms of the fiber shaft expressed
by the double truncated mutant FiDT61-410 would be
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recognized by NDMISR and its variants. Phagotopes of
group IX, typified by the PKLGNH-HPN motif, were
among the most represented species in the fiber knob
eluate (Table III). For the fiber shaft the most homogeneous
group (group XI), represented by the KKCCYI motif, was
also found in the full-length fiber and knob eluates,
suggesting that its binding did not depend on fiber
quaternary structure. Since the amino acid sequence
between residues 388 in the shaft and 410 in the knob
was common to the two fiber constructs FiAT388 and
FiDT61-410, the KKCCYI phagotope could recognize the
shaft-knob junction, which contains the highly conserved
TLWT(X)3P motif (Kidd et al., 1993). This could also be
the case for members of group XIII (Table III).

Phage displacement using specific adenoviral
ligands
Acid elution of phages from an immobilized protein ligate
theoretically yielded the whole bulk of bound phagotopes.
In contrast, in ligand elution assays, in which phages were
displaced by competition with a natural ligand of the
immobilized protein, the eluate would be expected to
contain a more restricted population of phagotopes. In the
case of the penton base as the immobilized ligate the
natural ligand was the soluble fiber and, vice versa, soluble
penton base was the ligand for the immobilized fiber.
Considering the immobilized penton base, there were three
possible mechanisms of ligand elution using soluble fiber,
as depicted in Figure 2. (i) Phage species carrying a
hexapeptide motif complementary and adapted to the
peptide sequence of the fiber attachment site in the penton
base would be displaced by an excess of soluble fiber, via
direct competition for the same binding site. The isolated
phagotope should therefore mimic the motif in the fiber
which recognized its natural binding site in the penton
base. (ii) Phages harboring hexapeptides recognizing sites
in the penton base molecule other than, or distant from,
the fiber binding site, could be released from their ligate
as a result of conformational changes occurring upon fiber
attachment and subsequent decrease, or loss, of affinity
for their own ligands. This mechanism would be analogous
to that observed with allosteric sites of allosteric enzymes.
(iii) The third mechanism would yield phages adsorbed
to the immobilized penton base via phagotopes comple-
mentary to sequence(s) or motif(s) also present in the
soluble fiber ligand. If both viral proteins carry similar
binding site(s), phage-displayed hexapeptide(s) would be
displaced from the immobilized ligate by an excess of
soluble ligand. The latter two mechanisms are not mutually
exclusive, since phages which were released from an
allosteric-like site in the penton base upon fiber attachment
could in turn find a similar binding site available on soluble
fiber molecules and be recovered in the supematant.

Ligand elution of phages bound to the penton base
yielded three homogeneous populations of phagotopes
(Table II), carrying the GLSIWN, NGSYPL and GQQDYA
motifs respectively. The third mechanism most likely
applied to two of these phagotope motifs, GLSIWN and
GQQDYA, since they were found in the acid eluates from
both penton base and fiber ligates. Thus the existence of
common (or homologous) accessible peptide sequences in
the penton base and fiber could be hypothesized (Tables
II and III). For example, the peptide motif LDVD is found

Fig. 2. Theoretical mechanisms of phage displacement by using
specific ligand elution. In the example sketched the penton base
represents the immobilized ligate, adsorbed to the solid support via
anti-penton base Ab, whilst soluble fiber is used as the competing
ligand. (1) Direct competition between fiber and phage occupying the
fiber binding site of the penton base. (2) Conformational change in the
phage binding site (allosteric-like site) and decrease in its affinity for
the phage upon fiber attachment. (3) Displacement of the equilibrium
between bound and unbound phages by an excess of soluble fiber
ligand providing extra binding sites in its own sequence. (3') A
combination of (2) and (3), in which the binding of the fiber to its
natural site provokes a change in the conformation of another site
(3-*3'). After release from the penton base the phage could in turn
bind to an equivalent site available on the soluble fiber. Note that the
diagram is not drawn to scale.

at positions 287-290 in the penton base and at positions
268-271 in the fiber shaft (Roberts et al., 1986). This
hypothesis was further investigated using fiber N-terminal
mutant FiAT61. Deletion of the fiber tail domain in
recombinant fiber mutant FiAT6l abolished its binding to
the penton base in vivo (Karayan et al., 1994). Equivalent
input multiplicities of the three phages species, GLSIVWN,
GQQDYA and NGSYPL were pooled, co-adsorbed onto
immobilized wild-type penton base and analyzed by ligand
elution assays using FiAT61. GLSIWVN and GQQDYA
motifs represented 85-90% of the phagotopes found in
the eluates, confirming that competition with these two
phages occurred in the absence of binding of the fiber to
the penton base. The NGSYPL phagotope, however, which
was only found in eluates from the penton and penton
base and never from the fiber ligate (Tables II and III),
was not competed away in significant amounts by the
penton base binding-defective fiber mutant FiAT6l (10-
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15%). This suggested that its complementary sequence
was only present in the penton base and that the NGSYPL
phagotope elution proceeded by fiber competition via the
first or second mechanism.
When fiber was used as the immobilized ligate for

biopanning and penton base as the soluble ligand a
homogeneous population of recombinant phages were
eluted, with the preferred hexapeptide motif RRVLLG
(Table III). Since this sequence was unique to the
biopanned fiber and was never found among the phago-
topes isolated with the penton base, it was assumed to be
eluted from the fiber by direct competition with soluble
penton base for the same complementary peptide domain
(first mechanism described above). The RRVLLG motif,
consensus to the RLSNLLG peptide in the Ad2 penton
base sequence at position 254 (Roberts et al., 1986),
would therefore correspond to the fiber binding site in the
penton base protein. The following experiments were
designed to test this hypothesis.

Phage adsorption assay with fiber and penton
base mutants
The RRVLLG-harboring phage was amplified and
adsorbed on microplate wells coated with the recombinant
full-length fiber FiFL582, the two N-terminal-truncated
mutants FiAT17 and FiAT61 and the recombinant fiber
knob FiAT388. All these recombinant fiber gene products
occur as trimers (Novelli and Boulanger, 1991b; Louis
et al., 1994). Phages were eluted using the penton base
as the soluble competitor and infectious titers determined
in the eluates. As shown in Table IV, there was a significant
difference in the fiber binding capacity of the RRVLLG-
containing phages between wild-type fiber and fiber
mutants carrying N-terminal deletions. This confirmed the
role of the RRVLLG-RLSNLLG motif in the interaction
of the penton base with the fiber tail domain.

Likewise, since the RGD motif in the penton base
has been implicated in Ad endocytosis, a similar phage
adsorption assay was used in an attempt to identify
possible RGD recognition sequence(s) among the variety
of phagotopes retained on recombinant penton base (Table
II). A population of 96 individual phages, which were
first selected by biopanning on recombinant penton base
wild-type, were assayed for their binding capacity to
penton base wild-type and two penton base mutants
carrying non-conservative amino acid substitutions in the
RGD motif at position 340, PbR340E and PbR340G.
Phages which consistently showed lower titers after micro-
panning on both RGD mutants were isolated and their
recombinant pIll protein sequenced. Two recombinant
phages, harboring the sequences MTSDDL and SMDADD
respectively, were thus identified. The binding capacity of
the MTSDDL-containing phage to the penton base wild-
type and the PbR340E and PbR34OG mutants are shown
in Table IV.

Biopanning of the hexapeptide library onto
mAb-oriented penton ligate
When the affinity binding system consisted of the
immobilized penton adsorbed onto pre-coated anti-penton
base mAb 20G1 the majority of the phagotopes sequenced
belonged to the (S,R)Q(F,W)QAP species, even after
multiple and prolonged saturation steps of the mAb with

Table IV. Microtitration of RRVLLG and MTSDDL phages adsorbed
on wild-type and mutant recombinant fiber and penton basea

Immobilized ligate No. of colonies

RRVLLGb MTSDDLC

FiFL582 (full-length, wild-type) 21.9 ± 9.6
FiAT17 (N-tenninal deleted) 6.0 ± 1.5
FiAT61 (tail-deleted) 6.6 ± 2.3
FiAT388 (knob) 4.4 ± 2.3
Control BSA 2.3 ± 1.1
PbFL571 (full-length, wild-type) 62.2 ± 16.0
PbR340E (RGD mutant) 4.2 ± 2.2
PbR340G (RGD mutant) 8.3 ± 4.8
Control BSA 2.1 ± 1.5

aAliquots (50 g1) from a supension of recombinant fUSE5 phages
harboring the RRVLLG or MTSDDL hexapeptide and with an input
titer of 105 phages/ml were adsorbed on immobilizezd recombinant
fiber or penton base proteins and their mutants. After extensive rinsing
the phages were eluted and the infectious titers determined by colony
titration as described under Materials and methods. Values in the table
are mean ± confidence interval at the P = 0.05 level (n = 12). The
number of phages adsorbed on full-length fiber or wild-type penton
base corresponded to 40-45% of the input phages, versus 5-10% for
the control BSA-coated wells.
bElution by competition with soluble ligand, using wild-type
recombinant penton base as the specific ligand of the fiber.
cLow pH elution of MTSDDL phages.

a penton sample (data not shown). This strongly suggested
that the anti-penton base mAb 20G1 was incapable of
binding to intact penton capsomer. This was confirmed
by co-immunoprecipitation assays of fiber-penton base
complex using mAb 20G1. Unlike polyclonal antibody
(Karayan et al., 1994), mAb 20G1 failed to co-precipitate
the fiber and penton base from lysates of Sf9 cells co-
infected with penton base- and fiber-expressing recombin-
ants and only free penton base was detected in 20G1
immunoprecipitates (data not shown). This would imply
that access of mAb 20G1 to its epitope was blocked, due
to steric hindrance, by attachment of the fiber to the
penton base (Figure 1) and that both sites were likely to
be close to each other in the penton base three-dimensional
structure. Indeed, the RQPFQ motif, homologous to the
20G1 epitope, occurs at position 264 in the penton base,
in close vicinity to the RLSNLLG motif at position 254,
which was identified as a fiber binding site (Tables III
and IV).

Phage interference with penton capsomer
assembly
Three phage clones were assayed for their possible inhibi-
tory effect on penton base and fiber assembly in vitro.
Two phagotopes had been identified as candidates for
mimicking the mutual interacting sites of the penton base
and fiber: (i) NGSYPL, isolated by biopanning and ligand
eluted from the penton base (Table II); (ii) RRVLLG, from
the fiber (Table III). (iii) A third, FNPVYP, corresponded to
a linear epitope of the fiber tail (Table I) in a region which
has been shown to be masked when anchored to the
penton base (Devaux et al., 1987; Weber et al., 1989). As
shown in Figure 3, the three phages competed with
penton base-fiber assembly in a dose-dependent manner.
RRVLLG showed a slightly higher inhibition efficiency
than the two other phages, with a 50% inhibitory dose of
-109 phage virions/sample, versus 1010 for both NGSYPL
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Fig. 3. Phage interference with penton capsomer assembly in vitro.

Recombinant penton base PbFL57 1 was incubated with recombinant

fiber FiFL582 in the presence of increasing amounts of competing

phages, ranging froM 106 (lane 2) to 1012 (lane 8) virions/sample.
Control samples are shown in lanes C and 1. C, Ad2 soluble fiber and

penton; 1, no phage added. The efficiency of penton assembly was

estimated using the band mobility shift assay. Upon assembly with the

penton base, free fiber protein (diffuse band f) is retarded and migrates
as a discrete band of penton (p) with a lower electrophoretic mobility
in the gel and reacts with both fiber and penton base antibodies.

(a) Luminescent immunoblot patter of the assembly competition

assay with RRVLLG phage, as revealed by fiber antibody.

(b) Densitometric scanning analysis of the penton bands as presented
in (a). The results (average of four separate experiments) were

expressed as a percentage of the penton band signal found in control

samples; SD were within 10-15% of the mean values.

and FNPVYP. The physiological significance of this differ-

ence with respect to the penton assembly process is

uncertain, but this could be due to the stoichiometry of

the penton capsomer subunits, in which three fiber subunits

interact with five penton base subunits (van Oostrum

et al., 1987).

Effect of phages on Ad2 cell attachment and entry

The adsorption to plasma membrane receptors of '4C-

labeled Ad2 virions was assayed at 40C and virus entry into

HeLa cells at 370C in the presence of some representative
clones of phages isolated by biopanning on the fiber

(LPRARA), the Penton base (MTSDDL) or both

(GLSIW;N), and used as competitors in single phage or

multiple phage competition assays. Cell monolayers were

incubated with constant, saturating amounts of radio-

labeled Ad2 virions representing a 0-fold excess over

the maximum theoretical number of surface receptors and

the number of competing phage virions added per sample
corresponded to 1-, 2-, 20- and 2000-fold the number of

cell receptors respectively. Only a discrete competition

effect on Ad2 adsorption (20-25% decrease) was detected
for a phage:receptor ratio of 2000 (data not shown), even
when the three phages were added together and at the
same final competing ratio. Since some degree of competi-
tion could be masked by co-adsorption of Ad2 and phage,
via non-specific binding of phage to the HeLa cell surface
or via an adenoviral bridge between cell and phage, Ad2
cell attachment was also assayed in the presence of DOC-
solubilized phage pIll protein. No detectable increase in
the level of inhibition of Ad2 attachment at low tempera-
ture was observed with recombinant protein plll compared
with phage virions (not shown). At 37°C, however, the
total Ad2 cellular uptake was reduced to 2- to 3-fold the
level of the control samples at a phage:receptor ratio of
2000 (Figure 4a) and the amounts of Ad2 label were also
found to be reduced to similar levels (2- to 4-fold) in both
the endosomal and nuclear compartments (Figure 4b and
c). No significant difference was observed between the
three different phages or a mixture of the three; the
combined set of the three phages MTSDDL, LPRARA
and GLSIWN did not result in any more pronounced
effect. The observed inhibiting effect on Ad2 entry by
phages was significant, considering that the maximum
decrease in virus binding to HeLa cells obtained was
4-fold in homologous competition between radiolabeled
Ad2 and a 100-fold excess of cold Ad2 competitor (Belin
and Boulanger, 1993).

Relative affinities between phages and ligands
A collection of phages, isolated by biopanning on the
penton base, the fiber or both, were immobilized on a
solid support and analyzed with respect to their affinity
for their viral ligands. The apparent association constants
obtained (Kapp), as derived from Scatchard plots of the
binding reactions, ranged between 1 per ,uM, for HSWLSH
phage and the penton base, and 60 per ,uM, for LGEWSF
phage and the fiber (Table V). The relative affinities of
phagotopes for their specific ligands seemed to vary
according to the modifications from the consensus motifs.
Thus the phage carrying the FNPVYP motif, identified as
a linear portion of the fiber tail sequence recognized by
mAb 4D2.5 (Table I), showed the highest Kapp for the
penton base, whereas the NGSYPL motif, which shared
homology with the former but differed from the fiber
linear sequence, showed a slightly lower affinity for the
penton base ligand. Likewise, the MTSDDL phagotope,
which failed to bind at significant levels to the RGD
penton base mutant R340E, was found to have a higher
affinity for wild-type penton base than phagotopes
DDTYLF and SMDADD. MTSDDL has a higher sequence
homology to the SMKDDLW motif present in the RGD
binding site of the integrin P subunit (D'Souza et al.,
1988, 1994) than DDTYLF and SMDADD. However,
there was no apparent relationship between the abundance
of certain phagotopes isolated and their respective affinities
for their ligands. For example, one of the most frequently
isolated phage, which carried the GLSIWN hexapeptide,
had a lower affinity for the penton base than the less
commonly found LGEWSF (Tables I and V). This could
reflect a difference in the number or/and accessibility of
their respective complementary motifs in the immobilized
viral ligate.
The relative affinities of the recombinant penton base
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Fig. 4. Phage interference with Ad2 entry into HeLa cells. Cell
monolayers were incubated at 37°C with constant, saturating amounts
of [14C]valine-labeled Ad2 and increasing inputs of competing phages.
Ad2 inoculum represented a 10-fold excess over the maximum
theoretical number of surface receptors (104 receptors/cell, 5x 109
receptors/well, Sx 1010 Ad2 virions/well) and the number of
competing phage virions added per sample corresponded to 1-, 2-, 20-
and 2000-fold the number of cell receptors respectively. Competitition
assays were performed with three phages (GLSIWN, LPRARA or
MTSDDL) individually or with a mixture of the three (G+L+M) and
the phage starting library was used as a control. The quantity of
intracellular Ad2 was determined from radioactivity in the whole cell
pellets (a) and the endosomal (b) and nuclear (c) fractions
respectively. The results (average of three separate experiments)
were expressed as the percentage of total Ad2 input radioactivity
(3X 104-5X 104 c.p.m./sample); SD were within 10-15% of the mean
values.

Table V. Apparent association constants (Kapp) of in vitro binding
reactions between various immobilized hexapeptide-displaying phages
and their soluble Ad2 protein ligands, recombinant wild-type penton
base (r-pbase), recombinant wild-type fiber (r-fiber) and recombinant
penton base mutant R340Ea

Phage hexapeptide or ligate Labeled ligand Kapp (± SD)
(per gM)

Libraryb r-pbase O0.1
FNPVYP r-pbase 52.1 ± 11.5
NGSYPL r-pbase 20.8 ± 8.2
GLSIWN r-pbase 16.0 ± 1.9
MTSDDL r-pbase 12.9 ± 2.0
DDTYLF r-pbase 7.3 ± 4.0
SMDADD r-pbase 6.4 ± 2.2
HSWLSH r-pbase 1.0 ± 1.0
MTSDDL Mutant R340E 60.5
Libraryb r-fiber 60.I
LGEWSF r-fiber 64.7 ± 4.8
IRVRTW r-fiber 52.7 ± 2.3
GLSIWN r-fiber 18.5 ± 5.5
LPRARA r-fiber 16.6 ± 5.7
RRVLLG r-fiber 9.0 ± 3.0
Ad2 penton basec Ad2 fiber 5.0 ± 3.0
HeLa celld r-fiber 476.0 ± 192.6
HeLa celld r-pbase 27.5 ± 5.0
KB celle Ad2virion 8.0-9.2x I03

aThe Kapp were expressed as per ligand molarity, penton base, fiber or
Ad2 virion respectively. The data presented in the table are the
average of three separate experiments ± SD.
tbThe penton base and fiber were found to bind to an immobilized total
random phage library with a Kapp of <I05 per M.
CA dissociation constant of Kd = 2X 10-7 M, expressed as fiber
molarity, has been reported for the in vitro assembly reaction between
the penton base and fiber isolated from Ad2-infected KB cells (Boudin
and Boulanger, 1982), hence Kapp = 0.5x107 per M.
dOur unpublished data. Dissociation constants of binding reactions
with HeLa cell receptors were thus Kd = 2 nM for the Ad2 fiber and
Kd = 36 nM for the penton base respectively. The values determined
by Wickham et al. (1993) were 1.7 and 55 nM respectively.
eData from Defer et al. (1990).

for most of its phagotopes were in the same range of
values as for its cell receptor (Wickham et al., 1993).
For recombinant fiber, however, Kapp was one order of
magnitude higher for its cell receptor than for any of
its phagotopes, suggesting that multiple discrete binding
motifs contribute to the fiber binding site at the cell
surface (Table V). The apparent association constant for
the assembly reaction between Ad2 penton base and fiber
in vitro has been previously estimated to be 5 per ,uM
(Boudin and Boulanger, 1982). A similar value (9 per ,uM)
was determined for the binding reaction of soluble recom-
binant fiber and immobilized phage carrying the RRVLLG
motif, homologous to the penton base sequence
RLSNLLG.

Discussion
In spite of the potential use of adenovirus in gene
therapy, the mechanisms involved in viral attachment and
subsequent cellular uptake remain poorly understood at
the molecular level. The adenovirus particles enter their
susceptible host cells by means of receptor-mediated
endocytosis and it is well established that the fiber and
penton capsomers are responsible for attachment of the
virus at the cell surface (reviewed in Seth et al., 1986;
White, 1993; Nemerow etal., 1994). The present study was
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Table VI. Summation of the characteristic hexapeptide ligands of the penton, penton base (pb), full-length (fl) fiber, fiber knob and shaft domainsa

Class Phagotope Binding to Homologous to or occurring in

(i) AQQHYA Penton base Ad2 IlIa ('56GQEDYT) and Ad2 PrVIII (23AAQDY)
GQQDYA fl-fiber
NDMISR fl-fiber, shaft Ad2 PrVIII (40MISR)
RRVLLGb fl-fiber (pb-ligand eluted) Ad2 pb (254RLSNLLG)

(ii) GLSIWN Penton base and fl-fiber Human FN type III modules (SLLVSWQ, GVLTVSWE, TMRVTW, TVLVRW, etc.)
TRVSWE Fiber knob,
IRVRTW Fiber shaft
RWYRPI Penton base FN-receptor a-subunit (YRGRPI)
MTSDDLC Penton base Human integrin 5-subunit RGD-crosslinked site (SMKDDL)
SMDADD Penton base
VEPATP Penton base EGF receptor (VEPLTP)
MNTLRY Penton base Human ankyrins (MNYLRY)
RMNTKH Penton base Human membrane-associated folate-binding protein (CMNAKH)
TRLYDR fl-fiber Human cadherins and annexins (QRLFDR)
PQLVPS fl-fiber Human ICAM-1 (PQLVSP)
MPAHPF Fiber knob Human LDL receptor (RLAHPF)
LPRARA Fiber knob FN type III module 14 (PRARI), FN-III module 5 (PRAQI) and rat erythrocyte band-3

protein (SPRARAS)
KLGNHPN Fiber knob Human cell receptor tyrosine kinases, cytoplasmic TK domain (e.g. KLGHHPN in tie)

(iii) KKCCYI fl-fiber, knob and shaft C5a, MAPA, PSPC, LIMP2d and Ad2 EIB-55K TAg (194RNCCYIS)
KCCFYV fl-fiber, knob and shaft
THSKSF Fiber knob Human C5a receptor (RESKSF) and Ad2 pb (471VHSKSF)
NGSYPL Penton and penton base FN-receptor a-subunit site 5 (NGYPDL) and fiber tail (12NPVYPY)

(fl-fiber eluted)

aSequence sources were the Swiss Prot and NBRF databases, using the FASTA program for sequence homology analysis.
bBinding significantly decreased for fiber N-terminal deletion mutants.
cBinding significantly decreased for RGD mutants of penton base.
dAbbreviations used are: FN, fibronectin; Ad2 ElB-55K TAg, early lB-encoded protein of 55 kDa, identified as the T antigen (RNCCYIS); C5a,
human complement C5a anaphylatoxin (KKCCYD); PSPC, human pulmonary surfactant-associated protein (TCCYIM); MAPA, rat microtubule-
associated protein IA (KPCCYIF); LIMP2, rat lysosome membrane protein II (RCCFYT).

aimed at identifying the recognition sequences involved in
binding of the virion structural proteins to the cell surface
receptors. We used phage-displayed peptide ligands to
probe the adenovirus outer capsid reactive domains.
Peptide ligands were isolated by biopanning on different
affinity binding supports coated with the vertex com-
ponents of the Ad2 virion. The complete penton capsomer
(base + fiber) was isolated from Ad2-infected HeLa cells,
whereas its constitutive domains, penton base, full-length
fiber, fiber shaft and fiber knob, were obtained as recombi-
nant proteins expressed in baculovirus-infected cells
(Novelli and Boulanger, 1991b; Karayan et al., 1994;
Louis et at., 1994). Penton base substitution mutants in
the conserved RGD motif, PbR340E and PbR340G, and
fiber N-terminal deletion mutants were also used in semi-
quantitative assays. The search for homology of the
isolated phagotope motifs to other reported protein
sequences in protein databanks allowed us to arbitrarily
sort the hexapeptide sequences into three different classes
of proteins. The results are summarized in Table VI.
The first class (i) corresponded to peptide motifs present

in Ad2 capsid components. For example, a sequence
consensus to AQQHYA, which was found to bind to the
penton base and fiber (Tables II and III), is found in
protein lIla, as GQEDYT, and in the precursor (PrVIII)
to capsid protein pVIII (Anderson, 1990), as GAAQDYST.
Likewise, NDMISR, which was biopanned on the fiber
shaft (Table III), is present in PrVIII as HMISR. It is
noteworthy that two peptide motifs complementary to the
penton base and fiber shaft are both located within the N-
terminal domain of PrVIII, corresponding to the proteolytic

fragment which has been postulated to be retained in
mature virions after proteolytic cleavage at residues 112-
113 by the virus-coded protease (Hannan et al., 1983;
Webster et al., 1989).
Our isolation of mimotopes of protein Illa and pVIII

sequences by phage biopanning on penton capsomer
domains suggested that proteins IlIa and pVIII are closely
associated with the penton capsomer at the vertex of the
adenovirion. Protein Illa was first assigned to the apex of
the viral icosahedron, like the penton base, but protein
pVIII has generally been considered as being hexon
associated, on the inside of the capsid (Everitt et al., 1975;
Pettersson, 1984). More recently a topographical model,
based on image reconstruction, has located protein IIIa at
the edge joining two hexon facets (Stewart et al., 1993).
However, our results were consistent with the recent
pathway described for adenovirus uncoating and stepwise
dismantling in the endosome, in which 80% of the fiber,
80% of the protein IlIa and 70% of the protein pVIII
content were released from the virion within 10 min
after endocytosis (Greber et al., 1993). The concurrent
dissociation of these three protein components strongly
suggests that they are functionally (if not topographically)
linked and that the fiber, protein IIIa and protein pVIII
are integral parts of the viral protein complex involved in
the early stages of virus-cell receptor recognition. In
addition, it could not be excluded that PrVIII and protein
Illa may also interact with the penton base and fiber at
certain stages of virion morphogenesis, possibly acting as
scaffolding or stabilization proteins.

Interacting domains between the fiber and penton base
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were also investigated, using (i) specific displacement of
phages bound to wild-type full-length fiber ligate by
competition with soluble penton base ligand, (ii) adsorption
assays of phages on fiber wild-type and N-terminal deletion
mutants and (iii) phage competition with penton assembly
in vitro. The results obtained, along with data from penton
capsomer biopanning using mAb 20G1 pre-coated affinity
supports (Figure 1), suggest that the RLSNLLG motif
within residues 254-260 in the penton base sequence was
specific for the N-terminal 17 residues of the fiber (Table
III) as previously hypothesized (Caillet-Boudin, 1989).
Ligand elution from the penton base using soluble fiber
yielded the highly represented NGSYPL phagotope,
which, unlike GLSIWN and GQQDYA, was unique to
biopanned penton base (Tables II and III). A NGSYPL-
related motif (FNPVYP, residues 11-16 in Ad2 and AdS
fibers) is highly conserved in the N-terminal tail of fibers
from various serotypes (Kidd et al., 1993). Although
FNPVYP, which represents a true linear sequence in the
fiber tail, showed a slightly higher affinity for its penton
base ligand than NGSYPL (Table V), both FNPVYP and
NGSYPL competed with the same efficiency with the
fiber for assembly with the penton base in vitro (Figure
3). This strongly suggests that residues 11FNPVYPl6 in
the tail fiber, deleted from the penton assembly-defective
fiber mutants FiAT17 and FiAT61 (Karayan et al., 1994),
constitute a major fiber interacting site with the penton
base.
The second class of phagotopes (ii) biopanned on the

penton and fiber domains showed significant homology
with motifs found in cellular proteins involved in host
cell functions, such as receptor-ligand binding, adhesion
or structural elements (Table VI). The most frequently
encountered phagotopes in the eluates from both the
penton base and fiber, GLSIWN and its related sequences
(e.g. TRVSWN), are the consensus for a conserved motif
present in the 5-strand B of type III modules of human
fibronectin (Bork and Doolittle, 1992; Main et al., 1992;
Dickinson et al., 1994). A homogeneous group isolated by
biopanning on the penton base, RWYRPI, is homologous to
the YRGRPI motif of the fibronectin receptor a-subunit,
located near to the calcium binding site (Ruoslahti, 1988).
Other less represented penton base- and fiber-adsorbed
phagotopes are found as homologous motifs in ankyrins
(MNTLRY), cadherins (RLYDR), ICAM-1 (PQLVPS) and
the LDL receptor (AHPF). For the fiber knob, adhesion
or receptor motifs were also recognized, such as PRARI
in fibronectin type III module 14 and PRARA in rat
erythrocyte band 3 protein, which could explain the
hemagglutination properties of adenoviruses and of their
fibers (Rosen, 1960; Norrby, 1969). Another fiber knob
binding phagotope, KLGNHPN, was consensus for the
KLGHHPN peptide of the highly conserved cytoplasmic
tyrosine kinase domain of human cell receptor tyrosine
kinases (O'Bryan et al., 1991; Partanen et al., 1992).

In competition assays using radiolabeled Ad2 none of
the phage virions carrying the consensus motifs LPRARA,
GLSIWN and MTSDDL, individually or as a mixture,
showed any significant reduction in Ad2 cell attachment,
as a <25% decrease was observed, even at high phage
input. This low competition efficiency suggested that
multiple receptor sequences are involved in Ad2 cell
binding and could not be competed out efficiently by one

individual or a small collection of phages. However, cell
entry and nuclear delivery ofAd2 was significantly reduced
(2- to 4-fold) at high phage multiplicity (Figure 4).
The number of phage virions required to obtain such a
detectable inhibiting effect on Ad2 entry (2000-fold the
concentration of cell receptors) was consistent with the
relatively low affinity of each individual phage for its
viral ligand, compared with the affinity of the whole Ad2
virion for its cell receptor, which was found to be two to
three orders of magnitude higher (Table V).

Taken together, our results suggest that the Ad2 penton
capsomer and its two constitutive domains, the penton
base and fiber, recognize multiple peptide sequences
present on the cell surface, rather than one single defined
receptor protein. This would explain the complexity of
the Ad2 receptor sites and of the Ad2 fiber cell membrane
ligands previously observed (Lonberg-Holm et al., 1976;
Hennache and Boulanger, 1977; Boulanger and Philipson,
1981; Defer et al., 1990; Belin and Boulanger, 1993).
Thus it is conceivable that adenovirus, as suggested for
other viruses (reviewed in Haywood, 1994), uses a variety
of binding motifs present as constitutive units of several
cell membrane proteins with receptor functions. Among
these Ad binding motifs the most frequently used could
be: (i) the highly conserved tryptophan-containing B-
element of type III modules of human fibronectin
(SLLVSWQ or TMRVTW), which bound to both the fiber
and penton base; (ii) a NGSYPL-like motif, consensus
for the fibronectin receptor a-subunit calcium binding site
5 (NGYPDL; Ruoslahti, 1988), which was specific for
the penton base.

Adsorption assay and titration of phages biopanned on
penton base wild-type and RGD mutants suggested that
the cellular peptide sequences complementary to the RGD
peptide in the penton base belonged to the class of
MTSDDL and SMDADD motifs (Tables II and IV). These
two motifs are the consensus for a region of human
integrin P subunits, DYPVDIYYLMDLSYSMKDDLWS-
IQN, isolated by RGD cross-linking (D'Souza et al., 1988,
1994). Since this region is highly conserved among all
integrin , subunits, the different functions recently
reported for a003 and a0f05 integrins in Ad2 infection
(Wickham et al., 1994) would imply other interactions
with non-RGD-containing domain(s) of the penton base
or/and with other capsid proteins.
The third class (iii) consisted of peptide sequences

common to the two previous classes and shared by virus
and cell components. This was the case for NGSYPL,
THSKSF and KKCCYI-KCCFYV (Table VI). Our finding
of a sequence homology between a penton base binding
motif in the fiber tail (FNPVYPY-NGSYPL) and linear
peptides found in the fibronectin receptor a-subunit
(NGYPDL) and in the LDL receptor (endocytosis signal
FDNPVY) suggests that competition for similar binding
sites and an exchange of protein ligands between host
cell and virion components could occur during virus
attachment, endocytosis and uncoating. The primary event
in Ad uncoating is generally thought to be labilization of
the Ad capsid, which results from fiber attachment to its
cell surface receptor. Indeed, Ad2 penton capsomer has
been found to dissociate into fiber and penton base upon
reaction with antibody directed against the fiber (Boudin
and Boulanger, 1981, 1982). Thus, following release of
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the fiber tail, the penton base unoccupied site could bind
to an equivalent motif in the fibronectin receptor a-chain
or the LDL receptor.
A similar mechanism of cell-virus ligand exchange

could also take place at the stage of virus assembly and
release from the host cell at the end of its life cycle. The
finding that the THSKSF motif, eluted from the fiber
knob, exists in the penton base (as VHSKSF) and has an
equivalent in some cell receptors (RESKSF in the human
C5a receptor) is probably not coincidental. It is reminiscent
of a previous model for intranuclear crystals of adenovirus
particles in which the distance between the virions and their
symmetry within the crystal unit cell imposed interactions
between the fiber knob and penton base (Boulanger et al.,
1974). The fiber knob binding motif, VHSKSF, in the
penton base might act within the cell to prevent the fiber
attaching prematurely to a cell component(s). Likewise,
the KKCCYI-KCCFYV motif, specific for the fiber knob-
shaft junction, is present in the Ad early lB-encoded
55 kDa protein known as the T antigen, which has a
funiction in cell transformation and a role in the expression
of viral late structural proteins (Yew et al., 1990). It is
also found in lysosome membrane protein II and rat
microtubule-associated protein IA, as well as in human
extracellular proteins involved in host defense, e.g. com-
plement C5A anaphylatoxin and pulmonary surfactant-
associated protein (Table VI). The host-virus ligand
exchange mechanism might therefore offer a clue to
elucidate the general problem of the virus assembly-
disassembly paradox recently evoked by Helenius (1992).
The results of our biopanning shed light on some earlier

observations on adenovirus physiopathology. Ten years
ago it was reported that adenovirus induced the release of
gold-labeled EGF into the cytosol of KB cells during
receptor-mediated endocytosis (FitzGerald et al., 1983)
and this effect was attributed to penton base (Seth et al.,
1984, 1985, 1986; Seth, 1994). The finding of a motif
with high homology to the EGF receptor in our penton
base biopanning (VEPATP-VEPLTP; Tables II and VI)
raises the hypothesis that the penton base, after release
from the virion after endocytosis, competes with EGF to
occupy the same receptor, resulting in EGF escape into
the cytosol. This offers a clue into the understanding
of the molecular mechanisms of vesicular escape from
endosomes, which constitutes a key parameter for efficient
gene delivery using adenoviral vectors.

Materials and methods
Cells, viruses and Ad2 capsid proteins
HeLa cells were grown as monolayers and infection with wild-type Ad2
was carried out as previously described (Defer et al, 1990). The Ad2
penton was isolated from the cellular pool of soluble antigens and
purified by conventional techniques (Boulanger and Puvion, 1973).
Insect cells (Sf9) were also grown as monolayers and baculovirus
(AcMNPV) recombination protocols, infection and expression of recom-
binant proteins have been described in detail in previous studies. Penton
base (PbFL571), full-length fiber (FiFL582), fiber shaft (FiDT61-410)
and fiber knob (FiAT388) were produced as recombinant Ad2 capsid
proteins in baculovirus-infected Sf9 cells (Luckow and Summers, 1989)
and isolated as previously described (Boudin et al., 1979; Novelli and
Boulanger, 1991b; Karayan et al., 1994). The recombinant AcMNPV
clone expressing the Ad2 fiber knob was obtained from J.Chroboczek
(Louis et al., 1994). To be consistent with our previous nomenclature
(Novelli and Boulanger, 1991b), the fiber knob was referred to as

FiAT388, since it was deleted of the N-terminal 387 residues. Baculovirus
recombinants expressing penton base mutants carrying an Arg->Glu
substitution at position 340 in the RGD motif (mutant PbR340E) or an
Arg-oGly substitution at the same position (mutant PbR340G) were
generated by site-directed mutagenesis, using the single-stranded DNA
method of Kunkel et al. (1987) with R408 as the helper phage (Russel
et al., 1986). They will be described in detail elsewhere (manuscript in
preparation).

Antibodies
Polyclonal anti-penton base serum (laboratory made) was raised in rabbit
by injection of purified recombinant penton base in its pentameric form
(9S fraction; Karayan et al., 1994). Mouse anti-penton base mAb 20G1
was isolated in our laboratory and partially characterized (Karayan et al.,
1994). Mouse mAb 4D2.5, directed against both the Ad2 and Ad5
fiber N-terminal regions (Hong and Engler, 1991), was a kind gift
from J.Engler.

Phage hexapeptide library and affinity biopanning
techniques
The filamentous phage hexapeptide library was kindly provided by Prof.
George Smith (Scott and Smith, 1990). Affinity biopanning of phages
binding to a ligate of choice was carried out following published
protocols (Parmley and Smith, 1988; Smith and Scott, 1993), with some
modifications. The modification we introduced was in the preparation
of the affinity supports used for biopanning and in the elution protocols.
Affinity supports with randomly adsorbed ligates. When the ligate to be
biopanned was a mAb or an Ad2 capsid protein in a non-specific
orientation they were coated directly onto microtiter plate wells (Nunc-
Immunomodule MaxiSorp F8) at a concentration of 1 gg/well in 0.1 M
sodium carbonate buffer, pH 9.6, overnight at 4°C.

Affinity supports with specific orientation of the immobilized ligate.
When specific orientation of the penton ligate was desired the viral
protein was allowed to adsorb in excess onto a surface which had been
pre-coated with anti-penton base antibody. This was achieved by pre-
coating anti-penton base rabbit polyclonal antibody or mAb (0.5-1 gg/
well) onto microtiter plate wells, followed by adsorption of Ad2 penton
(to saturation). The wells were then washed three times with TBS
containing 0.5% Tween-20 (TBST) and blocked by incubating for 90
min at room temperature with 3% bovine serum albumin in TBS.
Subsequently, 50 g1 (corresponding to 1010 phage particles) of the phage
library were added and allowed to absorb for 2 h at room temperature.
The wells were then rinsed 10 times with TBST to remove excess and
unbound phages.
Low pH elution. Total elution of phages bound to the affinity surface
was performed using 0.1 N HCI buffered to pH 2.2 with glycine and
containing 1 mg/ml bovine serum albumin (Parmley and Smith, 1988).
Elution was carried out for 10 min at room temperature.
Ligand elution. Selective elution was performed using a partner protein
acting as a competing ligand (Smith and Scott, 1993). This was referred
to as ligand elution, e.g. Ad2 penton base protein was used to ligand
elute phages adsorbed on Ad2 fiber and vice versa. The ligands used
for elution (baculovirus-expressed recombinant penton base and fiber)
were isolated from serum-free culture media in which they are secreted
in a soluble, native form (Novelli et al., 1991b; Karayan et al., 1994).
Elution of bound phages was carried out for I h at 37°C and the eluted
phages were immediately amplified in K9lKan bacteria and partially
purified by polyethylene glycol precipitation. Three rounds of biopanning
were carried out before the affinity-purified phages were isolated on LB
agar plates supplemented with 40 tg/ml tetracycline (Tet) and 100 gg/ml
kanamycin (Kan).

Phage adsorption assay
This assay, also known as 'micropanning' has been described by Parmley
and Smith (1988) to screen for tight binding phages after biopanning.
We have used this assay to quantitate the binding capacity of selected
phages on various ligands. Phages were adsorbed at a concentration of
1 X105 virions/ml onto 96-well microtiter plates coated with the ligate
of interest, the penton base or fiber, wild-type or mutant. After 30 min
incubation at room temperature unadsorbed phages were removed and
the wells washed 10 times with TBS. Elution was carried out either
with 20 ,ulacid elution buffer (10 min, room temperature) or using a
competing ligand (30 min, 37'C) and eluates were transferred to
corresponding wells of new 96-well plates containing 2 p1 1.25 M Tris-
HCI, pH 9.2. Then 5 plconcentrated suspension of K9lKan cells were
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added to each well and the plates incubated for 15 min at 37°C.
Subsequently 20 ,u1 LB was added to each well and the plates further
incubated for another 15 min. Aliquots (20 pl) from each well were
then spotted onto LB plates containing Tet and Kan. Colonies were
counted from each spot after 16 h growth at 370C.

DNA sequence analysis
The sequences of the hexapeptide-harboring recombinant phage plll
proteins were determined after isolation of single-stranded DNA from
fUSE5 phages and sequencing performed using the dideoxynucleotide
chain termination method (Sanger et al., 1987) and the oligonucleotide
5'-TGAATTTTCTGTATGAGG-3' as primer. The Sequenase kit version
2.0 (Amersham) was used for sequencing, according to the supplier's
recommendations. Unless homogeneous sequences were found in the
first 10 phage clones, 24-30 individual clones were usually sequenced.

Search for sequence homology
Hexapeptides isolated were compared with the 33 000 entries of the
SwissProt protein database, using the FASTA 1.6 program (Pearson and
Lipman, 1988) and the BISANCE system (Dessen et al., 1990).

Binding assays
For determination of relative affinities between phages and ligands
aliquots of phage virions were immobilized on a solid phase by adsorption
onto microtiter plates at 5X 1010 virions/well for 16 h at 4°C. After rinsing
with TBS buffer serial dilutions of isotopically labeled recombinant fiber
or the penton base in TBS (100 ,ul aliquot/well) were incubated with
phages for I h at 25°C. The wells were washed twice with TBST and
all the washing fractions were pooled. Phage-bound ligand was recovered
with acidic elution buffer, as described above. Trichloroacetic acid
(TCA)-precipitable radioactivity of phage-bound and unbound fractions
was collected on GF/C filters and determined by counting in a liquid
scintillation spectrometer (Beckman scintillation counter LS-6500). The
values of the ratio of bound to unbound counts were plotted versus
bound counts and the apparent association constants were derived from
the slope of the plots (Scatchard, 1949). The recombinant wild-type
penton base (PbFL571) and fiber (FiFL582) used as ligands were labeled
with both [35S]methionine and [35S]cysteine. Trans35S-label (ICN, Irvine,
CA; 40 TBq/mmol) was added to baculovirus-infected Sf9 cell cultures,
maintained in methionine-free medium, at 740 kBq/ml for 24 h at 16 h
after infection (Karayan et al., 1994). The specific radioactivity ranged
between 15 000 and 30 000 c.p.m./,ug recombinant penton base and fiber.

In vitro assembly of the penton base and fiber was carried out by
incubating FiFL582 fiber with PbFL571 penton base in stoichiometric
amounts (0.2 pug each recombinant protein in 10 pl TBS buffer) at 25°C
for 4 h in the presence of increasing concentrations of phage virions in
10 ,ul aliquots of TBS, ranging from 105 to 1012 virions/sample. At the
end of the incubation period 15 p1 40% glycerol solution in TBS was
added and the efficiency of penton assembly in vitro was estimated by
gel mobility shift assay using electrophoresis in non-denaturing 6%
polyacrylamide gels (Karayan et al., 1994). Free fiber migrates as a
diffuse band, whereas penton base-associated fiber is retarded and
migrates as a discrete band of penton, reacting with both fiber and penton
base antibodies in immunoblots. After electric transfer of proteins the
nitrocellulose membranes (Hybond ECL, Amersham) were successively
reacted with rabbit anti-fiber antibody (1:5000 dilution; laboratory
made), horseradish peroxidase-labeled anti-rabbit IgG conjugate (1:2000
dilution; Amersham) and chemiluminescent substrate (Boehringer
Mannheim) and exposed to radiographic films (Hyperfilm-pmax,
Amersham). The amount of fiber in the penton band was quantitated by
densitometric scanning of luminograms at 610 nm, using an automatic
densitometer system (REP-EDC; Helena Laboratories, Beaumont, TX).

Adenovirus particle attachment to cell plasma membrane receptors
was carried out at 4°C for 2 h, using [14C]valine-labeled Ad2 virions
and HeLa cell monolayers grown in 24-well plates (5X105 cells/well),
as previously described (Belin and Boulanger, 1993). Virus entry was
analyzed by incubating [14C]valine-labeled Ad2 virions with HeLa cell
monolayer samples at 370C for 1 h. Aliquots of I X 105 virions/cell were
used, representing a 10-fold excess over the estimated maximum number
of cell membrane receptors (5000-10 000 per cell; Persson et al., 1985;
Defer et al., 1990). The specific radioactivity of Ad2 virions used was

0.9X 105l.OX 105 c.p.m./1012 particles and the virus inoculum usually
contained 2 x 101 2 virions/ml. In competition experiments Ad2 samples
were pre-incubated at 25°C for 1 h with 109, 1010, 10'" or 1013 phage
virions, corresponding to 1-, 2-, 20- and 2000-fold the theoretical number
of cell receptors respectively. In some cell adsorption assays soluble
phage pIll proteins were used in lieu of phage virions. Suspensions of

phage virions (1014/ml) were incubated at 56°C for I min in TBS
containing 0.5% sodium deoxycholate (DOC) and the samples clarified
at 8000 g for 10 min. The tip protein plll was quantitatively recovered
in the supernatant, along with the pVIII major capsid protein (unpublished
data). Aliquots of DOC-solubilized phage plll protein, corresponding to
1010, 1011 and 1013 phage virions of the starting material respectively,
were mixed with radiolabeled Ad2 and the mixture overlaid onto HeLa
cell monolayers. The quantity of membrane-adsorbed Ad2 at 4°C and
the quantity of total virus uptake at 37°C were both determined by
counting the TCA-precipitable radioactivity of solubilized whole cell
pellets. The amount of endosomal and nucleus-associated counts were
determined after cell fractionation, as previously described (Defer et al.,
1990). Phage concentration was determined by a spectrophotometric
assay, assuming that 30 OD269 nm U/ml is equivalent to 2x 1014 phage
virions (Smith and Scott, 1993).
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