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Cryo-EM visualization of an exposed RGD epitope
on adenovirus that escapes antibody neutralization

cell membrane permeabilization (Wickhamet al., 1994).Phoebe L.Stewart1, Charles Y.Chiu1,
In vivo, the expression of integrinαVβ5 on human airwayShuang Huang, Tom Muir2,
epithelial cells has been shown to promote efficientYingming Zhao2, Brian Chait2,
adenovirus-mediated gene delivery (Goldman andPatricia Mathias and Glen R.Nemerow3

Wilson, 1995).
Department of Immunology, The Scripps Research Institute, La Jolla, The cell entry pathway of adenovirus is initiated by the
CA, 1Department of Molecular and Medical Pharmacology, long protruding fiber protein attaching to the primary
Crump Institute for Biological Imaging, UCLA School of Medicine, (unidentified) cellular receptor. Different subgroups of
Los Angeles, CA and2Mass Spectrometry Laboratory, Rockefeller

human adenovirus (i.e. type 2 and type 3) have differentUniversity, New York, NY, USA
fiber receptors, as they do not block each other’s binding3Corresponding author
to cells (Deferet al., 1990). Binding of the penton base
protein to cellularαV integrins triggers viral internalizationInteraction of the adenovirus penton base protein with
into clathrin-coated vesicles (Svensson, 1985; WickhamαV integrins promotes virus entry into host cells. The
et al., 1993). The viral particles subsequently causelocation of the integrin binding sequence Arg-Gly-
disruption of the endosomal membrane by a pH-dependentAsp (RGD) on human type 2 adenovirus (Ad2) was
mechanism (Fitzgeraldet al., 1983), which is still poorlyvisualized by cryo-electron microscopy (cryo-EM) and
understood. The penton base (Sethet al., 1984) andαVβ5image reconstruction using a mAb (DAV-1) which
integrin (Wickhamet al., 1994) have been implicated inrecognizes a linear epitope, IRGDTFATR. The sites
endosome disruption. Once released into the cytoplasm,for DAV-1 binding corresponded to the weak density
adenovirus particles are transported to the nuclear poreabove each of the five 22 Å protrusions on the adenovirus
complex (Dales and Chardonnet, 1973) where the viralpenton base protein. Modeling of a Fab fragment
genome enters the nucleus. During the cell entry process,crystal structure into the adenovirus–Fab cryo-EM
a stepwise dismantling of the virus structure is thought todensity indicated a large amplitude of motion for the
occur with the fibers dissociating first during endocyticFab and the RGD epitope. An unexpected finding was
uptake, followed by removal of other capsid proteins, sothat Fab fragments, but not IgG antibody molecules,
that when the partially disassembled capsid reaches theinhibited adenovirus infection. Steric hindrance from
nuclear pore complex, the viral DNA can be efficientlythe adenovirus fiber and a few bound IgG molecules,
released (Greberet al., 1993). Recent studies have alsoas well as epitope mobility, most likely prevent binding
suggested that penton base interaction with cell integrinsof IgG antibodies to all five RGD sites on the penton
is required for reactivation of the viral protease duringbase protein within the intact virus. These studies
cell entry, which allows for proper delivery of the viralindicate that the structure of the adenovirus particle
genome to the nucleus of the host cells (Greberet al.,facilitates interaction with cell integrins, whilst
1996).restricting binding of potentially neutralizing anti-

The penton base, composed of a pentamer of polypeptidebodies.
III, plays a critical role in the cell entry process. PentonKeywords: adenovirus/cryo-electron microscopy/image
base binding to cell integrins can be inhibited by solublereconstruction/integrins/neutralization
synthetic Arg-Gly-Asp (RGD) peptides, as well as by
monoclonal antibodies to the functional domain of the
integrin (Wickhamet al., 1993). The RGD sequence is

Introduction conserved within a highly variable region in the penton
base protein of four distinct adenovirus serotypes (repre-Adenovirus, a non-enveloped virus with icosahedral sym-
senting subgroups A, B, C and E) and many adenovirusmetry, is a significant cause of respiratory, gastrointestinal
types use this sequence for infection (Neumannet al.,and ocular infections of man (Brandtet al., 1969; Wadell
1988; Mathiaset al., 1994). The penton base is theet al., 1987; Horwitz, 1990). Replication-defective forms
component of the adenovirus capsid that becomes mostof this pathogen have been used successfully to deliver a
hydrophobic at pH 5.0 and, hence, is presumed to interactwide variety of foreign genes into cells (Brody and Crystal,
with the endosomal membrane (Sethet al., 1985). While1994). Although the primary cellular attachment receptor
the penton base may bind eitherαVβ3 or αVβ5 integrinhas not yet been identified for adenovirus, the cell surface
to trigger viral internalization, onlyαVβ5 was found tovitronectin-binding integrinsαVβ3 and αVβ5 have been
enhance membrane permeabilization (Wickhamet al.,shown to serve as co-receptors for virus internalization
1994).(Wickhamet al., 1993).In vitro studies have demonstrated

Previous cryo-electron microscopy (cryo-EM) studiesthat penton base interaction withαV integrins facilitates
combined with the X-ray crystal structure of the majorvirus internalization and infection (Baiet al., 1993;

Wickham et al., 1993; Huanget al., 1995), as well as capsid protein, hexon, have revealed the three-dimensional
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structure of type 2 adenovirus (Ad2) at 35 Å resolution
(Stewartet al., 1991; Athappillyet al., 1994). Each of the
12 vertices of the virus particle contains a penton complex
comprising a penton base protein which is non-covalently
associated with a fiber protein. Mathematical deconvolu-
tion of the cryo-EM reconstruction significantly improved
the resolution and revealed the presence of 22 Å protru-
sions on the outer surface of the penton base (Stewart
et al., 1993). We predicted that these protrusions contain
the RGD sequences as they represent the most accessible
portion of the penton base and the RGD stretch is located
within a hydrophilic region of the penton base.

This paper presents the neutralization properties and
epitope specificity of a penton base mAb. Cryo-EM and
image reconstruction have enabled visualization of the
adenovirus–Fab complex and localized the RGD binding
site on the virus surface. Modeling with crystallographic
coordinates of a Fab fragment indicated the amplitude of
motion of the RGD epitope. These studies reveal a novel
mechanism for evasion of antibody-mediated neutral-
ization.

Results

Characterization of the DAV-1 anti-penton base
mAb
The antigenic specificity of the intact DAV-1 mAb was
determined in an ELISA and Western blot. The DAV-1
mAb reacted with several different human adenovirus
serotypes, including Ad2, Ad3 and Ad4; however, it
showed only low level reactivity with an unrelated (con-

Fig. 1. Reactivity of the DAV-1 mAb with human adenoviruses andtrol) virus, Epstein–Barr virus (EBV) (Figure 1A). Each
cell matrix proteins. (A) Binding of the DAV-1 mAb to different

of these adenovirus types contains a penton base RGDadenovirus serotypes (Ad2, Ad3 and Ad4) or to a control virus (EBV)
sequence and similar, but not identical, flanking sequenceswas measured in an ELISA. (B) Binding of the DAV-1 mAb to the

penton base (PB) or cell matrix proteins, including fibronectin (FN),(Mathiaset al., 1994). The DAV-1 mAb also reacted with
fibrinogen (FG), vitronectin (VN), collagen type 1 (Col) or BSA waspurified recombinant penton base in a Western blot, but
assessed in a Western blot.it did not recognize different cell matrix proteins, including

vitronectin, fibronectin and fibrinogen, all of which contain
an integrin-binding (RGD) sequence but with very differ- this protein. The IgG form of the DAV-1 antibody was

found to have a somewhat higher affinity for the pentonent flanking residues (Figure 1B). To test further whether
the DAV-1 mAb recognizes the integrin binding (RGD) base than Fab fragments (KD 5 1.8310–8 M and 8.53

10–8 M, respectively). Therefore, differences in affinitysequence in the penton base protein, we examined whether
penton base binding to cells could be inhibited by the for the penton base protein do not account for the

ability of Fab fragments to selectively mediate virusDAV-1 mAb. Incubation of the penton base protein with
the DAV-1 mAb or with Fab fragments from this mAb neutralization.
blocked penton base binding to A549 cells (Figure 2A),
consistent with the notion that this mAb recognizes the Epitope mapping of the DAV-1 mAb

The DAV-1 binding site on the Ad2 penton base wasintegrin binding site on the penton base protein.
Next, we determined whether the DAV-1 mAb was rapidly identified using the recently described affinity-

directed mass spectrometry approach (Zhao and Chait,capable of inhibiting adenovirus infection, since the inter-
action of the adenovirus penton base protein withαV 1994; Zhaoet al., 1996). For these studies, we arbitrarily

selected a short region of the penton base, residuesintegrins plays an important role in viral cell entry (Bai
et al., 1993, 1994; Wickhamet al., 1993; Huanget al., 480MNDHAIRGDTFATRA494, that spanned the RGD

motif. As a first step, two nested peptide ladders, an1995). Preincubation of Ad2 with Fab fragments of the
DAV-1 mAb inhibited infection of A549 cells, while N-terminal set and a C-terminal set, were manually synthe-

sized using previously described solid-phase protocolstreatment of the virus with 3-fold higher amounts of
intact IgG molecules failed to inhibit adenovirus infection (Zhaoet al., 1996), such that each peptide ladder covered

the entire sequence of interest and each peptide within(Figure 2B). Further studies were performed to obtain
precise measurements of DAV-1 mAb binding to the the nested set differed by one amino acid. Each peptide

ladder was then affinity-selected using the immobilizedpenton base by surface plasmon resonance (SPR). We
observed that, at saturation, five molecules of DAV-1 Fab DAV-1 mAb. Those sequences which contained the com-

plete binding epitope were thus resolved from thosefragment bind to each penton base protein while, on
average, only 2.8 molecules of IgG antibody can bind to sequences which did not. The identities of the affinity-
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orientations (Figure 4B), DAV-1 Fab density can be seen
at the base of the adenovirus fiber in close proximity to
the penton base protein. Digital cryo-images were also
collected of uncomplexed adenovirus under identical con-
ditions.

Selection and refinement of 48 individual particle
images yielded a 19 Å resolution three-dimensional recon-
struction of the adenovirus–Fab complex (Figure 5). The
resolution of the reconstruction, verified by Fourier ring
correlation methods, is sufficient to note detail on the
hexon proteins that was not seen in the previously pub-
lished structure of the mature virus particle (Stewartet al.,
1991, 1993). The structural features of the hexons in the
reconstruction agree with the crystallographic structure of
hexon (Athappillyet al., 1994) and served as a suitable
control for evaluating the correctness of the three-dimen-
sional map. In addition, the crystallographic coordinates
filtered to 19 Å provided a way to confirm the resolution
of the reconstruction. Only short portions of the 12
protruding fibers, which are characteristic of adenovirus,
are visible as the fiber is not perfectly straight and is
thus mostly averaged away by the imposed icosahedral
symmetry (Stewartet al., 1991). Deconvolution of the
map to correct for the distortions caused by the contrast
transfer function (CTF) of the electron microscope was
carried out as described previously (Stewartet al., 1993).

A reconstruction of uncomplexed adenovirus was also
calculated from 48 particle images at the same resolution
(19 Å) as the virus–Fab complex. There were no discern-
ible differences between the two reconstructions apart

Fig. 2. Functional properties of the DAV-1 mAb. (A) Binding of from the additional Fab density above the penton base
[125I]penton base to A549 cells was measured in the presence of proteins. Close inspection of the uncomplexed adenovirus10 µg/ml DAV-1 mAb (IgG, open circles) or Fab fragments (closed

reconstruction showed strong protrusion density extendingtriangles) or a control mAb (LM142, closed circles). (B) Ad2 infection
22 Å above the penton base protein, as well as weakerof A549 was measured in the presence of 18µg/ml intact DAV-1 mAb

or 3 µg/ml Fab fragments or a control mAb by plaque assays. density extending out another 24 Å (Figure 6). The weaker
portion of the protrusion is only observed when the penton
base is contoured at just above the noise level, and it
suggests the presence of a mobile surface loop of theselected sequences were then determined in a single step

using matrix-assisted laser desorption mass spectrometry penton base protein.
Difference imaging between the virus–Fab structureas described (Zhao and Chait, 1994; Zhaoet al., 1996).

By simply comparing the matrix-assisted laser desorption and the uncomplexed structure allowed the Fab density to
be separated from the adenovirus capsid density. Theionization (MALDI) mass spectra of the N- and C-terminal

peptide ladders before and after the affinity-selection step, isolated Fab density is observed as a continuous ring
above each penton base with connections to the pentonthe exact boundaries of the linear binding sequence were

identified (Figure 3). The shortest N-terminal series peptide base protrusions (Figure 7A and B). To visualize the
diffuse Fab density, the isosurface threshold had to berecognized by the DAV-1 mAb contains an isoleucine

(I) residue while the shortest C-terminal series peptide lowered to just above the noise level. The presence of
the weak Fab density was confirmed by calculating anrecognized by DAV-1 contains an arginine (R) residue.

Together, these data indicated that the minimal epitope independent reconstruction from an additional 48 adeno-
virus–Fab particle images. The weak Fab density extendsis IRGDTFATR. This result was consistent with the

neutralization properties of the DAV-1 mAb and with its 70 Å above the penton base protrusions, roughly the
expected height for a Fab fragment, and 92 Å radiallyinability to recognize mutated recombinant penton base

proteins which lack the RGD sequence (data not shown). outwards from the fiber protein. The total integrated Fab
density is 86% of that expected for five rigidly bound Fab
fragments, and as the edge of Fab density is not wellCryo-EM structure of the adenovirus–Fab complex

Digital cryo-images of Ad2 particles complexed with defined, our integrated density is probably an under-
estimate. In addition, the Fab volume is roughly twiceDAV-1 Fab fragments were collected on a Philips CM120

with a Gatan slow-scan CCD camera (Figure 4A). The that expected, supporting our hypothesis of a mobile
surface epitope on the penton base protein.particles were observed to be randomly oriented within

the thin layer of vitreous ice. It is difficult to visualize the Since the Fab density is observed to connect only to
the mobile portion of the penton base protrusion, webound Fab fragments in the raw cryo-images, as binding

at all sites results in only a 2% increase in the total conclude that the DAV-1 epitope (IRGDTFATR) is located
within this density. In Figure 6D we show a stylized,mass of the particle. Nevertheless, in favorable particle
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Fig. 3. Epitope mapping of the DAV-1 mAb by affinity-directed mass spectrometry. A series of N-terminal (left) or C-terminal peptides (right) was
analyzed by matrix-assisted mass spectrometry before (A andC) or after affinity-selection (B andD) with the DAV-1 mAb. A comparison of the
MALDI mass spectra of the N- and C-terminal peptide ladders, before and after the affinity-selection step, allowed identification of the exact
boundaries of the linear peptide sequence (IRGDTFATR) recognized by the DAV-1 mAb.

Fig. 4. Digital cryo-electron micrographs of adenovirus–DAV-1 complexes. (A) A representative field of particles with a 1000 Å scale bar.
(B) An enlargement of one particle with arrows indicating regions of density attributed to DAV-1 Fab fragments.
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Fig. 5. A cryo-EM image reconstruction of the adenovirus–DAV-1 Fab complex. The penton base capsomers at the icosahedral vertices are shown in
yellow, the reconstructed portion of the flexible fibers in green, the remaining capsid density in blue and the Fab density in magenta. The complex is
viewed along an icosahedral 3-fold axis. The scale bar is 100 Å.

mobile RGD peptide loop within the weak portion of the viral capsid, suggests that the Fab molecules are mobile,
producing a diffuse reconstructed density.protrusion. Interestingly, the previously reported cryo-EM

volume for the penton base was only 93% of that predicted The volume of the cryo-EM Fab density is large enough
to map in eight distinct orientations of the Fab coordinatesfrom the molecular mass and comparison with the

crystallographic hexon (Stewartet al., 1993). The mobile per binding site. The tilt angles of the modeled Fab
coordinates were calculated and found to vary from 27°portion of the penton base protrusion, which had not been

observed previously, may account for most of the missing to 88° with respect to the fiber axis, indicating a large
amplitude of motion. A 19 Å resolution density map wasvolume. Our volume measurements indicate ~30 amino

acid residues in the top, mobile portion (Figure 6, shown calculated from all of the modeled coordinates, and is
depicted in Figure 7E and F as a wire mesh along within red) and an additional 60 residues in the rest of a single

protrusion. Fab fragments in five different orientations. Note that the
overall shape of the wire mesh matches the shape of the
observed cryo-EM Fab density (Figure 7A and B), withModeling of Fab binding to the penton base

The Fab density was analyzed by mapping in crystallo- dimensions that agree to within 10%. The Fab coordinates
used for modeling were from a crystallographic structuregraphic coordinates of a Fab fragment from a mAb directed

against the RGD integrin-binding loop of foot-and-mouth of a complex with a 15 residue RGD-containing peptide
of the FMDV (Verdagueret al., 1995). Positioning of thedisease virus (FMDV) (Verdagueret al., 1995). We

positioned a single crystallographic Fab fragment above RGD peptide coordinates, within the weak density at the
top of the penton base protrusions, resulted in the antigeniceach penton base binding site and calculated a 19 Å

resolution density map from these coordinates (Figure 7C binding sites of the Fab fragments capping the weak
protrusion density (Figure 7D). As the spatial relationshipand D). The resulting model density clearly does not

match the observed cryo-EM Fab density with the model between the Fab antigen binding site and the RGD peptide
antigen is fixed, the observed Fab density could not havevolume only accounting for 45% of the observed volume.

This observation, coupled with the fact that the Fab density been modeled without assuming a variable location for
the RGD domain. Thus, we have localized the dynamicvalues are on average much lower than those of the

1193



P.L.Stewart et al.

Fig. 6. The adenovirus penton base protrusions. (A) Top view of the penton base (yellow) and fiber (green) along with weak protrusion density (red).
(B) Side view of the external portion of the penton base with fiber. (C) Top view of the penton base showing the distances between weak
protrusions. (D) An enlargement of a single penton base protrusion with a loop modeled from the crystallographic FMDV RGD peptide. The
arginine side chain is shown in blue, and the aspartic acid side chain in red. The loops are shaded with a transparency gradient to denote motion.
The scale bars are 25 Å.

RGD epitope to within the weak density at the top of the sites. Any unbound sites may still bind integrin because
the virus is already tethered to the cell surface by thepenton base protrusion.
fiber protein, and this proximity may facilitate the viral
interaction with integrin. In contrast, the less bulky DAV-1Discussion
Fab fragments can effectively block Ad2 infection
since they are capable of binding to all of the exposedNeutralization properties of the DAV-1 mAb

The identification of an adenovirus mAb that reacts epitopes.
specifically with an RGD epitope in the penton base
protein provided an opportunity to characterize theαV Cryo-EM reveals a mobile RGD epitope on

adenovirusintegrin binding site. An unanticipated finding was that
Fab fragments of the DAV-1 mAb but not IgG molecules The cryo-EM structure of the Ad2–DAV-1 complex shows

that the Fab fragments bind to the top of five protrusionsblocked Ad2 infection (Figure 2). This represents a rare
example of virus neutralization by Fab fragments rather on the penton base. The nine amino acid epitope recognized

by the DAV-1 mAb was found to include the RGD motifthan by IgG antibody molecules. The average center-to-
center distance between the RGD epitopes on the penton required forαV integrin binding (Wickhamet al., 1993).

The structure indicates a large amplitude of motion forbase is 57 Å between adjacent protrusions (Figure 6C),
similar to the minimum distance previously noted for the RGD peptide as averaged and diffuse density is

observed for the Fab fragments. In contrast, cryo-EMepitope bridging by an IgG molecule (Hewat and Blaas,
1996). Therefore, bivalent binding of the DAV-1 mAb reconstructions of other virus–Fab complexes (Smithet al.,

1993, 1995; Portaet al., 1994) have shown strong, well-should be possible, especially since there is flexibility in
both the epitope and the antibody hinge region. Our defined Fab density. In favorable cases, it has even been

possible to distinguish the Fab elbow angle to within 20°saturation binding measurement of 2.8 IgG molecules per
soluble penton base protein can be explained by two from the shape of the cryo-EM density (Liuet al., 1994).

Our finding of a mobile epitope is consistent with two-bivalently and one monovalently bound antibody mole-
cules. However, in the intact virus particle, the central dimensional NMR studies which showed no identifiable

secondary structure for a 50 residue synthetic peptidefiber is an additional source of steric hindrance and
apparently prevents binding of IgG molecules to all five corresponding to the Ad2 penton base RGD domain
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Fig. 7. Vertex region of adenovirus. (A andB) Top and side views of the reconstructed Ad2–DAV-1 complex. The DAV-1 Fab density has been
isolated by difference imaging. (C andD) Views with a crystallographic Fab fragment, filtered to 19 Å resolution, modeled at each of the five
binding sites on the penton base. (E andF) Views showing the total model density (wire mesh) obtained from Fab fragments in eight distinct
orientations along with one Fab fragment bound to each site. Each Fab fragment is shown in a different orientation to suggest mobility. The color
scheme is the same as in Figures 5 and 6. The scale bar is 100 Å.

(W.Chazin, personal communication). Alignment of four ranges from 22 residues for type 12 to 80 residues for
type 2. It will be of interest to determine whether thedifferent adenovirus penton base proteins shows the RGD

residues to be in the middle of a highly variable stretch RGD domains of other adenovirus serotypes have smaller
protrusions than Ad2 and, therefore, less flexible surface(Mathiaset al., 1994). The length of the variable region
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pH 8.1 (TBS) as reported previously (Everittet al., 1977). Bandedepitopes and whether this feature influences antibody
virions were removed and then dialyzed into TBS buffer containingneutralization and interactions with cell integrins.
10% glycerol, except for cryo-EM studies in which case the CsCl2 was

Support for our finding of a mobile integrin binding removed by multiple centrifugation steps in a Microcon 100 (Amicon)
site comes from NMR structures of fibronectin (Main filtration device using pH 8.1 phosphate buffer. Recombinant Ad2 penton

base containing 571 amino acids (Neumannet al., 1988) was producedet al., 1992) and two snake venom proteins, echistatin
in Sf9 insect cells using baculovirus as previously described (Nemerow(Atkinsonet al., 1994) and kistrin (Adleret al., 1991), as
et al., 1993; Wickhamet al., 1993).well as the crystal structure of FMDV which all showed

mobile RGD loops. Crystallographic structures of two Generation and characterization of the DAV-1 anti-penton
base mAbserotypes of the picornavirus FMDV (Acharyaet al.,
A hybridoma (designated DAV-1) secreting a mAb of the subtypeγ1κ1989; Leaet al., 1994), as well as two variants (Parry
was generated by standard techniques. The DAV-1 mAb was purifiedet al., 1990) reveal that the RGD integrin binding site is
from ascites fluids using protein G–Sepharose (HiTrap GII, Pharmacia).

at the apex of a highly mobile surface loop (~20 residues Fab fragments of the DAV-1 mAb were generated by papain digestion.
long). The finding of a mobile RGD loop in both adeno- Briefly, 1–5 mg/ml of purified DAV-1 IgG in 50 mM Tris–HCl pH 8.0,

10 mM L-cysteine, 3 mM EDTA was incubated for 7 h at 37°C in thevirus and FMDV, which are otherwise structurally distinct,
presence of 8% w/w soluble papain (Sigma Chemical Co., St Louis,suggests that the conformational mobility of the RGD
MO). The reaction was stopped by the addition of 30 mM iodoacetamide,loop may facilitate interaction with cell integrins, thus and the Fab antibody fragments were then isolated on a Resource S

potentiating cell entry events. FPLC column (Pharmacia) equilibrated with 50 mM MES pH 5.0.
The purified Fab fragments were analyzed by SDS–PAGE and then
concentrated to 2.2 mg/ml using a Centricon 10 membrane ultrafiltrationRelationship of receptor binding sites and
device (Amicon).

antibody-mediated neutralization Reactivity of the DAV-1 mAb with different adenovirus serotypes was
Recent structure studies have revealed that the receptorquantified in an ELISA. Ninety-six well polystyrene plates (Immobilon,

Dynatech) were coated with 1µg of penton base or with 5µg of purifiedbinding sites on different viruses are generally accessible
Ad2, Ad3 or Ad4 in PBS for 18 h at 4°C. After blocking non-specificto neutralizing antibodies. For example, antibodies directed
binding sites with 2% non-fat dried milk, 10µg/ml of purified DAV-1to the receptor binding site on human rhinovirus 14 are mAb or an irrelevant control antibody were added to the wells for

able to penetrate deep within the receptor binding canyon 60 min at 22°C. Antibody binding was detected by the addition of
alkaline phosphatase linked to goat anti-mouse IgG followed by substrate(Smith et al., 1996). Both FMDV and adenovirus have
(Sigma Chemical Co., St Louis, MO). Substrate development wasexposed RGD receptor sites that are also accessible to
quantified at 405 nm in an ELISA plate reader (Titertek, FlowFab fragments of neutralizing antibodies. The adenovirus
laboratories). To examine whether the DAV-1 mAb also recognized

RGD site binds to bothαVβ3 and αVβ5 integrins, and RGD-containing cell matrix proteins, 1–2µg of recombinant penton
recently it has been shown thatαVβ3 integrin can function base protein, or fibronectin, vitronectin, collagen (type 1) and fibrinogen

were reacted with the DAV-1 mAb in a Western blot. Recombinantas a receptor for FMDV (Berinsteinet al., 1995). The
penton base or cell matrix proteins were electrophoresed on a 8–15%mobile RGD sites on FMDV are clustered about the
gradient SDS gel (Novex, San Diego, CA) and then transferred to aicosahedral 5-fold axis with roughly the same spacing as nitrocellulose filter (Immobilon P, Millipore). Following blocking of

we have shown for adenovirus, but without the central non-specific binding sites with 1% non-fat dried milk (Blotto), the filters
were reacted with 10µg/ml of the DAV-1 mAb followed by incubationfiber protein. Neutralizing monoclonal antibodies have
with alkaline phosphatase linked to goat anti-mouse IgG (Tropix,been raised to the FMDV RGD sites, which suggests that
Bedford, MA) and then with a chemiluminescent substrate (CDP).the fiber plays an important role in allowing adenovirus

to escape neutralization at its exposed RGD sites. FMDV Functional analysis of the DAV-1 mAb
variants escape antibody neutralization by undergoing The effect of the DAV-1 mAb on penton base binding to cell surface

αV integrins was examined as follows. To 13106 A549 epithelial cellsmutations in the coat protein distal to the RGD sequence,
were added 10µg/ml of purified DAV-1 IgG or Fab fragments of thean event that perturbs antibody binding to the integrin
DAV-1 mAb. Varying amounts of125I-labeled penton base (10µCi/µg)binding site (Parryet al., 1990). were then added to the cells in the presence or absence of a 50-fold

Our structural and functional studies show that adeno- excess of unlabeled penton base and incubated for 60 min at 4°C.
Unbound penton base was removed by centrifuging the cell samplesvirus escapes neutralization by IgG antibodies directed
through a cushion of 1:1 glycerol/mineral oil and the amount ofagainst the RGD integrin receptor site. This is most likely
cell-associated penton base was determined by counting the cell pelletachieved by the steric hindrance of the fiber and the bulky
in a γ counter.

IgG molecules that are bound to a mobile epitope, which The effect of the DAV-1 mAb on adenovirus infection was quantified
effectively shield a few RGD sites from IgG binding while by plaque assay. A549 cells were seeded into six-well plates and cultured

to 90% confluency. Threeµg/ml of DAV-1 Fab or 18µg of whole IgGstill allowing interactions with cell surface integrins. Thus,
DAV-1 antibody were added to the cell cultures, followed by additionthe studies reported here characterize a receptor binding
of purified 100 p.f.u. Ad2 and incubation at 37°C for 2 h. The Ad2 andsite that enables adenovirus to evade antibody-mediatedantibody mixtures were then removed, and 8 ml of overlay medium

neutralization. containing 0.5% agarose in DMEM medium and 10% FCS was added
into each well. The cells were fed with 4 ml of overlay medium on
day 5 post-infection. The plaques were scored on day 10 post-infection.

Materials and methods
Epitope mapping and kinetic analysis of DAV-1 binding to
penton baseCell lines, virus and recombinant proteins

A549, HeLa, H2981 and SW480 cell lines, adenovirus serotypes Ad2, The DAV-1 binding site on the Ad2 penton base was identified by
affinity-directed mass spectrometry (Zhao and Chait, 1994; Zhaoet al.,Ad3 and Ad4 were purchased from the American Type Tissue Culture

Collection (Rockville, MD). For virus isolation, HeLa cells were infected 1996). For these studies, we arbitrarily selected a region of the penton
base that approximately spanned the RGD sequence. A series ofwith either Ad2, Ad3 or Ad4 at a multiplicity of 10 p.f.u./cell and then

harvested 48–72 h later. Cells were frozen and thawed five times to overlapping synthetic peptides varying by one amino acid on the
N-terminal or C-terminal region of the Ad2 penton base RGD sequence,release intracellular virus particles. After removing the cell debris by

high-speed centrifugation, virions were isolated by banding on a 480MNDHAIRGDTFATRA494, was generated by solid-phase protocols
(Zhao and Chait, 1994; Zhaoet al., 1996). The precise boundaries of15–40% cesium chloride gradient in 10 mM Tris–HCl, 150 mM NaCl
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the DAV-1 epitope were then determined by affinity-directed mass Unix-based Digital Equipment Corp. (DEC) Alpha 3000 workstation
equipped with a Kubota (Kubota Graphics Corp.) five-processor high-spectrometry as described previously (Zhao and Chait, 1994; Zhao

et al., 1996). speed graphics accelerator board. Correction for the CTF of the electron
microscope was carried out using an AVS deconvolution module (StewartPrecise measurements of DAV-1 interactions with the penton base

protein were determined by SPR (Karlssonet al., 1991) using an et al., 1993). The parameters used for the CTF equation (Cs5 2 mm
for a Philips CM120 electron microscope, fraction of amplitude con-automated biosensor system (BIAcore 2000 Pharmacia). Briefly, recom-

binant penton base at 60µg/ml was immobilized onto carboxymethyl trast5 0.1, defocus5 –1.5 µm, kV 5 120, decay constant5 20 nm2,
Fermi filter resolution cutoff5 19 Å, filter width 5 5 Å) were selecteddextran-coated biosensor chips in 10 mM MES pH 6.5 containing 10 mM

NaCl. Following amine coupling of the penton base, varying amounts to equalize background density and minimize defocus ‘ringing’ effects
as observed in the central slice of the reconstruction.of purified Fab fragments (3.6–57.0µg/ml) or IgG molecules (36–

576 µg/ml) were flowed over the penton base at a rate of 40µl or Volume measurements were performed as in Stewartet al. (1993) by
summing the number of voxels above a specified contour level. The5 µl/min, respectively. Kinetic binding data (Kon, Koff and KD) were

obtained using BIAevaluation software (version 2.1). Stoichiometric data appropriate level was chosen as the point where the volume of the capsid
changed the least with a fixed change in contour level. This value waswas obtained by observing the change in SPR at saturation binding and

assuming a molecular mass of 350 kDa for the penton base, 43 kDa for used as the isosurface level for the figures of the adenovirus capsid and
penton base protein. To visualize and measure the volume of the weakFab fragments and 150 kDa for IgG molecules.
penton base protrusion and the Fab density, the isosurface level was
lowered to the mean density value of the reconstruction which was justCryo-EM

The final volume of the virus preparation was adjusted to achieve a above the noise level in the map. The integrated Fab density in the
deconvolved reconstruction was calculated by summing all of the voxelvirus concentration of ~831011 particles/ml which we have found to

be optimal for well-spaced particles on the cryo-grid. An excess of density values within the volume defined by the isosurface just above
the noise level. The expected Fab density and volume were determinedconcentrated Fab was added to adenovirus in a Fab:binding site ratio of

15:1. Ca21 and Mg21 ions were added to the mixture to stabilize the by comparison with measurements on the penton base protein.
resultant complexes. The mixture was allowed to incubate for 1 h on
ice (0°C) before applying the samples to cryo-grids. Fab coordinate modeling

Cryo-grids of the adenovirus–Fab complex and a separate sample of The crystallographic coordinates of a Fab fragment from a mAb directed
uncomplexed adenovirus were prepared according to well-established against FMDV (Verdagueret al., 1995) were mapped into the cryo-EM
procedures (Adrianet al., 1984). A 4µl droplet of concentrated sample Fab density. Eight copies of the Fab coordinates were positioned in
was applied to a glow-discharged holey carbon grid. The grid was briefly distinct orientations in order to span completely the observed cryo-EM
blotted with filter paper and plunged into ethane slush chilled by liquid Fab density. Tilt angles for the modeled Fab fragments were determined
nitrogen. The rapid cooling produces vitreous (amorphous), rather than by measuring the solid angle between the pseudo-dyad Fab axis and the
crystalline, ice. The frozen grid was then transferred to liquid nitrogen, fiber axis. Rough density maps were calculated from the modeled Fab
placed in a pre-chilled Gatan 626 cryo-transfer holder, and inserted coordinates by summing the atomic masses of all the non-hydrogen
into a Philips CM120 transmission electron microscope. Images were atoms within voxels of the same size as in the cryo-EM reconstruction.
collected with a Gatan slow-scan CCD camera under low dose conditions The density maps were then filtered to 19 Å, the resolution of the cryo-
(,20 electrons/Å2) at a nominal magnification of 45 0003 and 1.5µm EM reconstruction, using a Fermi filter.
underfocus. The pixel size of the digital images was calibrated with a
catalase crystal and found to be 4.1 Å.
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