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Species B human adenoviruses (Ads) are often associated with fatal illnesses in immunocompromised
individuals. Recently, species B Ads, most of which use the ubiquitously expressed complement regulatory
protein CD46 as a primary attachment receptor, have gained interest for use as gene therapy vectors. In this
study, we focused on species B Ad serotype 35 (Ad35), whose trimeric fiber knob domain binds to three CD46
molecules with a K, (equilibrium dissociation constant) of 15.5 nM. To study the Ad35 knob-CD46 interaction,
we generated an expression library of Ad35 knobs with random mutations and screened it for CD46 binding.
We identified four critical residues (Phe242, Arg279, Ser282, and Glu302) which, when mutated, ablated Ad35
knob binding to CD46 without affecting knob trimerization. The functional importance of the identified
residues was validated in surface plasmon resonance and competition binding studies. To model the Ad35
knob-CD46 interaction, we resolved the Ad35 knob structure at 2-A resolution by X-ray crystallography and
overlaid it onto the existing structure for Ad11-CD46 interaction. According to our model, all identified Ad35
residues are in regions that interact with CD46, whereby one CD46 molecule binds between two knob
monomers. This mode of interaction might have potential consequences for CD46 signaling and intracellular
trafficking of Ad35. Our findings are also fundamental for better characterization of species B Ads and design
of antiviral drugs, as well as for application of species B Ads as in vivo and in vitro gene transfer vectors.

Human adenoviruses (Ads) have been classified into six spe-
cies (A to F), containing 51 serotypes. Species B Ads form two
genetic clusters, B1 (Ad serotype 3 [Ad3], Ad7, Adl16, Ad21,
and Ad50) and B2 (Ad11, Ad14, Ad34, and Ad35) (30). Most
B1 serotypes are associated with acute respiratory disease and,
unlike the species C Ads (e.g., Ad5), do not establish persis-
tence (29). The B2 serotypes are mainly associated with infec-
tions of the kidney and urinary tract and are often fatal in
immunocompromised individuals (11). Species B Ads can also
be grouped based on their receptor usage (27). Group I Ads
(Ad serotypes 16, 21, 35, and 50) nearly exclusively use CD46,
a ubiquitously expressed membrane protein with complement
regulatory functions that is upregulated on tumor and stem
cells (6, 21, 25). Group II Ads (Ad serotypes 3, 7, and 14)
utilize a still unidentified receptor X, but not CD46. Group III
(Ad11) uses both CD46 and receptor X. Recently, gene trans-
fer vectors based on species B Ads have shown promise for cell
and gene therapy. Vectors derived from species B Ads or AdS
vectors containing fibers from species B Ads efficiently trans-
duce human cell types that are relatively refractory to infection
with classical serotype AdS5 vectors, including tumor cells,
hematopoietic stem cells, mesenchymal stem cells, dendritic
cells, and lymphocytes (for a review, see reference 26). The
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most commonly used species B vectors contain Ad35 fibers
(Ad35 or AdS5/F35), and therefore most studies on the inter-
action of species B Ads with CD46 have focused on Ad35.
Ad35 binds through its trimeric fiber knob to CD46 with a high
avidity (23, 27). While the interacting residues within CD46
have been localized to the two distal extracellular domains of
CD46 (SCR1 and SCR2) (5-7, 20), the contact areas within the
Ad35 knob have not been reported so far.

The structure of an Ad fiber knob domain was first deter-
mined in 1994, for the species C serotype AdS, which uses the
coxsackie and adenovirus receptor (CAR) for attachment (31).
The homotrimeric knob structure is best described as a three-
bladed propeller, whereby each blade contains multiple tightly
packed beta-sheets (labeled A to J). The structure of a CD46-
interacting Ad knob (Ad11), which is similar overall to other
Ad knobs, was recently published (18). Crystallization of re-
combinant Adl1l knob bound to CD46 domains SCR1 and
SCR2 revealed three critical contact regions within the FG, HI,
and IJ loops of the fiber knob. This model is supported by
studies demonstrating that binding of Ad11 virus to CD46 can
be abolished by introduction of a single amino acid substitution
(Arg279Gln) within the Ad11 HI loop (10). Although there is
overlap in tropism between Ad11 and Ad35, Ad11 virus binds
to CD46 with a higher avidity (27), which implies that the
mechanism of Ad11-CD46 interaction cannot necessarily be
translated to Ad35. In this study we show the affinity of the
Ad35 knob to CD46, report the crystal structure for the Ad35
knob, identify four amino acids in the Ad35 knob that are
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critical for CD46 binding, and present a model for Ad35 knob
interaction with CD46.

MATERIALS AND METHODS

Production of recombinant Ad35 knob proteins. Recombinant Ad35 knobs
(for cloning procedure, see reference 6) were produced using the QIAGEN
protocol 7. Protein expression was induced for 5 h by the addition of isopropyl-
B-p-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were
harvested, and cell pellets were resuspended in lysis buffer (50 mM NaH,PO,,
300 mM NaCl, 10 mM imidazole), followed by incubation with 1 mg/ml lysozyme
for 30 min on ice and sonication. Cellular debris was removed by centrifugation,
and the supernatant was incubated with Ni-nitrilotriacetic acid (NTA) agarose at
4°C for 3 h. Beads were washed with 50 mM NaH,PO,, 300 mM NaCl, 60 mM
imidazole, and 20% glycerol, and recombinant knob protein was eluted with 50
mM NaH,PO,, 300 mM NaCl, 250 mM imidazole, and 20% glycerol. For pro-
duction of Ad35 knob without His tags, the Ad35 fiber knob sequence was cloned
into pQE-30Xa (QIAGEN), and knob protein was purified and digested with
factor Xa protease as suggested by the manufacturer. After digestion, factor Xa
protease was removed using Xa Removal Resin, and cleaved Hisq-tagged pep-
tides and undigested Hisg-tagged protein were captured by Ni-NTA affinity
chromatography as described in the QIAGEN protocol.

Production of sCD46. 293 cells were transfected with 10 pg of a soluble CD46
(sCD46) expression plasmid (7), and stably expressing cell clones were selected
with G418. Twenty clones were screened for sCD46 expression by a competition
assay with *H-labeled wild-type Ad35 virus (6). The clone with the highest sCD46
level was expanded, and supernatant was used for Western blotting and colony
blot hybridization in a 1:1 dilution.

The CD46 peptide (sCD46-P), containing the knob-interacting CD46 domains
SCRI1 and SCR2, was produced and expressed in mutated CHO cells (CHO Lec
3.2.8.1) that have a limited glycosylation pattern (18). For surface plasmon
resonance (SPR) analyses, the concentration of the sCD46-P was determined
using the absorption signal at 280 nm and an extinction coefficient of 2.064
(absorption of 1 g/liter of solution of protein) calculated by the computer pro-
gram ProtParam (8), based on the amino acid sequence of sCD46-P (EEPPTF
EAMELIGKPKPYYEIGERVDYKCKKGYFYIPPLATHTICDRNHTWLPV
SDDACYRETCPYIRDPLNGQAVPANGTYEFGYQMHFICNEGYYLIGE
EILYCELKGSVAIWSGKPPICE).

Western blotting with purified Ad35 knobs. Knob proteins were produced in
Escherichia coli and purified by Ni-NTA agarose chromatography as described
above. Recombinant knobs were separated by polyacrylamide gel electrophoresis
and then transferred onto nitrocellulose membranes. Protein samples were
loaded in loading buffer (50 mM Tris-HCI, pH 6.8, 100 mM dithiothreitol, 2%
sodium dodecyl sulfate, 10% glycerol, 0.2% bromophenol blue) with and without
boiling. To detect whether recombinant Ad35 knobs bind to CD46, the blot was
incubated with sCD46 in TBS (10 mM Tris-Cl, pH 7.5, 150 mM NaCl) and 3%
milk for 1 h at room temperature (RT) and then washed three times for 10 min
in TBS-0.05% Tween 20 (TBS-T) buffer. The blot was then incubated with
anti-CD46 antibody (clone J4.48; Fitzgerald, Concord, MA) (1:50) in TBS and
3% milk for 1 h at RT and then washed three times for 10 min in TBS-T buffer.
To visualize binding, the blot was incubated with goat anti-mouse immunoglob-
ulin G (IgG)-horseradish peroxidase (HRP) (BD Pharmingen, San Jose, CA)
(1:1,000) in TBS and 3% milk for 1 h at RT, washed, and subjected to enhanced
chemiluminescence substrate (Pierce, Rockford, IL). To assess Ad knob trimer-
ization, the same blot was then washed three times for 10 min in TBS-T-0.1%
Triton buffer and incubated with rabbit polyclonal anti-His,-HRP antibody
(ab1187-100, lot 134173; Abcam, Cambridge, MA) in TBS and 3% milk for 1 h
at RT. Binding was visualized by an enhanced chemiluminescence kit. Notably,
this anti-His antibody recognizes the Ad35 knob only as a trimer. Knob trimers
disintegrate into knob monomers if samples are boiled before loading.

Ad35 knob library. The coding sequence of the Ad35 knob (amino acids 123
to 320) was obtained by PCR from Ad35 DNA using the primers P1 (5'-TTTA
AGGATCCGGTGACATTTGTATAAAGGATAG-3') and P2 (5'-ATGC
TCTGCAGCTGCCGCTTCTGTAATGTAAGAAAAGAAAAAGGG-3') and
cloned into pQE100 (QIAGEN, Valencia, CA) for expression in E. coli with an
N-terminal Hisq tag. Random mutagenic PCR was performed based on a pro-
tocol published elsewhere (3, 4). Briefly, 20 fmoles of pQE-Ad35knob DNA
template, 30 pmol (each) of PCR primer (Pmutl, 5'-CGTCAGCACGGATCC
GGTGACATTTGTATAAAGGATAGTATTAACACCTTATGGACTGGA-3';
Pmut2, 5'-ctatAGTCTCTTCAAGCTTGGCTGCAGCTGCCGC-3") 10X muta-
genic buffer (2.5 pl, 3.5 pl, 5 wl, or 10 wl; 70 mM MgCl,, 500 mM KCI, 100 mM Tris
[pH 8.3 at 25°C], and 0.1% [wt/vol] gelatin), 10 pl of 5 mM MnCl,, 10 pl of
deoxynucleoside triphosphate mix (2 mM dGTP, 2 mM dATP, 10 mM dCTP, and
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10 mM dTTP), and 5 units of Tag polymerase (Promega, Madison, WI) were mixed
in a final volume of 100 pl. PCR conditions were 94 °C for 1 min, 45 °C for 1 min,
and 72 °C for 1 min (30 cycles). The mutant PCR products (640 bp in length) were
purified, digested with appropriate enzymes, and cloned into pQE100 vector
(QIAGEN, Valencia, CA). For quality control of the random mutagenic library, the
ligation product was transformed into E. coli M15 (QIAGEN, Valencia, CA) and
plated on kanamycin and ampicillin plates, and 50 colonies were randomly picked
for sequencing.

Colony assays. The Ad35 knob mutant plasmid library was transformed into E.
coli XL1-Blue or M15 host strains and plated on LB plates (master plate) with
appropriate antibiotics. About 800 to ~1,000 colonies were grown on one 15-cm
petri dish the next day. After overnight growth, a 0.45-um-pore-size Durapore
filter membrane (Millipore, Billerica, MA) was placed on top of the colonies.
The membrane was peeled off and placed carefully, with the colonies facing
upwards, on two sheets of Whatman 3MM paper soaked in LB medium supple-
mented with antibiotics and 1 mM IPTG. Protein expression of the colonies was
induced for 6 h at 30°C, after which the filter with the colonies was placed on top
of a nitrocellulose filter and a Whatman 3MM paper soaked in native lysis buffer
(20 mM Tris-Cl [pH 8], 300 mM NaCl, 50 mM MgCl,, 0.1 mg/ml lysozyme, 0.75
mg/ml DNase I, and one-half complete EDTA-free protease inhibitor cocktail
tablet/10 ml [Roche, Palo Alto, CA]). The “filter sandwich” was incubated at
room temperature for 30 min and then freeze-thawed four times for 10 min at
—80 °C and 10 min at 30 °C. The nitrocellulose membrane was removed from the
sandwich and blocked with 3% bovine serum albumin in TBS-T at 4°C overnight.
CD46 binding and trimerization were analyzed as described for Western blotting.
Colonies that showed binding to our anti-His antibody but not binding to CD46
were picked from the original master plates. DNA from these colonies was
sequenced, and absence of binding was verified by Western blot analysis using
purified knob protein.

Crystallization. N-terminal Hiss-tagged Ad35 knob protein was expressed
from pQE30-Ad35knob (6) and produced as described above. It was subse-
quently purified by Ni-NTA agarose affinity and gel filtration chromatography
and dialyzed against 20 mM Tris-HCI (pH 8), 200 mM NaCl, and 5 mM dithio-
threitol. The purified protein was crystallized using NeXtal DWBlock crystalli-
zation screening suites. Five different crystal forms appeared in 2 to 3 days. Four
of them were much larger than the other but diffracted poorly. Crystals grew at
21°C in 30% polyethylene glycol 1000 and 0.2 M MgBr, (pH 8.0). X-ray data
were derived from frozen crystals, but due to the high concentration of polyeth-
ylene glycol 1000, no cryoprotectant was added. Native data sets were collected
at National Synchrotron Radiation Research Center beam lines BL13B1 and
BL13C1 in Taiwan, using an ADSC Quantum charged-coupled-device detector,
and processed with HKL2000 software (17). The structure was solved by molec-
ular replacement with the Open-EPMR program (15) using Ad3 head (Protein
Data Bank [PDB] entry 1h7z) as a search model. The model was rebuilt using the
O program (13) and refined using the CNS program with the maximum-likeli-
hood target and automatic weight optimization (2).

Biacore biosensor analysis. All analyses were carried out on a Biacore 3000 at
25°C. Research grade CM5 sensor chips, N-hydroxysuccinimide (NHS), N-ethyl-
N’-(3-diethylaminopropyl)carbodiimide (EDC), ethanolaminehydrochloride,
and HBSEP running buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA,
and 0.005% [vol/vol] surfactant P20) were purchased from the manufacturer
(Biacore Inc., Piscataway, NJ). For amine coupling, carboxymethylated dextran
surfaces on CM5 chips were activated using a standard NHS/EDC procedure.
Ad35 knob and sCD46-P, containing the knob-interacting CD46 domains SCR1
and SCR2 (18), were diluted to no less than 20 nM in 20 mM sodium acetate (pH
4). Ad35 knob protein was immobilized on CM5 chips, and various concentra-
tions of sCD46-P were injected over the activated surface until the desired
surface densities were achieved. Activated, coupled surfaces were then quenched
of reactive sites with 1 M ethanolamine (pH 8) for 3 to 5 min. All data were
collected at 1 Hz using two replicate injections for each concentration of analyte.
Flow rates during the experiment were maintained at 50 wl/min, and HBSEP
running buffer was supplemented with 0.1 mg/ml bovine serum albumin to block
the nonspecific binding. To completely remove remaining amounts of sCD46-P
bound to the sensor chip surface, regenerations were performed by double 30-s
injections of 20 mM sodium acetate solution (pH 4). Data processing and kinetic
analysis were performed using Scrubber software (version 2.0; BioLogic Soft-
ware, Campbell, Australia). Data processing included double referencing (16).
The stoichiometry of the reaction was estimated from the equation:

S = Riyax X Mwy,
" RUjmop X Mw,,

where S is the number of monomers of the analyte per monomer of the ligand
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in the surface protein complex, R,,,, is maximum surface density determined
from the kinetic model, Mw; is the molecular weight of the immobilized ligand,
RU;imob 18 the number of the response units of the ligand immobilized, and
Mw,, is the molecular weight of the injected analyte.

Competition assays. Wild-type Ad35 virus was propagated in 293 cells, labeled
with [methyl-*H]thymidine, and purified as described before (24). HeLa cells
were detached from culture dishes by incubation with Versene and washed with
phosphate-buffered saline (PBS). A total of 10° cells per tube were resuspended
in 50 pl of ice-cold adhesion buffer (Dulbecco’s modified Eagle’s medium sup-
plemented with 2 mM MgCl,, 1% fetal calf serum, and 20 mM HEPES) con-
taining different concentrations of Ad35 fiber knob protein and incubated on ice
for 1 h. Then, H-labeled wild-type Ad35 virus was added in adhesion buffer at
a multiplicity of infection of 8,000 viral particles (VP) per cell to a final volume
of 100 pl. After 1 h of incubation on ice, cells were pelleted and washed twice
with 0.5 ml of ice-cold PBS. After the last wash, the supernatant was removed,
and the cell-associated radioactivity was determined by a scintillation counter.
The number of VP bound per cell was calculated by using the virion-specific
radioactivity and the number of cells.

Model analysis. In order to generate a model for Ad35 bound to CD46, the
crystal structure for the Ad35 fiber knob was superimposed onto the Ad11-CD46
structure (Research Collaboratory for Structural Bioinformatics [RCSB], PDB
structure 2039), using the modeling software What If (28). Structures for knobs
or knob-CD46 interaction in ribbon or surface format were generated with the
Deepview/Swiss-PdbViewer (9).

Protein structure accession numbers. The structures of the Ad35 fiber knob
(RCSB identifier, rcsb043750) has been deposited in the PDB under code 2QLK;
the structure of the Ad35-CD46 interaction model has been deposited in the
Protein Model DataBase under accession number PM0074963.

RESULTS AND DISCUSSION

We first studied the interaction of recombinant Ad35 fiber
knob and CD46 by Western blotting and SPR analyses. Re-
combinant Ad35 knob containing an N-terminal His, tag was
produced in E. coli and purified by affinity chromatography on
Ni-agarose. Notably, the receptor-interacting knob domain is
formed by the C terminus of the fiber, and an N-terminal His
tag does not interfere with knob-receptor interactions (1, 18).
In agreement with earlier studies (27), purified Ad35 knob
formed trimers (Fig. 1A, left panel). For analysis of binding to
CD46, we used sCD46, and binding was visualized with an
anti-CD46 monoclonal antibody (MADb) that does not interfere
with the Ad35 knob-CD46 interaction. Only the trimeric Ad35
form interacted with sCD46 (Fig. 1A, middle panel). Interest-
ingly, we identified a rabbit polyclonal anti-His,-HRP antibody
(ab1187-100, lot no. 134173; Abcam) that recognizes only the
N-terminal His-tagged Ad35 knob in its trimeric form (Fig. 1A,
right panel).

We then used SPR to study the affinity and stoichiometry of
the interaction between recombinant Ad35 knob and sCD46-P,
which contains the knob-interacting CD46 domains SCR1 and
SCR2 (Fig. 1B). Because preliminary experiments indicated
that binding of Ad35 knob to the sensor surface containing
immobilized sCD46-P was complex and could not be modeled
by a simple 1:1 interaction scheme, we used surfaces with
covalently attached Ad35 knob and injected various concen-
trations of sCD46-P. The values for the kinetic binding con-
stants were determined by globally fitting the data as described
in Materials and Methods. The association rate constant was
measured to be (1.504 = 0.004) X 10° M~' s™', and the
dissociation rate constant was 0.0234 = 0.0001 s !, corre-
sponding to a complex half-life of 29.6 s. The K, (equilibrium
dissociation constant) as determined from the ratio of these
constants was 15.55 = 0.05 nM. As the Biacore instrument
measures the mass of molecules bound to the sensor surface,
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FIG. 1. Analysis of recombinant Ad35 knob. (A) Western blot
analysis. Purified Ad35 knob was run as native (N) or denatured
protein (D) on a polyacrylamide gel. Coomassie brilliant blue staining
(CBB) revealed the trimeric knob form (T), which is converted into
monomers after boiling (M). Blots were analyzed for CD46 binding by
subsequent incubation with sCD46, anti-CD46 MAD, and anti-mouse
IgG-HRP (middle panel). After stripping, the same filters were incu-
bated with an anti-His¢-HRP antibody (right panel). (B) Kinetic re-
sponse data for sCD46 binding to biosensor surface containing Ad35
knob (50 RU). Experimental data (black) represent the responses of
duplicate injections of various concentrations of sCD46 (indicated
above the corresponding curves). Global fits of these data according to
a 1:1 interaction model are shown in red (see text for resulting kinetic
constants).

0 100 200

the stoichiometry of the Ad35 knob—sCD46-P binding reaction
can be determined (see Materials and Methods). The observed
R, Of 24.4 RU, corresponding to a stoichiometry of 0.86, is
consistent with a 1:1 interaction model; i.e., the surface protein
complex contains one molecule of soluble sSCD46-P per mono-
mer of Ad35 knob. We recently cloned the Ad35 knob se-
quence into pQE-30Xa, which allows for expression and puri-
fication of a His-tagged Ad35 knob containing a factor Xa
protease-cleavable linker. In this protein, the His tag can be
removed from the purified protein by factor Xa protease cleav-
age. We then compared the affinities of purified wild-type
Ad35 knob preparations to CD46 and found K, values of 13.73
nM and 15.35 nM for the His-tagged Ad35 knob and the Ad35
knob without His tag, respectively. This indicates that the N-
terminal His tag does not affect the Ad35 knob-CD46 interac-
tion.

We next attempted to identify the amino acid residues
within the knob that are critical for CD46 binding by using an
approach based on a library of Ad35 knob mutants expressed
in E. coli. To generate this library, we used mutagenic PCR (3,
4) in an approach that on average generated one to two amino
acid mutations per knob. The Ad35 knob mutant library in E.
coli XL1-Blue was plated on agar plates, and knob expression
was induced by IPTG. We used a two-step colony blotting
protocol to simultaneously screen the library for knob trimer-
ization and binding to sCD46. Notably, fiber knob trimeriza-
tion is required for Ad binding to receptors (12), and analysis
of trimerization allowed us to exclude mutations that reduce
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FIG. 2. Library identification of amino acids involved in Ad35-
CD46 binding. (A) Amino acid alignment of the Ad11 and Ad35 fiber
knob sequences. Numbers represent the fiber amino acid sequences
for Ad11p (GenBank accession AAN62521) and Ad35 (GenBank ac-
cession AP_000601). B-Sheet regions (A to J) are shown. Mutated
amino acids from the Ad35 fiber knob that decrease CD46 binding are
shown by green lines, and contact amino acids between the Ad11 fiber
and CD46 (18) are shown by black lines.

CD46 binding by causing major conformational changes within
the Ad35 knob. Knob trimerization was assessed with the anti-
His,-HRP antibody that recognizes only trimeric knob forms.
Binding of CD46 was visualized as described for Western blot-
ting (Fig. 1A). More than 98% of colonies negative for CD46
binding were also negative for binding to the anti-His,-HRP
antibody, indicating that the vast majority of mutations inter-
fered with trimerization and/or protein solubility. DNA from
colonies that were positive for trimerization but negative for
CD46 binding was sequenced. A first screening round of
~10,000 colonies revealed four amino acid residues (Phe242,
Arg279, Ser282, and Glu302) that abolished Ad35 knob bind-
ing to CD46 without affecting knob trimerization in colony
assays (Fig. 2). The identified residues were in areas that en-
compassed the three contact regions reported for the Adl1
knob. Further rounds of screening did not uncover other re-
gions, indicating that all the detectable CD46-interacting areas
had been found.

To assess the functional properties of mutants, knobs con-
taining substitutions in positions 242, 279, 282, and 302 were
purified. These mutations completely ablated binding to
sCD46 as analyzed by Western blotting and SPR analysis. An
example for mutant Arg279Cys is shown in Fig. 3A and B. As
a more relevant functional assay, we used Ad35 knob mutants
as competitors for attachment of Ad35 virus to HeLa cells, a
cell line that expresses ~50,000 CD46 molecules per cell (27).
While 5 ng of wild-type Ad35 knob almost completely inhibited
Ad35 binding, Ad35 knobs with the mutations Phe242Ser,
Arg279Cys, Ser282Pro, and Glu302Val were not able to block
Ad35 binding at the highest concentration tested (20 ng) (Fig.
3C). However, when the positively charged Arg279 residue was
substituted for a similar histidine or the negatively charged
Glu302 was substituted for negatively charged aspartate, the
ability to block Ad35 binding was not completely ablated. In
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FIG. 3. Analysis of functional properties of selected Ad35 knob
mutants. (A) Binding of Arg279Cys mutant to sCD46 in Western blot
analysis. Purified Ad35 wild-type and mutant knobs were run as native
(N) or as denatured (D) protein on a polyacrylamide gel. Coomassie
brilliant blue staining (CBB) revealed the trimeric knob form (T),
which is converted into monomers after boiling (M). Blots were ana-
lyzed for CD46 binding by subsequent incubation with sCD46, anti-
CD46 MADb, and anti-mouse IgG-HRP. (B) Biacore response data for
sCD46 binding to biosensor surface containing Arg297Cys knob (127
RU). Experimental data represent the responses of duplicate injec-
tions of various concentrations of sCD46 (169 nM, 56 nM, 19 nM, 6
nM, and 2 nM). Experimental conditions were the same as for wild-
type Ad35 knob (Fig. 1B). (C) Virus binding competition assay. A total
of 1 X 10° HeLa cells were preincubated with different concentrations
of recombinant Ad35 fiber knobs at 4°C for 1 h before incubation with
[*H]thymidine-labeled wild-type Ad35 (wtAd35) at a multiplicity of
infection of 8,000 VP/cell for another hour, and the number of VP
bound per cell was determined after washing with PBS.

short, competition studies validated the functional importance
of the Ad35 residues identified by library screening.

To properly evaluate the residues identified by library
screening, the Ad35 crystal structure was resolved by X-ray
crystallography. The best Ad35 knob crystals grew to a size of
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TABLE 1. Data collection and refinement statistics

Parameter” Value for Ad35”

Data collection

Space group R3
Unit cell (A)
a 87.38
b 87.38
c 53.89
Rmcrgc 82 (50‘1)
Redundancy | 4.7(2.3)
Resolution (A) 40-2.02 (2.09-2.02)
Completeness (%) 92.8 (58.0)
I/o(I) 17.3 (1.9)
Refinement statistics
Final Rg,cior/Riree(%0)° 20.0/25.7
No. of non-hydrogen atoms
Protein 1,436
Phosphate 6
Water 62
RMS deviation from ideality
Bond length (A) 0.010
Angle (°) 1.6
Avg B factor (A?)
Protein 44.9
Phosphate 49.6
Water 42.5
Ramachandran plot (percent of amino
acids in region)
Most favored 79.6
Allowed 17.3
Generally allowed 1.2
Disallowed 1.2

“ RMS, root mean square.
® Values in parentheses correspond to the highest resolution shell.
¢ For /o > 0.

0.01 by 0.02 by 0.02 mm, which is only 1/100 of the Ad2 crystal
size reported by Xia (31). The crystals diffracted to a 2.0-A
resolution and belonged to space group R3 with the following
cell dimensions: a = b = 878 A;c = 539 A; a = B=90%~y =
120°. These dimensions are very similar to those of Ad2. The
generated model of the Ad35 structure has good stereochem-
istry with an R factor of 20% and an Ry.. of 25.7%. Data
collection and refinement statistics are shown in Table 1. The
solvent content is only 27.3%, reflecting a tightly packed unit
cell, which explains why the small crystal size could diffract to
high resolution. The final model contains 183 residues (resi-
dues 130 to 219 and 229 to 321 of the Ad35 knob) as parts of
the EF/FG loops are invisible in the electron density map.
There are nine Ad35 knob monomers per unit cell, while Ad2
knob crystals contained only six monomers per unit cell. The
superposition of Ad35 trimer with Adl1 trimer shows a root
mean square deviation for the Ca atoms of 0.85 A, which
implies that the core structures between Ad35 and Adl11 are
highly similar. The trimeric Ad35 structure is shown in Fig. 4A.
All mutations were in exposed loop regions within the globular
Ad knob structure, underscoring their role in receptor binding
(Fig. 4B).

In order to generate a model for Ad35 bound to CD46, the
crystal structure for the Ad35 fiber knob was superimposed
onto the Ad11-CD46 structure (18). Within the Ad11-CD46
structure, CD46 was shown to flex from its native bent confor-
mation to a straightened rod-like conformation. For binding of
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Ad35 to CDA46, it is also likely that CD46 adopts a straightened
conformation; however, the degree of flexing is impossible to
predict accurately. For modeling the Ad35-CD46 interaction,
we assumed that CD46 had the same conformation as in the
Ad11-CD46 structure. Overall analysis of the Ad35 and Adl11
structures revealed that the FG loop of Ad35 gets closer to
CD46 domain SCRI1 than the FG loop of Adll (data not
shown), while the 1J loop of Adl11 is two amino acids longer
than the 1J loop of Ad35, allowing it to get closer to CD46
domain SCR2 (Fig. 4C and D). Amino acids identified by
library screening that ablate CD46 binding are discussed in the
following paragraphs (Fig. SA to H).

Phe242. Phe242 protrudes from the FG loop into the region
between the FG and HI loops (Fig. 5C) but is not in close
enough proximity to directly interact with CD46 domain SCR1.
However, the neighboring amino acids Asn243 and Thr246
likely form hydrogen (H) bonds with the carbonyl group of
amino acid Tyr36 and the side chain of Tyr67 in SCR1, respec-
tively (Fig. 5B and C). Furthermore, Phe242 likely stabilizes
the proximity of the FG and HI loops to SCR1 by creating a
region of hydrophobicity between the FG loop, HI loop, and
SCR1 (Fig. 5C). The aromatic ring of Phe242 and the aromatic
ring of CD46 residue Tyr36 project toward the HI loop form-
ing a “hydrophobic sandwich” around Met280 within the HI
loop. As mutation of Phe242 to serine completely inhibited the
ability of the corresponding knob to block Ad35 binding to
HeLa cells (Fig. 3C), mutation of the large and hydrophobic
Phe242 residue to serine likely changes the proximity of the
FG and HI loops (toward each other and CD46) and elimi-
nates the hydrophobic sandwich.

Arg279. As with Arg280 of Ad11, Arg279 in the Ad35 struc-
ture forms a salt bridge with Glu63 of SCR1, which is stabilized
by docking of the hydrophobic portion of Arg279 against the
Phe35 side chain of CD46 (Fig. 5D). Mutation of Arg279 to
Cys almost completely inhibited the ability of the Ad35 fiber
knob to block Ad35 binding to HeLa cells (Fig. 3C), likely
through ablation of the direct interaction with SCR1 residue
Glu63. In contrast, mutation of Arg279 to histidine in the Ad35
fiber knob resulted in less severe but significant inhibition of
Ad35 binding to HeLa cells, likely because histidine, although
similar, forms a weaker salt bridge as the amino acid side chain
is shorter.

Ser282. Ser282 in the Ad35 knob, which corresponds to
amino acid Asn283 of Adl1, forms an H bond with the car-
bonyl group of amino acid Tyr28 in SCR1 (Fig. S5E). Mutation
of Ser282 to proline or alanine (data not shown) inhibited the
ability of the Ad35 fiber knob to block Ad35 binding to HeLa
cells more than any other identified mutation (Fig. 3C), and
this is likely due to elimination of H-bond formation with
Tyr28 due to the absence of the OH side chain. Considering
the relatively small Gibbs free energy contribution of one H
bond, this is not likely the key interaction in formation of the
Ad35-CD46 complex, and an alternative explanation is that the
H bond with Ser282 is critical for keeping the HI loop and
Arg279 in the correct position.

Glu302. Glu302 of the Ad35 knob projects from the 1J loop
into the space between the 1J and GH loops. It appears to
stabilize the spatial proximity of the IJ and GH loops within
the monomer by directly forming two H bonds with Ser262
within the GH loop and one H bond with Tyr259 in the GH
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FIG. 4. Structure of the Ad35 fiber knob. (A) Ribbon representation of the Ad35 trimeric fiber knob. Fiber monomers are represented in red,
blue, and green, with loop regions between B-sheets indicated for the red monomer. (B) Locations of Ad35 fiber amino acids (brown), identified
through library analysis, which, upon mutation, decrease binding to CD46 without affecting fiber trimer formation. (C) Representation of two Ad35
trimeric fiber subunits binding to CD46 domains SCR1 and SCR2, based on overlay of the Ad35 crystal structure onto PDB crystal structure 2039.
(D) Representation of two Ad11 trimeric fiber subunits binding to CD46 domains SCR1 and SCR2 from structure 2039. Differences in proximity

between SCR2 and the 1J loops of Ad35 and Ad11 are indicated.

loop (Fig. 5G). In the Ad11 structure Glu303, which in turn
forms an H bond with Tyr261, is further away from the anal-
ogous Ser264 in the GH loop. Therefore, the interaction be-
tween the 1J and GH loops is likely stronger for Ad35. In Ad35,
Glu302 is close to Asn304, which forms an H bond with Arg69
in SCR2 (Fig. 5H), and reduction in GH/IJ loop stability likely
affects this interaction. In Ad11, Glu305, which is analogous to
Ad35 residue Asn304, forms an H bond with the amino group
of Leu72 in CD46 (18). For Ad35, CD46 interaction might
occur with either Arg69 or Leu72 since the level of CD46
flexing is predicted only for Ad35. Mutation of Glu302 to
valine almost completely inhibited the ability of the Ad35 fiber
knob to block Ad35 binding to HeLa cells. This is likely due to
the fact that the interactions between Glu302 with amino acids
Tyr259 and Ser262 within the GH loop are no longer present,
which probably helps orient the 1J loop (in particular Asn304)
in relation to CD46. Mutation of Glu302 to aspartate in the
Ad35 fiber knob resulted in less severe inhibition of Ad35
binding to HeLa cells. As both glutamate and aspartate contain
carboxyl side chains, it is possible that the same interactions
occur with residues Tyr259 and Ser262 within the GH loop, but
the orientation of the IJ loop may change somewhat due to the
shorter side chain of aspartate. Notably, a targeted GH loop
Ser262Ala substitution (as well as GH loop Cys257Ala,

Thy258Ala, Met260Ala, Thr261Ala, Asp264Ala, Arg265Ala,
and Ser266Ala) did not ablate binding to CD46. The GH loop
substitution Tyr259Ala (as well as Tyr263Ala and Ley267Ala)
could not be evaluated for CD46 binding because the corre-
sponding knob formed inclusion bodies. It is possible that a
dual Tyr259/Ser262 mutation would be needed to sufficiently
disrupt the GH/IJ loop interaction mediated by Glu302 and
subsequently inhibit binding to CDA46. Further mutagenesis
studies on the GH loop are required to delineate residues
critical for CD46 binding.

Our model of Ad35-CD46 interaction differs from the model
of Ad11-CD46 interaction in a number of ways. In our model
the FG loop of the Ad35 knob is closer to CD46 than the Ad11
FG loop, and the 1J loop of Ad35 is shorter and does not get
as close to CD46 as the Ad11 1J loop. We have also suggested
a role for the GH loop, through interaction with Glu302, in
stabilizing the interaction of the Ad35 IJ loop with CD46, and
we have delineated the role of Phe242 in forming a hydropho-
bic sandwich that stabilizes the FG and HI loops alongside
SCR1 upon binding.

The existence of multiple contact residues and the fact
that the contact areas in the FG and HI loops are on oppo-
site sides of the Ad35 monomer to the contact area in the 1J
loop imply that one CD46 unit binds between two Ad35
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FIG. 5. Location of amino acid residues in the Ad35 fiber knob that
are involved in binding to CD46. (A to E) Amino acids in the HI and
FG loops, identified through library or model structure analysis, that
are involved in HI-FG loop interaction or binding to CD46 domain
SCR1. (F to H) Amino acids in the IJ and GH loops, identified
through library or structural analysis, that are involved in 1J-GH loop
interaction or binding to CD46 domain SCR2. Hydrogen bonds are
indicated by dashed yellow lines, and salt bridges are indicated by
dashed orange lines.

knob monomers (as described for the Ad11-CD46 interac-
tion). This indicates that CD46-interacting species B Ads
developed a different strategy to bind to their receptor than
Ads that interact with CAR (19). For example, within the
Ad5 knob the critical CAR binding residues cluster only in
one area of the knob (14, 19). The specific configuration of
Ad35 binding to CD46 could also explain why CD46-inter-
acting species B Ads are released more slowly from endo-
somes upon uptake into cells than Ad5 (22).

Ad35-based vectors are attractive for vaccination, in part
because of the low serum prevalence of neutralizing Ad35
antibodies in the human population. They are about to be used
in clinical trials for vaccination against human immunodeficiency
virus  (http:/clinicaltrials.gov/show/NCT00472719), malaria (http:
//clinicaltrials.gov/ct/show/NCT00371189), and tuberculosis (http:
/www.aeras.org/documents/Crucell-AerasclinicaltrialPR). Our find-
ings provide a basis for the retargeting of these promising vectors to
important targets for gene therapy. Furthermore, understanding the
structural details of the Ad35-CD46 interaction might help in the
design of small peptides or molecules to inhibit Ad35 infection in
immunosuppressed patients.
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