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The complement regulation protein CD46 is the primary attachment receptor for most species B
adenoviruses (Ads). However, significant variability exists in sequence and structure among species B Ads
in the CD46-binding regions, correlating with differences in affinity. Here, we report a structure-function
analysis of the interaction of the species B Ad21 knob with the two N-terminal repeats SCR1 and SCR2
of CD46, CD46-D2. We have determined the structures of the Ad21 knob in its unliganded form as well as
in complex with CD46-D2, and we compare the interactions with those observed for the Ad11 knob–
CD46-D2 complex. Surface plasmon resonance measurements demonstrate that the affinity of Ad21 knobs
for CD46-D2 is 22-fold lower than that of the Ad11 knob. The superposition of the Ad21 and Ad11 knob
structures in complex with CD46-D2 reveals a substantially different binding mode, providing an expla-
nation for the weaker binding affinity of the Ad21 knob for its receptor. A critical difference in both
complex structures is that a key interaction point, the DG loop, protrudes more in the Ad21 knob than in
the Ad11 knob. Therefore, the protruding DG loop does not allow CD46-D2 to approach the core of the
Ad21 knob as closely as in the Ad11 knob–CD46-D2 complex. In addition, the engagement of CD46-D2
induces a conformational change in the DG loop in the Ad21 knob but not in the Ad11 knob. Our results
contribute to a more profound understanding of the CD46-binding mechanism of species B Ads and have
relevance for the design of more efficient gene delivery vectors.

The 52 human adenovirus (Ad) serotypes are divided into
seven species (species A to G) (20). Species B Ads are of
interest, as they cause severe infections of the respiratory tract,
urinary tract, and kidney as well as multiorgan system failure
and death in immunocompromised patients (2, 23, 24). Species
B Ads can be further grouped into subspecies B1 (Ad3, Ad7,
Ad16, Ad21, and Ad50) and subspecies B2 (Ad11, Ad14,
Ad34, and Ad35). Viruses in the two subspecies differ in their
tropisms: while most B1 viruses cause ocular and/or acute
respiratory tract infections, the B2 viruses primarily cause per-
sistent infections of the urinary tract as well as eye infections,
meningitis, and infections of the gastrointestinal tract (10, 11,
43). The subspecies B1 Ad21, which is the subject of this study,
recently caused outbreaks of acute respiratory disease (28).

Adenoviruses have a nonenveloped icosahedral capsid with
a linear double-stranded DNA (46). The major capsid proteins
are the hexon, the penton base, and the fiber. The trimeric
fiber protein, which protrudes from each of the 12 capsid
vertices, consists of three distinct domains: an N-terminal tail,
an elongated shaft, and a globular knob. The knob mediates
cellular attachment to the primary receptors CD46 (16, 26, 38),
coxsackievirus and adenovirus receptor (CAR) (36), and sialic
acid (3). Virus attachment is followed by internalization into

the host cell via clathrin-coated endocytosis and macropinocy-
tosis, triggered by �v integrins (17, 27, 45).

The species B adenovirus receptor CD46 is a member of a
family of proteins that regulate complement activation and are
constructed mainly from short consensus repeat (SCR) do-
mains (25). The extracellular portion of CD46 contains four
such domains (SCR1 to SCR4), and structural and functional
analyses have established that interactions with Ad knobs re-
quire only the SCR1 and SCR2 domains (34). The four SCR
domains are followed by a 25-amino-acid sequence that is rich
in serine, threonine, and proline (the STP region); a single
transmembrane segment; and a short cytoplasmic tail. Struc-
tural information is currently limited to the N-terminal CD46
domains SCR1 and SCR2. The crystal structure of a fragment
comprising these two domains revealed a pronounced kink be-
tween the two repeats and some flexibility at the domain interface
(7). The protein is expressed on all human cells with the exception
of erythrocytes. CD46 acts as a cofactor for factor I, a serine
protease that blocks further recruitment of the membrane attack
complex by cleaving C3b and C4b (25, 40).

CD46 is also a receptor for many other pathogens, including
measles virus, human herpesvirus 6, Neisseria gonorrhoeae, Neis-
seria meningitidis, and group A streptococci (8, 13, 22, 30, 37).

The structural analysis of the Ad11 knob in complex with the
SCR1-SCR2 fragment of CD46 (CD46-D2) showed that en-
gagement by the knob triggers a conformational change in
CD46, producing an elongated, nearly linear conformation
that differs substantially from the kinked conformation of the
unliganded receptor (34). Furthermore, the structure of this
complex provided an explanation for the previously observed
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critical role of Ad11 knob residue Arg279 in CD46 binding.
Earlier mutagenesis studies demonstrated that a mutation of
Arg279 to glutamine abolishes binding to CD46-D2 (18). Al-
though the structure of the complex showed that Arg279 does
not contact the receptor directly, its side chain lies parallel to
that of the CD46-contacting residue Arg280. Stacking interac-
tions between the guanidinium groups of Arg279 and Arg280,
resulting in an arginine sandwich, likely play a central role in
determining receptor specificity (33), and the mutation of
Arg279 is thought to prevent Arg280 from forming contacts
with CD46 (18).

Although it also uses CD46 as a receptor, the Ad21 knob
does not contain an arginine sandwich, as the residue corre-
sponding to Arg279 in Ad11 is a serine. Therefore, the mode
of binding of the Ad21 knob to CD46 is likely distinct from that
observed for Ad11, consistent with the observation that previ-
ously reported mutational studies failed to determine a central
binding motif among species B Ads (32, 44). The Ad21 and
Ad11 knobs exhibit low sequence identity, especially at the
surface loops that mediate binding to CD46 in Ad11. We
therefore used a combination of structural and functional stud-
ies to establish the mechanism of Ad21 knob binding to CD46-
D2. Our structural analysis reveals substantial differences in
the numbers and types of contacts between the complexes of
Ad11 and Ad21 with CD46-D2 and also in the relative orien-
tations of CD46-D2 and its contacting knobs. Furthermore,
our analysis allows the comparison of structural features of the
Ad21 and Ad35 knobs, which are closely related in sequence
yet also display significantly different CD46-D2-binding prop-
erties as well as different tissue tropisms. Thus, our findings
result in a significantly enhanced understanding of the inter-
actions between species B Ads and CD46.

In addition to their role as pathogens, species B Ads serve as
widely used gene delivery vectors, as they can transduce a
broad range of possible target cells that are normally poorly
permissive to other Ads, such as hematopoietic stem cells,
dendritic cells, and malignant tumor cells (19, 41). Therefore,
our results should also guide efforts to improve the gene de-
livery properties of these viruses.

MATERIALS AND METHODS

Protein expression and purification. A DNA fragment encoding amino acids
123 to 323 of the Ad21 knob was cloned into vector pET15b in frame with an
N-terminal hexahistidine tag followed by a thrombin cleavage site. Expression in
Escherichia coli Rosetta 2 (DE3) cells was induced with 1 mM isopropyl-�-D-
thiogalactopyranoside at an optical density at 600 nm of 0.6, followed by growth
at 20°C for 14 h. Bacteria were harvested in a solution containing 50 mM
NaH2PO4 (pH 8.0), 300 mM NaCl, and 20 mM imidazole and lysed by using a
homogenizer. Clarified supernatant was loaded onto a nickel affinity chromatog-
raphy HisTrap column (GE Healthcare). The target protein was eluted by using
a gradient ranging from 10 mM to 500 mM imidazole. The terminal histidine tag
was cleaved by incubation with 1 U of thrombin (GE Healthcare) per mg of
recombinant protein at 20°C for 12 h. Excess thrombin was removed by size-
exclusion chromatography on a Superdex 75 column (GE Healthcare) with 20
mM HEPES (pH 7.4) and 125 mM NaCl. A second nickel affinity chromatog-
raphy step was used for the removal of uncleaved protein.

CD46-D2 was purified as described previously (7). For complex formation, the
purified Ad21 knob was incubated with a 3.3 molar excess of CD46-D2 at 4°C
overnight. The CD46-D2 protein carries two N-linked high-mannose carbohy-
drate moieties (at Asn49 and Asn80), which hampered crystallization efforts.
Therefore, the Ad21 knob–CD46-D2 complex was incubated with 20 U endogly-
cosidase Hf (New England Biolabs)/�g of Ad21 knob–CD46-D2 complex for
20 h at 25°C. This procedure resulted in the quantitative cleavage of the two

glycans, leaving only a terminal N-acetylglucosamine residue at each of the two
asparagine residues (data not shown). The deglycosylated complex was further
purified by size-exclusion chromatography on a Superdex 200 column (GE
Healthcare) with 20 mM HEPES and 125 mM NaCl (pH 7.4).

Crystallization and structure determination. All crystals were grown by using
the sitting-drop vapor diffusion technique by mixing protein and precipitant
solution in a 1:1 ratio, followed by incubation over precipitant solution in a sealed
compartment. Unliganded Ad21 knob crystals were grown at 20°C with a reser-
voir solution containing 30% polyethylene glycol 3000, 100 mM Tris buffer, and
200 mM NaCl (pH 7.1). The crystals belong to space group P2 and contain four
Ad21 knob trimers in their asymmetric unit. The crystals were flash-frozen for
X-ray data collection at 100 K by using 20% glycerol as a cryoprotectant. Dif-
fraction data were collected at the Swiss Light Source (Villigen, Switzerland),
beam line X06SA, by using a Pilatus 6 M detector and were processed with XDS
(21). Initial phases were obtained by molecular replacement using a modified
Ad3 knob structure (14) as a search model with PHASER (35). Modifications of
the Ad3 structure included the deletion of surface loops and exchanges of amino
acids to reflect the Ad21 knob sequence. The structure was then refined by using
rigid body refinement and simulated annealing with CNS (6). Subsequent re-
finement was carried out by alternating rounds of model building with Coot (15)
and restrained refinement using 12-fold noncrystallographic symmetry (NCS)
restraints with Refmac (29).

Crystals of the Ad21 knob in complex with CD46-D2 were grown at 20°C by
using a reservoir solution consisting of 6% polyethylene glycol 8000, 100 mM
citrate buffer, and 200 mM LiCl (pH 5.6). The crystals belong to space group P1
and contain four Ad21 knob trimers, each complexed with three CD46-D2
molecules, in their unit cell. Crystals appeared in 6 to 10 months. They were
flash-frozen for X-ray data collection at 100K by using 28% glycerol as a cryo-
protectant. Diffraction data were collected at the European Synchrotron Radi-
ation Facility (Grenoble, France) and processed with XDS (21). Initial phases
were determined by molecular replacement with PHASER, using only the unli-
ganded Ad21 knob structure as a search model (35). Clear solutions could be
obtained for all four Ad21 knob trimers, and these were then refined by using
rigid body refinement with PHENIX (1). A difference electron density map
[Fobs � Fcalc exp(i�calc)], calculated with Fcalc amplitudes and phases derived
from the four Ad21 knob trimer coordinates, revealed clear electron density for
the SCR1 and SCR2 domains. The CD46 SCR1 and SCR2 domains were placed
separately into the electron density, followed by rigid body and simulated an-
nealing refinement with PHENIX (1). Subsequent refinement was then carried
out by alternating rounds of model building with Coot (15) and restrained
refinement with PHENIX (1). For each complex, 3-fold NCS restraints were
applied separately to restrain the three Ad21 monomers in the knob, the three
SCR1 domains, and the three SCR2 domains. The high level of noncrystallo-
graphic symmetry allowed us to average the electron density and aided in the
convergence of the refinement. Thus, although the resolution of the structure is
intermediate, the refinement statistics are nevertheless good (Table 1). The
asymmetric unit comprises four trimeric Ad21 knobs and 12 monomeric
CD46-D2 molecules. Figure 1 shows that the electron density map is remarkably
clear for the complex shown. The other complexes all have similar electron
densities, with the exception of two CD46-D2 SCR1 domains, chains Q and S,
which are less well ordered. Data statistics for both the unliganded Ad21 knob
and the Ad21 knob–CD46-D2 structures are presented in Table 1.

Determination of binding parameters by use of surface plasmon resonance
(SPR). Kinetic and steady-state interaction experiments with the Ad21, Ad35,
and Ad11 knobs and their monomeric binding partner CD46-D2 were performed
at 25°C by use of a Biacore 2000 instrument and data collection rates ranging
from 2.5 Hz (Ad11 and Ad35) to 5 Hz (Ad21). One knob can bind up to three
copies of CD46-D2. To avoid influencing the binding parameters through avidity
effects, the Ad21, Ad11, and Ad35 knobs were immobilized onto the biosensor
surface in all experiments. Furthermore, the CD46-D2 protein from the same
batch was used for all measurements to eliminate variations in protein quality.
The stock concentration of this CD46-D2 sample was 385 �M, calculated by
using absorbance values at 280 nm and theoretical extinction coefficients. CM5
chips, an amine-coupling kit, and surfactant P20 were all purchased from GE
Healthcare. Buffer containing 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and
0.005% (vol/vol) surfactant P20 (pH 7.4) was used as a running buffer for the
CM5 chips. Kinetic experiments were performed with two consecutive flow cells
on a CM5 sensor chip. The Ad21, Ad35, and Ad11 knobs were covalently
immobilized onto the surface of the downstream experimental flow cell via
amine-coupling chemistry according to the manufacturer’s instructions. The sur-
face of the upstream flow cell was subjected to the same coupling reaction in the
absence of knobs and used as a reference.
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Kinetic experiments. The analyte (CD46-D2) was serially diluted in running
buffer and injected in series over the reference and experimental biosensor
surfaces at a flow rate of 75 �l/min. A sample containing only running buffer was
injected under the same conditions. Sensorgrams of each sample were double

referenced by the subtraction of sensorgrams obtained from the reference sur-
face of each cycle to remove bulk effects, followed by a further subtraction of the
referenced sensorgram obtained from the running buffer sample injection to
remove drift and system noise. The association rate (on-rate) constant (ka) and
dissociation rate (off-rate) constant (kd) were determined simultaneously by
globally fitting double-referenced sensorgrams of the entire titration series to a
“1:1 binding with mass transfer, refractive index (RI) effect � 0” model with
BIAevaluation software 4.1 (Biacore). The dissociation constant (KD) was cal-
culated by the following equation: KD � kd/ka.

Steady-state experiments. When the sensorgram of a kinetic sensorgram series
reached the equilibrium binding level, which is represented by the plateau phase
of a sensorgram, during each individual injection of analyte, the averaged (AVG)
response in this area (Eq-Response AVG) was plotted against the injected CD46
concentration. By fitting these data to a “1:1 Langmuir isotherm” model, a KD

value can be obtained that is not calculated from kinetic rate constants and that
can therefore be used to cross-validate the KD value obtained from a correspond-
ing kinetic analysis. In all SPR experiments, surface regeneration was not nec-
essary, since all interactions showed either very rapid or moderate dissociation
rates.

Preparation of figures. Amino acid sequences of knobs were aligned by using
the program ClustalW2 (9). Structures were aligned by the secondary-structure-
matching superposition of knob structures with the program Coot (15). Struc-
tural figures (Fig. 1 and see Fig. 3 to 6) were generated with PyMOL (DeLano
Scientific LLC) (12).

Protein structure accession numbers. The structures reported here have been
deposited with the Protein Data Bank (http://www.rcsb.org/) under accession
numbers 3L88 (Ad21 knob) and 3L89 (Ad21 knob in complex with CD46-D2).

RESULTS

The affinity of Ad21 knobs for CD46-D2 is significantly
lower than those of the Ad35 and Ad11 knobs. The subspecies
B1 Ad21 and the subspecies B2 Ad35 and Ad11 knobs all use
CD46 as their primary receptor for infection (26). With 93.2%
sequence identity, the Ad21 and Ad35 knobs are highly ho-
mologous and exhibit an almost complete conservation of sur-
face loop residues. In contrast, the Ad35 and Ad21 knobs each
share only 49.5% identical residues with the Ad11 knob, and
residues in surface loops are poorly conserved. Our SPR mea-
surements show that the affinities of the Ad11 and Ad35 knobs
for CD46-D2 are almost identical (13 nM and 19 nM, respec-

TABLE 1. Data collection and refinement statistics

Statistic

Value

Ad21 knob Ad21 knob–
CD46-D2

Data collection
Space group P2 P1
No. of monomers in the

asymmetric unit
12 12

Cell dimensions
a, b, c (Å) 85.0, 63.9, 209.5 94.5, 107.7, 154.1
�, �, � (°) 90.0, 91.7, 90.0 90.0, 90.1, 104.7

Resolution range (Å)a 49.5–2.5 (2.68–2.5) 48.0–3.5 (3.62–3.5)
Rmerge

a,b 11.0 (20.3) 17.9 (35.5)
I/�Ia 8.83 (4.17) 8.93 (3.61)
Completeness (%)a 91.6 (78.8) 96.2 (74.9)
Redundancya 3.0 (2.1) 3.8 (2.7)

Refinement
Resolution (Å)a 49.5–2.5 (2.68–2.5) 48.0–3.5 (3.62–3.5)
No. of reflections 71,875 71,363
Rwork/Rfree

c 23.4 (25.9) 20.4 (23.9)
No. of atoms

Protein 17,249 28,961
Water 67
Carbohydrate 56

B factors (Å2)
Ad21 knob 20.4 51.2
CD46-D2 69.1
Carbohydrate 63.5
Water 22.1

RMS deviations
Bond length (Å) 0.004 0.005
Bond angle (°) 0.594 0.812

a Data for the highest-resolution shell are shown in parentheses.
b Rmerge � �hklI � 	I
/�hklI, where I is the intensity of reflection hkl and

	I
 is the average over symmetry-related observations of hkl.
c Rwork � Rfree � �hklFobs � Fcalc/�hklFobs, where Fobs and Fcalc are the

observed and calculated structure factors, respectively. The free set contains 5%
of reflections, which were omitted from the refinement.

FIG. 1. Electron density map for the Ad21 knob–CD46-D2 structure. Shown is the stereo view of the final, nonaveraged 2Fo-Fc electron density
map for the Ad21 knob–CD46-D2 complex, contoured at 1.0 �. Ribbon tracings for two Ad21 knob protomers (blue and cyan) and one CD46-D2
molecule (orange) are shown.
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tively) despite these differences in sequence (Table 2) (33). In
order to determine the corresponding affinity values for the
Ad21 knob under identical conditions, kinetic and steady-state
SPR studies were performed to determine the binding param-
eters of the interaction between the immobilized Ad21 knob
and soluble CD46-D2 (Fig. 2A and B). Unexpectedly, we
found that the KD value for the Ad21 knob–CD46-D2 interac-
tion is 284 nM and, therefore, 22-fold lower than the binding
affinity of Ad11 and 20-fold lower than the binding affinity of
Ad35 for the same receptor. The sensorgram profile of the
kinetics of the binding of the Ad21 knob to CD46-D2 shows a
curve progression that is typical for rapid dissociation, with an
almost square-wave-like shape (Fig. 2B). A quantitative eval-
uation of the kinetic data shows that the on-rate constant (ka)
values are fairly stable for all three interactions (Table 2) (33),
while the off-rate constant (kd) values are significantly higher
for the Ad21 knob–CD46-D2 interaction (0.383 s�1) than for
the corresponding Ad11 knob–CD46-D2 (0.015 s�1) and Ad35
knob–CD46-D2 (0.035 s�1) interactions. This increase of the
Ad21 knob off-rate constant is clearly the main reason for the
reduced affinity (Table 2) and provides evidence that the bind-
ing stability of the Ad21 knob–CD46-D2 complex is signifi-
cantly weaker than the corresponding Ad11 and Ad35 knob–
CD46-D2 interactions. The corresponding half-lives (t1/2 �
0.693 � kd

�1) of the three complexes also reflect this. The Ad21
knob–CD46-D2 complex exhibits a half-life of only 1.8 s,
whereas the Ad11 knob–CD46-D2 and Ad35 knob–CD46-D2
complexes have considerably longer half-lives of 46.2 s and
19.8 s, respectively (Table 2). Fitting the data with a “1:1
binding with mass transfer, RI � 0” model with BIAevaluation
4.1 (Biacore) yields excellent residual plots with no obvious
deviations of the sensorgram data from the fit. As the mea-
surements were performed in the exact same manner for all
three knobs, and by using the same CD46-D2 protein, we
conclude that the lower affinity of the Ad21 knob for CD46-D2
is not due to a variation in experimental conditions but rather
is a result of differences in stabilizing interactions.

Comparison of the Ad21, Ad11, and Ad35 knob structures
reveals conformational differences in surface loops. Next, we
investigated whether the lower CD46-D2 binding affinity of the
Ad21 knob is linked to structural features unique to this pro-
tein. Crystal structures of the Ad11 and Ad35 knobs are avail-
able (31, 33, 44). In order to provide a basis for their compar-
ison with the Ad21 knob, we determined the crystal structure
of the unliganded Ad21 knob to a 2.5-Å resolution. Not sur-
prisingly, the overall fold and trimeric organization of the
Ad21 knob are very similar to those seen for other knobs.
However, the Ad21 knob structure reveals interesting differ-
ences in the conformation of three surface loops that partici-
pate in the interaction with CD46-D2 in the Ad11 knob: the HI

loop, the DG loop, and the IJ loop (34). An additional loop,
termed the GH loop, is also in close proximity and was there-
fore included in our discussion, although residues in the Ad11
variant of this loop do not directly contact CD46-D2. A se-
quence alignment of all three knobs is given in Fig. 3A, and a
superposition of the loop regions of the unliganded Ad21,
Ad35, and Ad11 knob structures is shown in Fig. 3B. From this
comparison, it is apparent that despite differences in sequence,
the HI and GH loops have almost identical conformations in
all three structures. The DG and IJ loops, however, differ
significantly, which has implications for the interactions with
CD46-D2.

The DG loop has a narrow shape and protrudes from the
Ad21 knob core structure, whereas in Ad35 and Ad11, it is
wider and less protruding. A closer inspection suggests an
explanation for the observed conformational DG loop differ-
ences between the Ad21 and Ad11 knobs (Fig. 3C and E). A
conserved asparagine residue, which is located at one end of
the DG loop, performs drastically different functions in the two
proteins. In the Ad21 knob, the side chain of Asn243 faces
toward the DG loop center, with its amide group forming
hydrogen bonds with the hydroxyl group of Ser278 and the
backbone carbonyl of Pro241. The corresponding Ad11 aspar-
agine (Asn245) cannot perform similar interactions and in-
stead faces toward the solvent. In the Ad11 knob, Ser278 is
replaced with an arginine (Arg279). The larger Arg279 side
chain fills much of the center of the Ad11 knob DG loop. As
it forms hydrogen bonds with the side chain of loop residues
Asn247 and Glu250, it appears that Arg279 is responsible for
forcing the DG loop into a wider, more oval conformation. The
observed differences in loop structure are unrelated to crystal
packing effects. The Ad21 knob structure contains 12 noncrys-
tallographically linked copies of the monomer, which all have
closely similar conformations of their DG loops. The overall
root mean square (RMS) deviation for C� atoms among the 12
DG loops is 0.401 Å. While the Ad11 knob structure contains
only one monomer in the asymmetric unit, the crystal structure
of the Ad11 knob in complex with CD46-D2 contains two
copies of the Ad11 knob DG loop. All three Ad11 knob DG
loops adopt the same conformation.

Upon first inspection, the conformation of the DG loop in
the Ad35 knob resembles that seen for the Ad11 knob (Fig. 3B,
D, and E). However, the sequence of that loop is identical in
Ad21 but quite different from the sequence in Ad11. Thus, the
sequence in the DG loop does not correlate directly with its
conformation. The adjacent regions of the DG loops in Ad21
and Ad35 knob structures differ only in the HI loop residue
Met280 in Ad35, which is replaced with Thr280 in the Ad21
knob. This sequence difference could be an explanation for the
observed loop structure differences between Ad35 and Ad21
knobs, as the Ad35 Met280 is closer to Phe242 than the Ad21
Thr280 (3.4 Å compared to 4.4 Å) (Fig. 3A, C, and D). Fur-
thermore, the Ad35 knob structures have been determined to
2.0-Å and 2.7-Å resolutions (31, 44), and in both structures, the
DG loop exhibits high mobility, as judged from its elevated-
temperature factors, indicating multiple possible conforma-
tions.

The IJ loop also differs substantially between the Ad21 and
Ad11 knobs (Fig. 3B, C, and D). In all three structures, in-
cluding the Ad35 knob, the IJ loop is stabilized through a

TABLE 2. Interaction data from SPR

Protein interaction KD (M) ka
(M�1 s�1) kd (s�1) t1/2 (s)a

Ad21 knob–CD46-D2 284 � 10�9 1.35 � 106 0.383 1.8
Ad11 knob–CD46-D2 13 � 10�9 1.18 � 106 0.015 46.2
Ad35 knob–CD46-D2 19 � 10�9 1.86 � 106 0.035 19.8

a t1/2 � 0.693 � kd
�1.
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hydrogen bond between a conserved glutamic acid side chain
(Glu302 in Ad21) and the hydroxyl group of a conserved serine
(Ser262 in Ad21) contributed by the GH loop (Fig. 3C). In all
three structures, the IJ loop exhibits little mobility and low-
temperature factors. An inspection of the sequence shows that
the Ad11 IJ loop contains two additional amino acids, Val304
and Gln305 (Fig. 3A), that are inserted into the tip of the loop,
accounting for its more protruding conformation.

Structure determination of the Ad21 knob in complex with
CD46-D2. The crystal structure of the complex between the
Ad11 knob and CD46-D2 demonstrated that the DG, HI, and
IJ loops of the Ad11 knob mediate key contacts with CD46-D2
and also revealed a striking shape complementarity of the
Ad11 knob and the CD46-D2 surfaces (34). As the conforma-
tions of the DG and IJ loops differ significantly among the
Ad21, Ad11, and Ad35 knobs (Fig. 3), it is unlikely that the
Ad21 knob engages CD46-D2 in a manner identical to that
seen for the Ad11 knob. In order to provide a structural basis
for Ad21 knob binding to CD46-D2, we crystallized a complex
of the Ad21 knob with the exact same CD46-D2 fragment that
was also used to generate the Ad11 knob–CD46-D2 complex.
The obtained crystals were sensitive to radiation and diffracted
to only a 3.5-Å resolution at synchrotron sources. Initial phases
were obtained by molecular replacement using only the Ad21
knob trimer as a search model. The resulting 2Fo-Fc and Fo-Fc
electron density maps clearly showed the location and orien-
tation of the SCR1 and SCR2 domains of the CD46-D2 pro-
tein at this stage. The crystals contain 4 noncrystallographically
related copies of Ad21 knobs. Thus, we were able to apply NCS
restraints to aid crystallographic refinement. All noncrystallo-
graphic symmetry operators were calculated separately for the
Ad21 knob, the CD46-D2 SCR1 domain, and the CD46-D2
SCR2 domain in order to allow for differences in the relative
orientations of these units. The symmetry operators were also
updated after each refinement cycle. Using this strategy, we
were able to obtain a model for the complex that agrees well
with the crystallographic data and has good geometry (Table
1). The Ad21 knob and CD46-D2 backbone chains are well
defined by electron density (Fig. 1). Many side chains, espe-

FIG. 2. Kinetic and equilibrium SPR analyses of the CD46-D2 in-
teraction with the Ad21, Ad11, and Ad35 knobs. (A) Ad21 knob
interaction with CD46-D2. Double-referenced sensorgrams of a ki-
netic SPR titration series (shown in color) are overlaid with fits of a
“1:1 binding with mass transfer, RI � 0” model (black lines) on top of
the corresponding residual values showing the kinetic-fit range and
absolute deviation (�) of data points from curve fit values. The arrow
indicates data used to determine averaged (AVG) equilibrium re-
sponse values (Eq-Response AVG) for equilibrium analysis. (B) Equi-
librium analysis of CD46-D2 binding to the Ad21 knob. Averaged
equilibrium response values (red squares) obtained from data in A
were plotted against the corresponding CD46-D2 concentration and
fitted to a “1:1 Langmuir isotherm” model (black line). The light-blue-
shaded boxes show setup details and measured parameters of the
kinetic (blue font) and equilibrium (red font) analyses. (C) Kinetic
SPR analysis of CD46-D2 binding to the Ad11 knob. The analysis was
carried out as described above (A). (D) Kinetic SPR analysis sensor-
gram of CD46-D2 binding to the Ad35 knob. The analysis was carried
out as described above (A). (E) Equilibrium analysis of CD46-D2
binding to the Ad35 knob. The analysis was carried out as described
above (B). RU, resonance units.
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FIG. 3. Comparison of the unliganded Ad11, Ad21, and Ad35 knob structures. (A) Alignment of the Ad21, Ad35, and Ad11 knob sequences
performed with ClustalW2. The positions of �-strands are indicated above the alignment with arrows. (B) Superposition of the unliganded Ad21,
Ad35, and Ad11 knobs showing the surface-exposed HI, DG, GH and IJ loops. The Ad21 knob is green, the Ad35 knob is ruby, and the Ad11
knob is gray. (C) Close-up views of the Ad21 DG and HI loops (left) and the Ad21 GH and IJ loops (right). (D) Close-up view of the corresponding
regions in the Ad35 knob. (E) Close-up view of the corresponding regions in the Ad11 knob. The Ad21 knob, Ad35 knob, and Ad11 knob loops
are colored as described above (B). Hydrogen bonds are represented with dashed lines.
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cially at the CD46-D2–Ad21 knob interface, are also visible.
Despite its moderate resolution, our model therefore provides
a solid basis for an understanding of the intermolecular inter-
actions and allows a meaningful comparison with the previ-
ously determined structure of the Ad11 knob–CD46-D2 com-
plex. Four of the 12 CD46-D2 molecules are involved in crystal
contacts in our structure. Their orientation is therefore some-
what influenced by packing forces, resulting in small differ-
ences in the relative orientation of one binding loop region, the
DG loop, as well as CD46-D2 domains. The remaining eight
CD46-D2 monomers lack crystal contacts near the knob-re-
ceptor interface. As they all make very similar contacts with the
Ad21 knob, we will use a representative of this group for the
presentation and discussion of the interactions.

Overall structure of the Ad21 knob in complex with CD46-
D2. As expected, each trimeric Ad21 knob engages three
CD46-D2 molecules (Fig. 4A). At the interface with one
CD46-D2 molecule, two Ad21 protomers are involved in com-
plex stabilization: one protomer interacts via residues in the
DG and HI loops, and a neighboring protomer interacts with
the GH and IJ loops (Fig. 4A). The interactions bury an area
of 2,320 Å2 from solvent and feature high surface complemen-
tarity (Fig. 4B). The overall conformations of most of the Ad21
knob residues, including those located in the HI, GH, and IJ
loops, are similar in both the unliganded and the CD46-D2-
bound states, with an overall RMS deviation of 0.47 Å. How-
ever, the electron density clearly shows that the DG loop in the
liganded Ad21 knob has a different conformation (Fig. 4C)
compared to that of the unliganded Ad21 knob (Fig. 4C and
D). Variations in DG loop structures among all unliganded
Ad21 knobs, among all liganded Ad21 knobs, and between the
liganded and unliganded Ad21 knobs are shown in Fig. 4E.
The local variations in DG loops of the unliganded and ligan-
ded Ad21 knobs were calculated by separately superposing the
eight liganded Ad21 knob protomers onto the 12 unliganded
protomers. The average of these 96 superpositions is 1.6 Å.
However, a large deviation, about 3.6 Å, was seen at residue
Arg247, which has different conformations in the unliganded
and liganded Ad21 knobs. In the unliganded Ad21 knob, the
Arg247 main chain occupies a similar position, while its side
chain is flexible and adopts several orientations among the 12
monomers in the asymmetric unit. In all copies of the liganded
Ad21 knob, however, the Arg247 main chain shifted, and its
side chain formed a salt bridge with CD46-D2 residue Glu63 as
well as a hydrogen bond with the backbone carbonyl atom of
CD46-D2 residue Ser112. We therefore propose that contacts
involving Arg247 are primarily responsible for the conforma-
tional change in the DG loop upon the engagement of CD46-
D2. The rearrangement of an Ad knob DG loop is unique to
the Ad21 knob–CD46-D2 interaction, as changes in the main
chain conformation were not observed for the Ad11 knob
structure upon the engagement of CD46-D2 (33, 34).

The overall organization of the complex resembles the Ad11
knob–CD46-D2 structure (34). However, a comparison of the
buried surface area in the interactions (1,681 Å2 for the Ad11
knob–CD46-D2 complex and 2,320 Å2 for the Ad21 knob–
CD46-D2 complex) shows that the Ad21 knob–CD46-D2 con-
tact area is larger. Moreover, a superposition of the two com-
plexes reveals that the location of the CD46-D2 molecules
relative to the knob clearly differs in both cases (Fig. 5A).

Compared with the Ad11 knob–CD46-D2 complex, the SCR1
and SCR2 domains are shifted by distances that range from 2
Å to more than 7 Å in the complex with the Ad21 knob. The
overall shift of CD46-D2 can be attributed, at least in part, to
the profoundly different conformation of the DG loop in the
Ad21 knob, which would sterically interfere with CD46-D2 and
prevent it from binding in the orientation observed for the
complex with the Ad11 knob. The protruding DG loop in the
Ad21 knob thus displaces the SCR1 domain, which was previ-
ously shown to comprise the major determinants in species B
adenovirus binding (34, 44). In addition, the shorter IJ loop in
Ad21 allows SCR2 to approach the Ad21 knob more closely.

A comparison of the overall conformation of the CD46-D2
molecules bound to Ad11 and Ad21 shows that although
CD46-D2 adopts an elongated conformation in both complex
structures, the elongated structures are not identical (Fig. 5B).
To compare the overall conformations of the two-domain
CD46-D2 protein in different states of ligation, tilt (
) and
twist (�) angles were calculated, as previously described (Ta-
ble 3) (5). The tilt angle differs by 8° and the twist angle differs
by 10° in the two complexes, indicating that the relative orien-
tations of SCR1 and SCR2 are not identical. The CD46-D2
protein therefore possesses some flexibility at its interdomain
interface, which allows it to adapt to subtly varying surfaces
provided by different Ad knobs. Both interdomain angles differ
substantially from those of the unliganded CD46-D2 confor-
mation (Fig. 5B and Table 3).

Contacts at the Ad21 knob–CD46-D2 interface and compar-
ison with Ad11 knob contacts. The Ad21 knob contacts
CD46-D2 via the HI, DG, GH, and IJ loops. The HI and DG
loops are contributed by one protomer (blue in Fig. 5A and B),
whereas the GH and IJ loops belong to the second protomer
(cyan in Fig. 5A and B). Contacts involving the HI loop are
limited to the SCR1 domain of CD46-D2 and are centered at
Tyr36 and neighboring residues in CD46-D2 (Fig. 6A and B).
Compared to the Ad11 knob–CD46-D2 complex, contacts in
Ad21 are less extensive (Fig. 6A). A hydrogen bond tethering
the Tyr36 backbone to the Ad knob HI loop backbone is
conserved in both cases, but several additional hydrogen bonds
and polar interactions between the side-chain and main-chain
atoms are present only in the Ad11 knob–CD46-D2 complex.

The second knob–CD46-D2 interface involves the HI and
DG loops (Fig. 6B). This region features a conserved salt
bridge between an arginine side chain (Arg279 in Ad21 and
Arg280 in Ad11) and Glu63 of CD46-D2. In both cases, the
arginine guanidium group is stacked against the phenyl ring of
Phe35. The salt bridge and the stacking of the guanidinium
group against the aromatic ring are critical for allowing CD46
to bind in an extended conformation, as they determine inter-
actions with SCR1 residue Phe35 and SCR2 residue Glu63.
Furthermore, the Phe35 side chain is buried in the SCR1-
SCR2 interface in unliganded CD46-D2 and becomes solvent
exposed upon Ad knob engagement (7, 34). In Ad11, the
Arg280 side chain stacks against that of the neighboring
Arg279. Mutagenesis experiments with Ad11 have previously
shown that the presence of Arg279 is critical for the engage-
ment of CD46-D2 (18). The most likely reasons for this are
favorable �-� interactions between the two guanidinium
groups of Arg279 and Arg280 as well as the stabilization of the
HI and DG loop conformations through a hydrogen bond with
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FIG. 4. Structure of the Ad21 knob in complex with CD46-D2. (A) Ribbon drawing of the trimeric Ad21 knob in complex with three CD46-D2 molecules.
The three protomers that form the knob are shown in blue, cyan, and gray, and the CD46-D2 ligands are shown in orange. One Ad21 knob–CD46-D2 interface
is shown from the front, whereas two other Ad21 knob–CD46-D2 interfaces are shown from behind. (B) Surface representation of two Ad21 knob protomers
(labeled protomer 1 and protomer 2) bound to one CD46-D2 ligand. The color code used is described above (A). (C) CD46-D2-bound Ad21 knob DG loop
with the final nonaveraged 2Fo-Fc electron density map. (D) Superposition of the DG loop of the unliganded Ad21 knob (green) and the CD46-D2-bound Ad21
knob (blue). The relevant portion of CD46-D2 is shown in orange. The hydrogen bond and salt bridge are shown with dashed lines. (E) Comparison of DG loop
conformations (residues 242 to 248) among unliganded Ad21 knob structures (green squares), among liganded Ad21 knob structures (blue squares), and
between the liganded and unliganded structures (black squares). The average RMS deviation values for the C� atoms of each residue are plotted as a function
of the residue number. The bars show the standard deviations of the measured RMS deviation values for the C� atoms.
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Asn247 in the DG loop (34). In Ad21, residue Arg279 is re-
placed with a serine (Ser278) that is involved in neither con-
tacts with CD46-D2 nor interactions that would stabilize the
conformations of the HI and DG loops. The replacement of
Arg279 with serine would therefore be expected to render the
DG loop more flexible, and this explains our observation that
the DG loop rearranges upon the engagement of the receptor
in the Ad21 knob but not in the Ad11 knob. An additional
contact in the Ad21 knob–CD46-D2 complex is formed by a
salt bridge between Glu63 and Arg247 (Fig. 6B).

The GH loop forms contacts with CD46-D2 only in the
Ad21 knob (Fig. 6C). The interactions are centered at Ad21
knob residue Tyr263, which stacks against the hydrophobic
portion of Lys119 in SCR2. A main-chain hydrogen bond be-
tween the Tyr263 carbonyl oxygen and the Trp116 nitrogen
atom further stabilizes the interaction. In the Ad11 knob, the
GH loop is not involved in CD46-D2 contacts (Fig. 6C).

The Ad knob IJ loop mediates extensive interactions in both
complexes (Fig. 6D). In the Ad11 knob–CD46-D2 complex,
the interface is stabilized by two hydrogen bonds between knob
residues Gln305 and Thr306 and the CD46 main chain. The
corresponding Ad21 knob–CD46-D2 complex also features
two hydrogen bonds at this position, located between the Ad21
knob Ser300 main chain and the Lys119 side chain of SCR2
and between the Ad21 knob Asn304 main chain and the side
chain of Asp70 in SCR2. Several additional polar interactions
also stabilize this interface.

DISCUSSION

A number of species B Ads use CD46 as a cellular receptor
(26), and the crystal structure of the Ad11 knob in complex
with CD46-D2 has provided a structural basis for this interac-
tion (34). By performing a structure-function analysis of the
Ad21 knob and its interaction with CD46-D2, we establish here
the determinants of receptor binding for a second species B Ad
knob and compare them with those of the Ad11 knob–
CD46-D2 interaction. Our analysis reveals a generally con-
served binding mode, with key differences in intermolecular
contacts that can be linked to differences in affinity.

Compared with the Ad11 knob, the Ad21 knob features a
substantially more-protruding DG loop that creates a “hump”
at the center of the CD46-D2-binding surface and a shorter IJ
loop. The protruding DG loop of the unliganded Ad21 knob is
ordered and well defined by electron density, and its loop
conformation is also stabilized by interactions involving loopFIG. 5. Comparison of the CD46-D2 structure in different states of

ligation. (A) Superposition of the Ad21 knob–CD46-D2 complex
(Ad21 knob protomers are in cyan and blue, and CD46-D2 is in
orange) with the Ad11 knob–CD46-D2 complex (Ad11 knob pro-
tomers are in light gray, and CD46-D2 is in dark gray). Common
binding regions are boxed. The dashed box indicates a binding region
that mediates interactions only in the Ad21 knob. The arrows depict
the displacement of the Ad21 knob-bound CD46-D2 regions com-
pared to their positions in the Ad11 knob–CD46-D2 complex. (B) Su-
perposition, based on residues in the SCR1 domain, of the three
CD46-D2 structures known to date, shown in stereo. Unliganded
CD46-D2 is shown in dark blue, CD46-D2 as seen in the complex with
the Ad21 knob is shown in orange, and CD46-D2 as seen in the
complex with the Ad11 knob is shown in dark gray. (C) Schematic view
of unliganded CD46-D2. Disulfide bonds are represented with red
lines. Two dashed lines link the disulfide bonds in SCR1 and SCR2.
The variations in domain orientation are expressed in tilt angles (
)
and twist angles (�), as indicated with arrows (5).

TABLE 3. Interdomain orientations of CD46-D2

Conformation of
CD46-D2

Angle (°)


 �

Unligandeda 116 70
Bound to Ad21 knobb 161 152
Bound to Ad11 knobc 153 162

a Tilt angles vary by 15° among the six copies of the molecule in the asymmetric
unit (7).

b Twist angles vary by 12° among the 12 copies of the molecule in the asym-
metric unit. There are no significant differences in tilt angles.

c There are no significant differences in the tilt and the twist angles between
the two copies of the molecule in the asymmetric unit.
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side chains. The structure of the Ad16 knob, which was solved
recently, also features a protruding DG loop (called FG loop in
that serotype), and this loop protrudes even further due to a
2-amino-acid insertion (32). According to the conformation of
this loop, the CD46-binding Ad knobs can be grouped into two
classes: knobs with a retracted DG loop and knobs with a

protruding DG loop (14, 31, 32, 33, 44). The Ad11 knob fea-
tures a retracted variant of this loop, which does not change its
conformation upon ligand binding but rather serves as a rigid
docking platform for CD46-D2. The conformation of the loop
is stabilized by a complex network of interactions centered at
the Arg279 side chain. However, the DG loop of the Ad21

FIG. 6. Comparison of interactions of CD46 with the Ad21 and Ad11 knobs. The close-up views show the four contact regions of the Ad21
knob–CD46-D2 interaction (centered at loops HI, DG, GH, and IJ, respectively) and compare them with the respective interactions in the Ad11
knob–CD46 complex. The color scheme is the same as that described in the legend of Fig. 5A. Hydrogen bonds and salt bridges are represented
with dashed lines.
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knob rearranges significantly upon CD46 binding. Moreover,
the receptor in the Ad21 knob complex is shifted compared to
its location in the Ad11 knob complex. The Ad knob DG loop
thus emerges as the key determinant of differences in
CD46-D2 engagements.

The observed retracted and protruding conformations of the
DG loop also correlate well with CD46-D2 binding affinities
that have been determined for several Ad knobs. The Ad11
knob binds CD46-D2 with a 13 nM affinity, whereas the Ad21
and Ad16 knobs bind CD46-D2 with 284 nM and 437 nM
affinities, respectively (32). As the length of the DG loop de-
termines the position of CD46-D2 relative to the knob, a pro-
truding DG loop does not allow the residues at the base of
SCR1 and the SCR1-SCR2 interface to approach the core of
the knob as closely as is the case for a knob with a retracted
loop. The SCR1 domain and its contacts with the HI loop have
been shown to be a major determinant in species B adenovirus
binding (18, 34, 44). The total buried surface area in the Ad21
knob–CD46-D2 complex is larger (2,320 Å2) than that in the
Ad11 knob–CD46-D2 complex (1,681 Å2). However, the bur-
ied surface area between SCR1 and the Ad21 knob HI loop
(624 Å2) is smaller than the surface area buried in the contact
between SCR1 and the Ad11 knob HI loop (676 Å2). It is thus
tempting to speculate that altered contacts at the base of SCR1
and the SCR1-SCR2 interface result in weaker binding.

An additional determinant of CD46-D2 engagement by Ad
knobs is the IJ loop, which interacts with the SCR2 domain. The
shorter IJ loop in the Ad21 knob than in the Ad11 knob allows an
SCR2 domain shift toward the knob in order to form contacts.

The structure determination of the species B Ad11 knob in
complex with the two N-terminal CD46 domains revealed key
determinants of this interaction, such as a central salt bridge
between an Ad11 knob Arg280 and CD46 residue Glu63. This
contact is augmented by cation-� interactions between the
aromatic ring of CD46 residue Phe35 and the guanidinium group
of Arg280. As Phe35 and Glu63 are located at the CD46 SCR1-
SCR2 domain interface, their engagement by the Ad11 knob
leads to a conformational rearrangement of the CD46-D2 frag-
ment, straightening the protein into an almost linear conforma-
tion. Additional contacts involving the surface-exposed DG, HI,
and IJ loops at the interface of two adjacent Ad11 knob pro-
tomers cement the interaction, providing a basis for a high-affinity
interaction.

Interestingly, Ad21, Ad34, Ad35, and Ad50 all use CD46 as
a receptor, and all of them feature similar sequences in their
knob regions. However, their loop sequences differ substan-
tially from those of the Ad11 knob. Moreover, the closest Ad11
relatives, Ad7 and Ad14, bind CD46 rather poorly and likely
do not use CD46 as a receptor at all (26, 33, 34).

The interaction between a virus and a host cell receptor is
the first step in a complex process that leads to the infection of
the cell. Not only must viruses be able to specifically attach to
cells in order to gain entry into the cell, but their newly formed
progeny must also be able to release themselves from the cell
membrane after an infection. Therefore, attachment and re-
lease processes depend on precisely regulated contacts and
affinities between viral proteins and their cognate receptor
molecules on the cell surface. Subtle modifications in the virus
coat proteins can have drastic consequences, leading to the
emergence of a new pathogen with altered infectivity, tissue

tropism, or host range. We cannot exclude the possibility that
other, postentry mechanisms contribute to the differences in
tropism that were observed for species B Ads. However, it is
tempting to speculate that the affinity for CD46, to a certain
extent, contributes to the observed differences in tropism: high
affinity (Ad11 and Ad35) correlates with urinary tract tropism,
and low affinity (Ad7, Ad14, Ad16, and Ad21) correlates with
ocular and/or respiratory tract tropism (10, 11, 43). Further-
more, Ad8, Ad19, and Ad37, which cause epidemic keratocon-
junctivitis, are the only Ads that use sialic acid as a receptor
and thus show a clear link to tropism and receptor usage (3).

Several well-resolved structures of viruses or viral proteins in
complex with cellular receptors are available. In very few cases,
however, has one been able to compare structures of different
strains or serotypes of the same virus in complex with the same
receptor (4, 39, 42). The structure-function analysis of the
Ad21 knob interaction with CD46-D2 presented here exem-
plifies such a case, advancing our understanding of how subtle
differences at the receptor interface can lead to altered binding
properties of the same receptor.
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