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Knobs of Other CAR-Binding Adenovirus Serotypes

IAN KIRBY,' ROSEMARY LORD,' ELIZABETH DAVISON,' THOMAS J. WICKHAM,?
PETER W. ROELVINK,?> IMRE KOVESDI,* BRIAN J. SUTTON,? aNo GEORGE SANTIS'*

Department of Respiratory Medicine and Allergy, The Guy’s, King’s College and St. Thomas’ Hospitals School of
Medicine, Guy’s Hospital, London SEI 9RT," and The Randall Centre, King’s College London, London SEI 1UL,?
United Kingdom, and GenVec, Gaithersburg, Maryland 20878

Received 25 August 2000/Accepted 16 April 2001

The coxsackie B virus and adenovirus (Ad) receptor (CAR) functions as an attachment receptor for multiple

Ad serotypes. Here we show that the Ad serotype 9 (Ad9)

fiber knob binds to CAR with much reduced affinity

compared to the binding by Ad5 and Ad12 fiber knobs as well as the knob of the long fiber of Ad41 (Ad41L).
Substitution of Asp222 in Ad9 fiber knob with a lysine that is conserved in AdS, Ad12, and Ad41L substantially
improved Ad9 fiber knob binding to CAR, while the corresponding substitution in Ad5 (Lys442Asp) signifi-
cantly reduced Ad5 binding. The presence of an aspartic acid residue in Ad9 therefore accounts, at least in part,
for the reduced CAR binding affinity of the Ad9 fiber knob. Site-directed mutagenesis of CAR revealed that
CAR residues Leu73 and Lys121 and/or Lys123 are critical contact residues, with Tyr80 and Tyr83 being

peripherally involved in the binding interaction with the

AdS, Ad9, Ad12, and Ad41L fiber knobs. The overall

affinities and the association and dissociation rate constants for wild-type CAR as well as Tyr80 and Tyr83 CAR
mutants differed between the serotypes, indicating that their binding modes, although similar, are not iden-

tical.

Binding of virus particles to specific cell surface receptors is
an essential step in infection and represents a key determinant
of host cell tropism. Adenovirus (Ad) attachment and uptake
into cells are separate but cooperative events that result from
the interaction of the viral fiber and penton base proteins with
specific cell surface receptors. The fiber knob domain mediates
the primary event, attachment. Each human Ad serotype has
its own fiber protein variant, but Ad40 and Ad41 have two
versions, long and short, that can be found together in a single
virus particle (5). The penton base protein mediates the second
step, virus internalization (15), and is also involved in cell
membrane permeabilization (14). The coxsackie B virus and
Ad receptor (CAR) (2, 3, 13) binds to the fiber knob of several

Ad serotypes but not to subgroup B Ad fibers such as serotypes
3 or 7 or to the short fiber of subgroup F Ad (Ad40s and
Ad41s) (10, 11). The recent structure of the Ad12 knob-human
CAR complex revealed residues that interact with CAR (4).
Comparison of the Ad12 fiber knob sequence with the se-
quence of AdS, Ad9, and Ad41L fiber knobs shows that while
some contact residues identified in the structure of the Ad12-
CAR complex are totally conserved, others differ among the
serotypes (Fig. 1). In this study, the kinetics of binding of AdS,
Ad9, Ad12, and Ad41L fibers for CAR was assessed using
surface plasmon resonance (SPR) (7, 8) to establish for the
first time whether differences in binding kinetics and affinity
correlate with functional differences. SPR allows the associa-

TABLE 1. Summary of the kinetic data for the interaction of AdS, Ad9, Ad12, and Ad41L fiber knob proteins with wild-type sSCAR”

Serotype ky M~ 1s™h kq(s™Y) Kp (M)

Ad5 1.27 X 10° + 4.4 X 10° 1.01 X103 +12x107* 79%x107°+1.8x107°
Ad9 1.61 X 10° + 2.1 x 10? 410x 1072+ 1.2x10"* 64X 107°*6.0x107°
Ad12 7.31 X 10* £ 5.6 X 103 11X 1073 +6.0 x 107* 1.5x 1078 + 6.1 x 107°
Ad41L 2.60 X 10° = 3.0 x 10* 1.9%x 1073 +23x10°* 73X 107° 2.6 %X 107°

“ SPR was used to obtain the data. Sensorgrams were analyzed using a monophasic model of interaction. Results are expressed as the mean * standard deviation

for six separate determinations.
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44-20-79552758. Fax: 44-20-74038640. E-mail: george.santis@kcl.ac
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*
Adl2 TLWTTPDPPPNCSLIQELDAKLTLCLTKNGSIVNGIVSLYVGVKGNLLNIQSTTTTV-~GVHLYV--FDEQGRLITS 479
Adb TLWTTPAPSPNCRLNAEKDAKLTLVLTKCGSQILATVSVLAVKGSLAPISGTVQSA--HLIIR--FDENGVLLNN 470
Ad9 TLWTTPDTSPNCKIDQDKDSKLTLVLTKCGSQI LANVSLIVVDGKYKI INNNTQPALKGFTIKLLFDENGVLMES 255
Ad41L TLWTTADPSPNATFYESLDAKVWLVLVKCNGMVNGTISIKAQ?GILL“RPTASFI~~SFVMY——FYSDGTWRKN 455
*

Adl12 TP~~——- TALVPQASWGYRQGQOSVSTNTVTNGLGFMPNVSAYPRPNASE -—-AKSOMVSLTYLQOGDTSKPITMKV 546
Ad5 - SFLDPEYWNFRNGDLTEGTAYTNAVGEMPNLSAYPKSHGKT---AKSNIVSQVYLNGDKTKPVTLTI 534
AdS - SNLGKSYWN FRNENS IMSTAYEKATIGFMPNLVAYPKPTAGSKKYARDIVYGNIYLGGKPDQPVTIKT 322
Ad41lL YPVFDNEGI LAN§ATWGYRQGQSPLNTN—VSNAVEFMP SSKRYPNQKGSE ---VONMALTYTFLOGDPNMAISFQS 526
Adl2 AFNGITSLN-=~-- GYSLTFMWSGLS-NYINQPFSTPSCSFSYITQE 587
Adb TLNGTQETGDTTPSAYSMSFSWDWSGHNYINEIFATSSYTFSYIAQE 581
AdS TEN--QETG---—-CEYSITFDFSWAK-TYVNVEFETTSFTFSYIAQE 362
Ad41L IYN--HALE---—- GYSLKFTWRVRN--—-NERFDIPCCSFSYVTEQ 562

FIG. 1. Alignment of Ad12, AdS5, Ad9, and Ad41L fiber knob sequences. Residues in contact with CAR, based on the structure of the
Ad12/CAR complex (4), are shown in bold. The CAR residues mutated in this study are in contact with the following residues in the Ad12 fiber
knob: Leu73 in CAR interacts with Pro418; Tyr83 interacts with Leu426; Lys121 as well as Lys123 interact with Asp415 (4); Tyr80 interacts with
the region around Leu426 in the AB loop of the Ad12 fiber knob (4). Lys451 and GIn487 in Ad12 are highlighted (*), and the corresponding

residues in Ad9 that had been mutated in this study are underlined.

tion and dissociation kinetics to be determined in real time
without labeling of either component. Studying association and
dissociation events is important, since affinity measurements
alone may not reflect differences in the kinetics of the inter-
actions.

We expressed histidine-tagged wild-type fiber knobs of Ad3,
Ad5, Ad9, Ad12, and Ad41L in bacteria and purified each fiber
knob by nickel affinity chromatography and size exclusion.
Each protein accumulated as a stable trimer as assessed by
native gel electrophoresis, size exclusion, and boiled and non-
boiled sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (data not shown). The kinetics of binding of wild-type

Ad fibers to immobilized CAR was determined by SPR on a
BIAcore biosensor, as previously described (7, 8). The associ-
ation (k,) and dissociation (k) rate constants for a monopha-
sic model of binding were obtained using the BIAevaluation
analysis package (version 2.1). The ability of this model to
describe the experimental data was determined by examination
of the residual plots, which were calculated by subtracting the
experimental data points from the fitted curve. Residuals were
small and randomly distributed around zero (range, 0.5 to
—0.5). Nonspecific binding measured on a blank surface
(<1%) was subtracted from specific binding prior to kinetic
analysis. We found that the Ad3 fiber knob did not bind to
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FIG. 2. SPR analysis of wild-type Ad41L (a), Ad5 (b), Ad12 (c), and Ad9 (d) fiber knob binding to immobilized CAR. The fiber knob of each
Ad serotype was injected over the sensor surface at different concentrations (200 nM, 400 nM, 40 pM, and 100 uM). A 2-min association phase
was followed by a 2-min dissociation phase with HEPES-buffered saline flowing over the sensor surface at 25, 30, 35, 40, and 50 pl/min.
Representative sensograms for each wild-type Ad fiber knob protein used as analyte are shown.
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TABLE 2. Summary of the kinetic data for the interaction of the AdS mutant fiber knob (Lys442Asp) and the Ad9 mutant fiber knob
(Asp222Lys) with CAR, and comparison to wild-type AdS and Ad9 fiber knob binding®

Fiber knob k, M™ts™h

kg (571 Kp (M)

2.01 X 10* = 6.4 x 10°
127 X 10° = 4.4 x 10°

2.6 X 10° = 5.5 X 10?
1.61 X 10° = 2.1 X 10?

Ad5 Lys442Asp
Ad5 Wild type
Ad9 Asp222Lys
Ad9 Wild type

28X 107°=74x107°
7.9%X107° = 1.8 X 107°
31xX1077 =13 x 1077
6.4x107°=x6.0x107°

57X1072+28 X 1072
1.01 X103 +12x107*
79X 107 % =34 %1073
410X 1072 x12x 107!

“ SPR was used to obtain the data. Sensorgrams were analyzed using a monophasic model of interaction. Results are expressed as the mean * standard deviation

for six separate determinations.

immobilized CAR at any concentration (20 nM to 5 uM),
which is in keeping with previous findings (9, 11). Ad5 and
Ad41L fiber knobs bound to CAR with similar overall affinity
but with different association and dissociation rate constants
(Fig. 2; Table 1). The Ad12 fiber knob showed slightly reduced
affinity for CAR, due to a lower association rate constant (k,).
Our most striking observation, however, was that the Ad9 fiber
knob bound to CAR with markedly lower affinity, due to al-
tered association and dissociation rate constants (Fig. 2; Table
1).

Recent studies have shown that Ad9, as well as a chimeric
virus composed of the Ad5 capsid with its fiber knob replaced
by the Ad9 fiber knob, bound to CAR-expressing cells with
lower efficiency than did wild-type AdS (12). The fact that the
Ad9 fiber knob binds to CAR with markedly reduced affinity
provides, at least in part, an explanation for these observations.
Our results also explain the earlier finding that the Ad9 fiber
knob was less efficient than the AdS, Ad12, and Ad41L fiber
knobs in inhibiting AdS infection (9). It has also been shown
that Ad41 binds to differentiated enterocytes more efficiently
than Ad5 does (6) and that Ad41 but not Ad5 binding to A549
cells was dependent on contact time (1), implying that Ad5 and
Ad41 attachment to cells is not identical. These differences in
infectivity between AdS5 and Ad41 cannot be explained by
kinetic differences between AdS and Ad41L fiber knobs for
CAR, as is the case with Ad9, since the Ad41L fiber knob
bound to CAR with similar affinities to Ad5 fiber knob (Table
1). Since only the long fiber of Ad41 binds to CAR (9), we
speculate that the proportion of long and short fibers in the
Ad41 viral capsid may influence Ad41 infectivity.

Although some of the contact residues identified in the
structure of the Ad12-CAR complex are totally conserved
among the four serotypes, others differ among them (Fig. 1). In
particular, Lys451 in Ad12 is conserved in Ad5 (Lys442) and
Ad41L (Lys429) but is an aspartic residue in Ad9 (Asp222)
(Fig. 1). Moreover, the region adjacent to Asp222 in Ad9 is
highly conserved among AdS5, Ad9, Adl12, and Ad41L fiber
knob domains. This, along with the conservation of the adja-

cent glycine (Gly223 in Ad9), suggests that the local confor-
mation in this region is identical among all four serotypes. A
nonconservative substitution such as this may therefore ac-
count for the observed difference in the kinetics for Ad9. An-
other charge difference in Ad9 relative to the other serotypes
occurs at another peripheral residue (GIn487 in the Ad12 fiber
knob; Lys260 in the Ad9 fiber knob) (Fig. 1), which may also
contribute to the observed difference in kinetics. This hypoth-
esis was evaluated by mutating Asp222 and Lys260 in the Ad9
fiber knob and Lys442 in the AdS fiber knobs. We generated
mutant Ad9 fiber knob domains Asp222Lys (substitution of
Asp222 with the corresponding lysine in AdS), Lys260Pro (sub-
stitution of Lys260 with the corresponding proline in AdS5), and
Lys260GlIn (substitution of Lys262 with the corresponding glu-
tamine in Ad12). We also generated Ad5 fiber knob mutant
Lys442Asp (substitution of Lys442 with the corresponding as-
partic acid in Ad9). Each mutant fiber knob was expressed as
histidine-tagged protein in bacteria as described above. The
proteins were purified by gel filtration and size exclusion chro-
matography. All mutant fiber knobs accumulated as soluble
trimers, and their kinetics of binding to soluble CAR was
assessed by SPR.

The Asp222Lys Ad9 fiber knob bound to CAR with much
increased affinity (K, = 3.1 X 1077 M versus 6.4 X 10~° M for
the wild-type Ad9 fiber knob) (Table 1). The AdS fiber knob
with the corresponding substitution (Lys442Asp) bound to
CAR with much reduced affinity compared to the wild-type
Ad5 fiber knob (Kp = 2.8 X 107° M versus 7.9 X 107° M)
(Table 2). These findings demonstrate that the presence of this
aspartic acid residue in Ad9, instead of the conserved lysine in
the AdS, Ad12, and Ad41L fiber knobs, accounts, at least in
part, for the reduced CAR binding affinity of Ad9. Our findings
also suggest that a lysine at this position must function similarly
in Ad5 and the mutated Ad9 fiber knob domains. In contrast,
Lys260Pro and Lys260Glu bound to CAR with Ad9 wild-type
affinity (data not shown). Sequence alignment shows a lack of
sequence similarity in the immediate region of four residues
around Lys260 (Fig. 1), and this would indicate that the modes

TABLE 3. Summary of the kinetic data for the interaction of Ad5, Ad9, Ad12, and Ad41L Fiber Knob proteins with mutant CAR Tyr80Ala“

Serotype ky M™1s™h kg (s7Y Ky (M)

Ad5 1.20 X 10° £ 5.7 x 10* 444X 1073 +2.0x 1072 38X 10°%+22x107°
Ad9 NB” NB NB

Ad12 494 X 10* + 2.3 X 10° 6.80 X 1073 +32x107* 14x1077£54%x10°8
Ad41L 3.16 X 10° = 7.8 x 10* 49X 1073 +19x10* 1.6 X 1078+ 40x107°

“ SPR was used to obtain the data. Sensorgrams were analyzed using a monophasic model of interaction. Results are expressed as the mean * standard deviation

for six separate determinations.
®NB, no specific binding.
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TABLE 4. Summary of the kinetic data for the interaction of AdS, Ad9, Ad12, and Ad41L fiber knob proteins mutant CAR Tyr83Lys”

Serotype

Fiber Knob ky M71s7h kg (571 Kp (M)
AdS 1.42 X 10° £ 5.7 X 10° 410X 1073 =21 x10°* 20X 1078 +28x107°
Ad9 NB” NB NB
Ad12 42 %X 10* + 55 x 10° 6.80 X 1073 =44 x107* 1.7X1077£29x 108
Ad41L 4.10 X 10° = 1.6 x 10* 552X 1073+ 1.5%x10"* 14%x1078+38x107°

“ SPR was used to obtain the data. Sensorgrams were analyzed using a monophasic model of interaction. Results are expressed as the mean = standard deviation

for six separate determinations.
? NB, no specific binding.

of binding of the AdS, Ad9, Ad12, and Ad41L fiber knobs to
CAR are likely to be distinct in this particular region. This may
explain why substitution of Lys260 in Ad9 with the correspond-
ing residues in Ad5 and Ad12 failed to alter the Ad9 fiber knob
binding kinetics to resemble that of Ad5 and Ad12 fiber knobs.

To assess further the binding interaction of AdS, Ad9, Ad12,
and Ad41L with CAR, we constructed a number of CAR
mutants, based on the structure of the Ad12-CAR complex (4).
We mutated Leu73, Tyr80, Tyr83, Lys121, and Lys123 to cre-
ate mutant CAR proteins Leu73Lys, Tyr80Ala, Tyr83Lys, and
Lys121Ala/Lys123Ala, respectively (residue numbers are based
on CAR sequence accession number P78310 and are referred
to as residues Leu54, Tyr61, Tyr64, Lys102, and Lys104 by
Bewley et al. [4]). According to the structure of the complex,
Tyr80 and Tyr83 lie at the periphery of the binding site
whereas Leu73, Lys121, and Lys123 constitute part of the ma-
jor binding interface (4). Each CAR mutant was expressed as
a FLAG-tagged recombinant protein in insect cells and was
then purified by FLAG affinity chromatography and size ex-
clusion. Leu73Lys, Tyr80Ala, Tyr83Lys, and Lysl121Ala/
Lys123Ala CAR mutants were coupled to separate CM5 sen-
sor chips using the amine coupling reaction as specified by the
manufacturer (BIACORE). Immobilization densities of 600-
800 RU were used in all experiments. The AdS, Ad9, Ad12,
and Ad41L fiber knobs failed to bind to immobilized Leu73Lys
and the double mutant Lys121Ala/Lys123Ala at any of the
concentrations used (20 nM to 100 uM). These findings con-
firm that CAR residues Leu73 and Lys121 and/or Lys123 are
contact residues for the CAR-Ad12 fiber knob interaction (4)
and demonstrate for the first time that they are also critical for
CAR binding to the AdS, Ad9, and Ad41L fiber knobs. Al-
though the binding of AdS, Ad12, and Ad41L fiber knobs to
CAR mutants Tyr80Ala and Tyr83Lys was reduced, the overall
affinities and the association and dissociation rate constants
differed among the serotypes (Tables 3 and 4). Tyr80Ala and
Tyr83Lys CAR mutants recognized the Ad12 fiber knob with
significantly lower affinity than they recognized the Ad5 and
Ad41L fiber knobs, mainly due to an effect on the association
rate constant (Tables 3 and 4). This would suggest that these
two CAR residues are more critically involved in the Ad12-
CAR binding interaction than in the binding interaction of
Ad5 and Ad41L with CAR. Moreover, the Ad5 and Ad41L
fiber knobs bound to Tyr80Ala and Tyr83Lys with wild-type
association kinetics but increased dissociation kinetics (Tables
3 and 4), further indicating that each serotype interacts differ-
ently with this CAR region. These data show that the binding
interface between CAR and different Ad serotypes, although
similar, is not identical, a conclusion also supported by our

previous studies. For example, GIn494, Pro519, and Asn520 in
the Ad12 fiber knob are all contact residues (4), but the cor-
responding residues in Ad5 fibre knob (Asn482, Ser507 and
His508) are not involved in the binding interaction since their
substitution resulted in AdS fiber knob proteins that bound to
CAR with wild-type affinity (7).

The Asp222Lys Ad9 fiber knob bound to Tyr80Ala and
Tyr83Lys with fourfold-lower affinity (K, = 1.1 X 107° M for
both interactions versus 3.1 X 1077 M for wild-type CAR).
However, the Ad9 fiber knob failed to bind to these mutants at
any of the concentrations used. Since the wild-type affinity of
the Ad9 fiber knob for CAR is low, a similar decrease in Ad9
binding to Tyr80Ala and Tyr83Ala may have reduced the ki-
netics of their interaction below the threshold of this assay.

Taken together, our findings demonstrate important struc-
tural differences in the interaction of the Ad5, Ad9, Ad12, and
Ad41L fiber knob domains with CAR and indicate that the
binding interaction between various Ad serotypes and CAR,
although similar, is not identical. Our findings also demon-
strate that knowledge not only of receptor specificity but also
of the binding kinetics and affinity of Ad fibers with their
corresponding cell receptor may contribute to our understand-
ing of Ad tropism. The existence of distinct internalization
receptors would suggest that a similar understanding of the
protein-protein interactions involved in this process will also be
required to determine fully the contribution of attachment and
internalization steps to the life cycle of different Ad serotypes.

This work was funded by grants from the Wellcome Trust and the
Charitable Foundation of Guy’s and St. Thomas’ Hospitals to G. San-
tis. B. J. Sutton also thanks the Wellcome Trust for its support.
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