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Abstract

Murine adenovirus 2 (MAdV-2) infects cells of the mouse gastrointestinal tract. Like human adenoviruses, it is a member of
the genus Mastadenovirus, family Adenoviridae. The MAdV-2 genome has a single fibre gene that expresses a 787 residue-
long protein. Through analogy to other adenovirus fibre proteins, it is expected that the carboxy-terminal virus-distal head
domain of the fibre is responsible for binding to the host cell, although the natural receptor is unknown. The putative head
domain has little sequence identity to adenovirus fibres of known structure. In this report, we present high-resolution crystal
structures of the carboxy-terminal part of the MAdV-2 fibre. The structures reveal a domain with the typical adenovirus fibre
head topology and a domain containing two triple B-spiral repeats of the shaft domain. Through glycan microarray profiling,
saturation transfer difference nuclear magnetic resonance spectroscopy, isothermal titration calorimetry and site-directed
mutagenesis, we show that the fibre specifically binds to the monosaccharide N-acetylglucosamine (GlcNAc). The crystal
structure of the complex reveals that GIcNAc binds between the AB and CD loops at the top of each of the three monomers
of the MAdV-2 fibre head. However, infection competition assays show that soluble GlcNAc monosaccharide and natural
GlcNAc-containing polymers do not inhibit infection by MAdV-2. Furthermore, site-directed mutation of the GlcNAc-binding
residues does not prevent the inhibition of infection by soluble fibre protein. On the other hand, we show that the MAdV-2
fibre protein binds GlcNAc-containing mucin glycans, which suggests that the MAdV-2 fibre protein may play a role in viral
mucin penetration in the mouse gut.

INTRODUCTION from their vertices (Fig. 1) [2, 3]. The vertices them-
Adenoviruses are non-segmented, linear, double-stranded selves are formed by pentameric penton base proteins,
DNA viruses, taxonomically classified in the family while trimeric hexons occupy the faces of the capsid.
Adenoviridae. First isolated from adenoid tissues [1], Viral infection begins when the fibre engages a host cell
these non-enveloped icosahedral viruses are 70-90 nm in receptor. Several of these receptors have been identified
diameter and have trimeric fibre proteins protruding and characterized for human adenoviruses [4], whereas
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Fig. 1. Adenovirus capsid and the MAdV-2 fibre protein. Schematic drawing of the icosahedral adenovirus capsid (left). The capsid sur-
face is made up of hexon proteins, while trimeric fibre proteins emanate from the pentameric penton vertices. Sequence of the MAdV-
2 fibre protein (right). The penton base-binding domain is predicted to contain residues 1-71, the fibre shaft contains up to 32 triple 8-

spiral repeats and the fibre head domain starts at residue 631.
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Like human adenoviruses (HAdVs), murine adenovirus 2
(MAdV-2) is a member of the genus Mastadenovirus [5]. It
belongs to the species Murine mastadenovirus B. MAdV-2
was isolated from the faeces of house mice, and in vitro
studies showed its ability to cause cytopathic changes in
mouse cell lines, particularly those of gastrointestinal origin,
but not in monkey or human cell lines [6, 7]. Consistent
with this tropism in cell culture, MAdV-2 infects the gastro-
intestinal tract upon the infection of mice, but causes no
overt disease, and replicates in primary mouse intestinal
cells [8, 9]. The genomic sequence of MAdV-2 has been
determined and compared with that of MAdV-1 and
MAdV-3, with which it is most closely related [10-12].
Analysis of the MAdV-2 fibre sequence suggested the pres-
ence of a virus-anchoring domain (up to residue 71), a cen-
tral shaft domain containing 32 putative triple B-spiral
repeats (residues 72-630; 13) and a C-terminal head domain
(amino acids 631-787; Fig. 1). The head domain has little
sequence identity (10-16%) with known fibre head
structures.

Here we report the crystal structure of the carboxy-terminal
residues 594-787 of the MAdV-2 fibre. The structure
revealed the expected homo-trimeric protein, containing
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two distal B-spiral repeats of the fibre shaft domain (resi-
dues 594-630) and the complete globular head domain con-
sisting of amino acids 631-787. Glycan microarray profiling
identified N-acetylglucosamine (GIcNAc) as a ligand for
this protein, which was confirmed by saturation transfer dif-
ference (STD) nuclear magnetic resonance (NMR) spectros-
copy (STD-NMR) and isothermal titration calorimetry
(ITC). The crystal structure of GIcNAc in complex with the
fibre trimer was also determined, revealing a GIcNAc-
binding cleft involving the side-chains of amino acids
Asn647, Tyr650 and Glu652 of the AB-loop and the back-
bone of residues 679-682 of the CD loop of the fibre head
domain. GlcNAc binding of the MAdV-2 fibre may play a
role in the gastrointestinal tropism of the virus and binding
of the protein to mucin carbohydrates supports this.

RESULTS AND DISCUSSION

In analogy with other adenoviruses [13-16], the carboxy-
terminal head domain of the MAdV-2 fibre is likely to be
important for primary receptor binding. However, the
sequence identity of the C-terminal amino acids 583-787
with known adenovirus fibre head structures is rather low.
Therefore, we set out to determine the crystallographic
structure of the C-terminal domain of the MAdV-2 fibre
and to obtain information about receptor binding.
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Expression vector design, purification,
crystallization and structure solution

Inspection of the 787 amino acid-long MAdV-2 fibre
sequence revealed the presence of an N-terminal basic
nuclear localization signal (up to residue 28), a putative pen-
ton base-binding motif (residues 35-41), an oligo-glycine
sequence potentially forming a hinge region (residues 108-
116) and the presence of putative triple B-spiral repeats
starting at amino acid 72 and potentially ending at residue
630 [17-19]. The C-terminal to the triple 3-spiral region is
the fibre head domain. We expressed C-terminal fragments
starting at residues 517 or 586 and ending at the natural
C-terminus of the fibre protein (residue 787). The proteins
were expressed in Escherichia coli and purified.

Crystals of the shorter construct (amino acids 586-787)
were obtained at pH 7.5 in several conditions and space
groups after 10 to 30 days. In contrast, the longer fragment
(containing residues 517-787) failed to produce crystals.
For the structure solution, a dataset from a methylmercury
chloride-treated crystal was collected (Table S1, available in
the online version of this article). The dataset was processed
to 2.76 A resolution and found to have considerable anoma-
lous signal. Twelve mercury sites corresponding to four cys-
teine residues per monomer in a single trimer per
asymmetric unit were identified. Refinement of these sites
resulted in high-quality phases, allowing the construction of
a model. Two high-resolution native structures were solved
by molecular replacement (at 1.8 A resolution and at 1.7 A
resolution). Automatic and manual building and refinement
resulted in models with at least amino acids 594-787 for
each of the protein chains. The structures revealed the pres-
ence of the fibre head domain along with two B-spiral
repeats of the fibre shaft domain (Fig. 2a). The head domain
starts at residue 631, while residues 592-630 form part of
the shaft domain. The refined models have good geometry
and most of the residues are in favoured regions of the Ram-
achandran plot (Table S1). The remaining N-terminal resi-
dues of the protein as well as the vector-supplied tags could
not be modelled.

The fibre head domain

Each monomer of the MAdV-2 fibre head contains a
B-sandwich, like other adenovirus fibre heads. Together,
they form a 4.5nm high B-propeller measuring 6.1 nm in
diameter. Each monomer consists of 157 residues (631-
787), i.e. fewer residues than other mastadenovirus fibre
heads for which the structure is known. For comparison,
the HAdV-5 fibre head contains 185 amino acids [20] and
the canine adenovirus 2 (CAdV-2) fibre head 197 [21]. The
difference is due to the loops on the top and the side of the
fibre head being shorter in MAdV-2 when compared to the
other two (Fig. S1). The B-sandwich of each MAdV-2 fibre
head monomer consists of two anti-parallel 8-sheets, ABC]
and GHID, as is the case for other adenovirus fibre heads.
Like the CAdV-2 fibre head, strand A of the MAdV-2 fibre
head is kinked and thus divided into strands A and A’
(Fig. 2b). Most of the loops connecting strands are short,
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except the DG loop, which contains residues 690-728. The
DG loop contains an additional B-strand E and a helical
stretch (residues 716-718). Strand E contains residues 702-
704 and aligns with strand A.

Superposition of trimers from the two native models did
not show any significant differences, and they aligned with
root mean square deviation (RMSD) values of less than
0.5 A. The closest structural homologue is the CAdV-2 fibre
head domain [Protein Data Bank (PDB) code 2J1K; 21]
with an alignment RMSD of 2.6 A for C-a atoms and a Z-
score of 15.8. The MAdV-2 fibre head domain shares the
AA’BCJ-GHID topology with the CAdV-2 fibre head, even
though fewer than 12% of the amino acids are identical
after structural alignment. However, when compared with
the CAdV-2 fibre head, there are noticeable differences: the
AB loop is in a different conformation, the CD and GH
loops are shorter for the MAdV-2 fibre head, and the DG
and HI loops contain short helical regions in the CAdV-2
fibre head that are not present in the MAdV-2 fibre head
(Fig. S1). Other human and animal mastadenovirus fibre
heads are also similar, with Z-scores ranging from 11.6 to
14.5. When the structure is compared to the fibre head
domains of members of other genera, Z-scores of 10.5-12,
6.4-7 and 5-5.5 are obtained for aviadenovirus fibre heads,
atadenovirus fibre heads and siadenovirus fibre heads,
respectively. Similarity is also observed with reovirus fibre
heads (Z-scores of 8.8-10.5).

The fibre shaft domain repeats

Beta-spiral repeats are present in adenovirus fibre shaft
domains as well as the receptor-binding proteins of some
other viral fibres, such as the mammalian and avian reovirus
attachment proteins, sigmal [22] and sigmaC [23], and the
bacteriophage PRDI1 fibre [24]. They are characterized by
two small B-strands connected by a loop that usually con-
tains a glycine or proline, which facilitates the formation of
a type II B-turn [17]. In the MAdV-2 structure, two such
B-spiral repeats are present (residues 594-623), and one
partial repeat can also be observed between residues 624
and 630 (Figs 1, 2c). The first repeat is a canonical proline-
type and contains a cis-peptide bond between residues
Ala599 and Pro600 with a corresponding type II B-turn, as
described for reovirus fibre proteins [22, 23]. The second
repeat is not of the canonical glycine- or proline-type, with
GIn618 in the position where normally a glycine or proline
residue is observed and the insertion of an extra residue in
the turn. The last half-repeat is followed by a three-amino
acid linker consisting of hydrophobic amino acids, which
connects the shaft to the C-terminal head domain (631-
PVEF-633).

Little flexibility can be anticipated in the MAdV-2 fibre
shaft-head junction due to the nature of its constituent
amino acids. In the case of HAdV-2, the six-residue linker
(393-NKNDDK-398) is made up of hydrophilic residues
and flexible. The flexibility of the fibre has been shown to
influence receptor interaction, although not specifically at
the shaft-head junction [25]. Interestingly, a relative
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Fig. 2. Structure of the C-terminal domain of the MAdV-2 fibre containing two shaft repeats and the head domain. (a) Structure of the
trimer with the three chains coloured differently. The fibre head domain is 6.1 nm wide and 4.5 nm high. The N- and C-termini and AB,
CD, GH, HI and IJ loops of the cyan-coloured chain are indicated. (b) Structure of the monomer in which the B-strands of the fibre head
are labelled. (c) Close-up of the shaft domain, with every fifth residue in one of the chains labelled. (d) Surface representations of the
MAdV-2 (top) and HAdV-2 fibre (bottom) structures with the head domain in the same orientation. Note the relative rotation of the shaft
of around 120° along its long axis. (e) Qualitative electrostatic surface of the trimer seen from the end of the fibre or ‘top’. Positively
(blue) and negatively charged (red) regions are apparent. (f) Top view of the trimer with the three monomers coloured differently and
in the same orientation as panel (e). Clearly visible B-strands and loops are labelled.

rotation of around 120° is observed between the head and
shaft domains when the MAdV-2 structure is compared
with the HAdV-2 head-shaft structure (PDB code 1QIU;
13). This is illustrated in Fig. 2(d), where the head
domains of the MAdV-2 and HAdV-2 fibres are shown in
the same orientation and it can then be seen that the C-
terminal shaft repeat that faces the reader is different
(green for MAdV-2 and light blue for HAdV-2). Because
these are the only two adenovirus fibre shaft structures
known at high enough resolution, we cannot predict which
conformation is present in other adenovirus fibres. The
relative head-shaft orientations in the reovirus fibres
sigmal (PDB code 1KKE; 22) and sigmaC (PDB code
2BT8; 23), and in the bacteriophage PRD1 fibre (PDB
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code 1YQ8; 24), resemble the orientation in the HAdV-2
fibre more closely than that in the MAdV-2 fibre.

Stability of the MAdV-2 fibre

The inter-subunit contacts in the MAdV-2 fibre extend
from the shaft repeats to almost the top of the assembly.
These contacts are extensive and include several hydropho-
bic residues in the shaft as well as between head domain
monomers. The fibre head and shaft repeats jointly have a
monomeric surface area of 11x 10> A2, of which 17 % is bur-
ied upon trimer formation. Considering the fibre head only
(residues 631-787), these values reduce to 8x10°>A? and
12 %, respectively. The shaft domain, being intertwined,
buries 20 % of its 3x10° A*> monomeric surface area. There
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are 19 inter-monomer hydrogen bonds in total, 11 of which
are located within the shaft repeats. This suggests that the
C-terminal part of the shaft domain contributes signifi-
cantly to maintaining the integrity of the trimer, which has
also been observed for the HAdV-2 fibre [26]. In addition,
two salt bridges are formed at each monomeric interface,
one of which is formed by shaft residue Arg615 interacting
with the C-terminal carboxyl group (Val787). The calcu-
lated energy decrease upon trimer formation is approxi-
mately —80 kcal mol™', of which —38 kcal mol™" is
contributed by the shaft repeats alone.

Potential binding sites for known adenovirus
protein receptors

We evaluated whether the structure of the MAdV-2 fibre
head would support binding to coxsackievirus and adenovi-
rus receptor (CAR) and CD46 [13, 27]. When the structure
of the MAdV-2 fibre head is superposed on the structure of
the CAdV-2 fibre head in complex with the D1 domain of
CAR [21, 28], the DG loops are in a very different confor-
mation (Fig. S2). Apart from Thr441 of CAdV-2, none of
the residues that are important for CAR binding are con-
served in the MAdV-2 fibre head. A basic residue involved
in a salt bridge in CAR binding (Arg384 in CAdV-2) is
structurally equivalent to Asp655 in the MAdV-2 fibre
head, which has the opposite charge. Furthermore, Arg700
of the MAdV-2 fibre head would clash with CAR D1 if it
were to bind in the same orientation. The structure of the
MAJdV-2 fibre head also does not appear to be compatible
with binding to CD46. The HI loops of the HAdV-11 and
HAdV-21 fibre head domains, which are important for
CD46 binding [15, 27, 29], are much longer than the HI
loop of the MAdV-2 fibre head (Fig. S3). Consequently, res-
idues that are important for CD46 binding in the HAdV-11
fibre head (Arg279, Arg280, Asp284 and Glu285) are not
structurally conserved. It thus appears that CAR and CD46
are unlikely to function as MAdV-2 fibre head ligands.

Carbohydrate-binding screen

The surface of the MAdV-2 fibre head has a mixed distribu-
tion of predicted positively and negatively charged patches,
especially on the peripheral areas and on top of the trimer
(Fig. 2e, f). The CAdV-2 fibre head engages sialic acid using
one of its peripherally located basic patches [21], and its
structural similarity to the MAdV-2 fibre head indicated a
potential carbohydrate-binding function. Binding of the
HAdV-37 fibre head and the HAdV-52 short fibre head to
cell surface sialic acid and of the TAdV-3 fibre head domain
to 3’-sialyllactose has also been shown previously [30-32].
To explore this possibility, we screened both MAdV-2fib
(517-787) and MAdV-2fib(586-787) with a glycan microar-
ray consisting of a large variety of carbohydrate molecules
alone and linked to proteins. We found that both MAdV-
2fib(517-787) and MAdV-2fib(586-787) constructs bound
with high intensity to GIcNAc-BSA and with lower binding
intensity to ovomucoid (Fig. 3, Ovomuc), which contains
complex N-linked oligosaccharides, including di- to penta-
antennary structures with terminal and bisecting GIcNAc
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residues [33-36]. This binding was inhibited in the presence
of 100 mM GIcNAc, demonstrating carbohydrate-mediated
binding for both constructs [37]. Other trimeric His-tagged
adenovirus capsid proteins did not bind to GIcNAc in the
same glycan micro-array [32, 38], providing a further
control.

The viral proteins did not bind to the glucose neoglycocon-
jugate (XGIcBSA) presented on the microarray (Fig. S4),
which indicated the possible importance of the N-acetyl
group of GIcNAc for ligand binding. GIcNAc was also pres-
ent on this microarray in the N,N’-diacetylchitobiose core
(GlcNAc-B-(1—4)-GlcNAc) of N-linked oligosaccharides
on glycoproteins such as fetuin and transferrin and in the
N-acetyllactosamine (Gal-8-(1—4)-GIcNAc] neoglycocon-
jugate (LacNAcBSA) (Table S2), but no significant binding
to these ligands was observed. These data suggested that ter-
minal or non-reducing GIcNAc residues are the optimal
ligands.

Ovalbumin is substituted with high mannose-, hybrid- and
complex-type N-linked glycosylation with terminal GIcNAc,
and bisecting GIcNAc residues [39]. However, no binding
was observed with ovalbumin on the microarray (Ov,
Fig. 3), which may be due to a relatively low proportion of
the relevant binding structure in ovalbumin compared to
ovomucoid or to a sterically hindered presentation of the
non-reducing GIcNAc residues on ovalbumin. The viral
proteins also did not bind to a-crystallin (Fig. 3, a-C), which
contains O-linked GIcNAc. However, only 10% of a-
crystallin is glycosylated [39, 40], so it is not possible to
determine whether the linkage or abundance of the GIcNAc
residues is responsible for the lack of binding. Binding
above the threshold was also observed with mannose a-
linked to BSA, but the variability of binding was greater
than the signal intensity itself (Fig. 3, XManaBSA), and the
signal was not inhibited upon co-incubation with 50 mM
mannose. In addition, all samples bound in a non-inhibit-
able manner to the exposed linker molecules 4AP-BSA and
4AP-HSA, which were placed on the slide as controls. It is
possible that the high charge of the linker is responsible for
the observed binding to the mannose neoglycoconjugate, as
the linker molecules bind both the MAdV-2 fibre proteins
and the anti-6XHis antibody.

Binding of GlcNAc to MAdV-2 fibre in solution

STD-NMR and ITC were employed to validate the glycan
microarray screening results and to analyse GlcNAc binding
to MAdV-2 fibre heads in solution. STD-NMR experiments
performed on GlcNAc in the presence of the MAdV-2 fibre
head gave rise to STD-positive peaks (Figs 4a, S5a), which
confirmed that GlcNAc binding also occurs in aqueous
solution. The highest degree of saturation was observed at
the signals of protons H3 and H4 of the @-anomer and H2
and H3 of the B-anomer (the signals for H4 and H5 of the
B-anomer overlapped and could not be quantified indepen-
dently). The N-acetyl methyl peak also showed a high
degree of saturation in both anomers. Comparatively, the
H6 signals received the lowest relative STD intensity.
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Fig. 3. Annotated binding profile of two isoforms of MAdV-2 fibre protein. Bar chart representing the binding intensity of the long
[MAdV-2fib(517-787)] and short [MAdV-2fib(586-787)] forms of the MAdV-2 fibre to carbohydrates on a microarray surface. Binding
was detected using a fluorescently labelled anti-His antibody. The data represent the average of four replicate experiments and the
error bars depict one standard deviation of the mean calculated over four microarray slides. Blue, MAdV-2fib(517-787); red, MAdV-2fib
(517-787) in the presence of 100 mM GlcNAc; green, MAdV-2fib(586-787); purple, MAdV-2fib(586-787) in the presence of 100 mM
GlcNAc; orange, anti-His antibody control. Refer to the text and Table S2 for definitions of glycan abbreviations.

Further STD-NMR experiments were conducted to analyse
the recognition of the GIcNAc unit in more complex carbo-
hydrates. Experiments performed on N,N’-diacetylchito-
biose [GIcNAc-B-(1—4)-GlcNAc] showed greater STD
intensities at the signals belonging to the non-reducing
GlcNAc residue, suggesting that this sugar residue is recog-
nized preferentially. Again, the highest STD responses were
displayed by H3, H4 and the acetyl methyl signal of the
non-reducing residue (Figs 4b, S5b). Experiments per-
formed on chitobiose, the deacetylated version of N,N’-diac-
etylchitobiose, showed a much lower STD response than its
diacetylated analogue (Fig. S2d), suggesting that the acetyl
group could play a role in the binding, either establishing
apolar interactions or neutralizing the positive charge of the
sugar amine. STD experiments on N-acetyllactosamine
[Gal-B-(1—4)-GlcNAc] showed no STD response for the
disaccharide (although STD peaks were observed in the
spectra, belonging to trace amounts of monomeric GlcNAc
present in the sample) (Fig. S5e). This further supports the
observation that non-reducing residues are preferentially
recognized. Finally, experiments performed on the trisac-
charide N,N’,N”-triacetylchitotriose [GlcNAc-B-(1—4)-
GIcNAc-B-(1—4)-GlcNAc] again showed a preferential
recognition of the non-reducing portion, as was evident
from the anomeric region of the spectrum (Fig. S5¢), as well
as the N-acetyl methyl signals (Fig. 4c). The N-acetyl methyl
protons of the non-reducing terminus received the highest
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amount of magnetization, followed by that of the internal
residue and the reducing unit, respectively.

We then undertook an ITC study to determine the thermo-
dynamic parameters of MAdV-2fib(586-787) binding to
GlcNAc (Fig. 5a). Assuming one binding site per monomer
of the trimer, a K4 value of 2.9mM was determined
(Fig. 5e). This affinity is comparable to that of turkey adeno-
virus 3 fibre head to sialyllactose [32], but low compared to
some other adenovirus fibre-carbohydrate interactions,
which are in the micromolar range [41, 42]. However, this
corresponds to the binding of one GIcNAc unit to a single
binding site in solution. The biological interacting partner
may be a more complex carbohydrate or a glycosylated cell
surface molecule with a more extensive interaction footprint
on the fibre head, such as that of the GD1a glycan binding
with several carbohydrate rings to the surface of the HAdV-
37 fibre head [16]. Multivalency may also play a role [43].
The avidity effect of three binding sites per fibre and multi-
ple fibres binding simultaneously to GIcNAc units could
lead to significantly tighter binding of the virus to entities
incorporating multiple terminal GIcNAc groups [44].

Crystal structure of the MAdV-2 fibre head bound
to GlcNAc

Crystals of MAdV-2fib(586-787) were soaked in 10 mM
GlcNAc and a 2.0A resolution diffraction dataset was
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Fig. 4. Binding of N-acetylglucosamine to MAdV-2fib(586-787) studied by STD-NMR. (a) Epitope mapping obtained from an experiment
performed on GlcNAc in the presence of protein. Chemical structures of a-GlcNAc (left) and B-GlcNAc (right). These anomers are in
equilibrium in solution and resolved for most signals in the TH-NMR spectrum. Labels indicate STD intensity for each signal, relative to
the STD intensity of the H4 signal of the a-anomer. Complete spectra are in Fig. S5(a) (red circles, 1>70 %; pink circles, 70 %>1>40 %;
yellow circles, 40 %>1>20%). (b) Binding of N,N’-diacetylchitobiose [GlcNAc-B-(1—4)-GlcNAc] to MAdV-2fib(586-787). Epitope mapping
from an experiment performed with N,N’-diacetylchitobiose, with labels indicating the STD intensity for each signal relative to the STD
intensity of the H4’ signal. See spectra in Fig. S5(b). (c) Binding of N,N’,N”-triacetylchitotriose [GlcN"”"Ac-B-(1—4)-GlcN'Ac-B-(1—4)-
GlcNAc]. Detailed view of spectral region for the N-acetyl methyl signals (2”’Ac, non-reducing residue; 2’Ac, middle residue; Ac, reduc-
ing residue). Top spectrum: off-resonance (reference) spectra; bottom spectrum: STD spectrum (see full spectra in Fig. Sbc).

collected. Unbiased electron density maps showed the den-
sity for the ligand on each of the three protein chains
(Fig. 6a). GIcNAc binds to a groove on the top of the trimer
located towards the side of the molecule, between the AB
and CD loops of the fibre head domain and involving resi-
dues of the D-strand (Fig. 6b). The sugar ring of GlcNAc
makes CH-pi interactions with the side-chain of Tyr650 on
the AB loop (Fig. 6¢). In the complex structure, the O3 and
04 atoms point towards the protein, while O1 and O6 point
towards the solvent, suggesting that GIcNAc linked to more
complex molecules through O1 or O6 may also bind to the
MAdV-2 fibre. Two other residues from the AB loop,
Asn647 and Glu652, make hydrogen bond interactions with
GlcNAc atoms. The N-acetyl group of the ligand is stabi-
lized by a hydrogen bond involving its O7 atom and the
main chain nitrogen of Thr680. Thr682 and GIn683 engage
GlcNAc with two additional hydrogen bonds. All of these
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ligand atoms are situated on the opposite side of the acetyl
group. The fact that the non-reducing residue appears to be
selectively recognized in STD-NMR experiments agrees
with the pose adopted by the monosaccharide in the crystal-
lographic structure of the complex, in which substitution at
position 4 would result in steric clashes with the protein sur-
face, but position 1 points toward the solvent and is compat-
ible with derivatization.

To confirm the importance of the identified amino acids for
GlcNAc interaction, we made three site-directed mutants
and the corresponding triple mutant. Amino acid mutants
were generated and proteins were expressed and tested for
their binding to GIcNAc by ITC. When the stacking residue
Tyr650 was mutated to an alanine, there was a 10-fold
reduction (AAG of about 1.4 kcal mol™') in binding
(Fig. 5a, e), which agrees with the values associated with
other CH-pi interactions [45]. An even higher reduction in
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Fig. 5. Isothermal titration calorimetry of MAdV-2fib(586-787) protein and its site-directed mutants with GlcNAc. (a) Variation of the
heat evolved per mole of ligand on the ligand/protein molar ratio for the wild-type protein (black circles) and the Y650A mutant (white
circles). Continuous lines are the fit of a one-site model per monomer to the experimental data. (b,c,d) Comparison of experimental
traces registered upon GlcNAc injection on Né47A, E652A or triple mutant (lines), or buffer (blue symbols). (e). Best fitting thermody-
namic parameters of GIcNAc ITC-titration into the wild-type and the Y650A mutant.

binding was observed when Asn647 was mutated to alanine
(Fig. 5b), and no binding over control buffer (circles) was
observed with the Glu652 to the alanine mutant (Fig. 5c¢).
A triple mutant combining the three point mutants also
failed to generate any binding response on ITC isotherms
(Fig. 5d).

The GIcNAc site on the MAdV-2 fibre head is at a similar
location to the binding site of sialic acid on the CAdV-2
fibre head (Fig. 6d), although the interacting residues and
the nature of the ligand are different [28]. In both cases,
residues of the D-strand are involved, but because this
strand is shorter in the CAdV-2 fibre head, the ligand
binds in a different position. This allows interaction with
Arg515 of the I-strand, which makes a salt bridge with the
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carboxyl group of the sialic acid. In contrast, the GIcNAc
molecules are stabilized by pi-stacking onto Tyr650 of the
MAdV-2 fibre head. In both cases, hydrogen bonds and
hydrophobic contacts complete the interactions at the
binding sites. HAdV-19p, -37 and -52 also bind sialic acid
containing compounds [14, 31, 42], but not in comparable
positions (Fig. S6). In the case of the highly homologous
HAdV-19p and HAdV-37 fibre heads, binding is at the top
centre of the molecules, involving residues from the GH
and IJ loops (PDB codes IUXB and 1UXA). In the HAdV-
52 fibre head structure, the sialic acid analogue also binds
to the top of the molecule, but somewhat shifted to the side
and involving residues of the end of the DG loop from one
monomer and of the GH loop of a neighbouring monomer
(PDB code 4XL8).
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Glu652
Asn647

Fig. 6. Binding site of GlcNAc on the MAdV-2 fibre head. (a) Omit map (2Fo-Fc) contoured at 1 sigma displayed around the GlcNAc
molecule in monomer A. (b) Top or end-of-fibre view of three GlcNAc molecules (yellow) binding between the AB and CD loops of the
MAdV-2 fibre head. (c) Close-up of one of the GlcNAc binding sites. Residues with atoms within hydrogen-bonding distance are labelled.
Putative hydrogen bonds are marked with black interrupted lines. The sugar ring stacks onto the side-chain of Tyr650 (also labelled).
(d) Superposition of the structure of the MAdV-2 fibre head (green) bound to GlcNAc (yellow and red) and the CAdV-2 fibre head bound

to sialic acid (PDB 2WBV; slate blue and red).

GlcNAc competition binding assays

We undertook two lines of investigation to determine
whether GIcNAc binding is important for MAdV-2 infec-
tion. Our first approach was to use a molar excess of recom-
binant MAdV-2 fibre head to compete MAdV-2 infection
of CMT-93 epithelial cells of mouse rectal carcinoma origin
and then to test the effects of mutations that reduce or pre-
clude GlcNAc binding on fibre head activity in this assay. In
the initial experiments, we found that wild-type MAdV-2fib
(517-787) [ICs0=16 nM, 95 % confidence interval (CI)=6-
39nM] was a much more potent competitor than MAdV-
2fib(586-787) (ICs0=60 uM, 95 % CI=22-346 M), so the
point mutations were only tested in the longer construct.
However, none of the mutations altered the ability of
MAdV-2£ib(517-787) to compete with MAdV-2 infection
(Fig. 7a). It is possible that the extra part of the shaft domain
confers more stability to the protein (structural stability or
stability against degradation by proteases), or that it con-
tains additional receptor-binding epitopes. The fact that
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MAdV-2fib(517-787) inhibits MAdV-2 infection with an
ICso of 16 nM and that the Ky of GIcNAc binding to the
fibre head is 2.9 mM suggests that a higher affinity binding
interaction is provided by MAdV-2£ib(517-787). The nature
and location of this binding interaction are currently
unknown.

Our second approach was to compete MAdV-2 infection
with an excess of monomeric GIcNAc (up to 130 mM)
and natural GlcNAc-containing polymers [chitosan, hya-
luronan and lipopolysaccharide (LPS); up to 1mgml ).
However, none of the compounds inhibited MAdV-2
infection (Fig. 7b, c). Collectively, these results suggest
that MAdV-2 infection is not dependent upon GlcNAc
binding to the fibre head. However, the presentation of
GIcNAc on the polymers used is only monomeric in effect,
as there is only one terminal non-reducing GIcNAc resi-
due available. Therefore, the lack of infection inhibition
may not be surprising if the natural GlcNAc-containing
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Fig. 7. Infection inhibition assays. (a) Inhibition of MAdV-2 infection by
wild-type (WT) and the indicated mutants of MAdV-2fib(517-787). ICsq
values with their corresponding 95 % confidence intervals (Cls) were
determined by non-linear regression. MAdV-2 infection is not inhibited
by (b) soluble GlcNAc or (c) GlcNAc-containing polymers. The data are
expressed relative to control cells infected in the absence of inhibitor
(100 %). The results are the means of at least three independent
experiments.

ligand is multivalent in presentation. The CAdV-2 fibre
head binds sialic acid, but this interaction is also thought
not to be important for host cell recognition [28, 46].

Instead, CAdV-2 entry is dependent on CAR. We do not
think that the MAdV-2 fibre head binds CAR, but it may
bind another protein receptor.

Mucin binding of the MAdV-2 fibre

The epithelial cells of the gastrointestinal tract are coated
with a thick layer of mucus, with mucins as the main com-
ponents. Mucins are glycoproteins that are densely substi-
tuted with O-linked oligosaccharides and some N-linked
oligosaccharides. The glycosylation of the gastrointestinal
tract mucins varies depending on species, health status and
location within the gastrointestinal tract [47]. We reasoned
that mucin carbohydrates may be potential ligands of
MAdV-2 fibres during infection, before reaching the
underlying epithelial cells [48]. To test this, we incubated
MAdV-2£ib(517-787) and MAdV-2£ib(586-787) on a gas-
trointestinal-tract mucin microarray consisting of purified
natural mucins from eight animal species (cow, sheep,
horse, pig, chicken, deer, mouse and rat), mucins from two
human-derived cell lines and several reference glycoproteins
(Table S3) [49]. All probes on the mucin microarray were
recognized by MAdV-2fib(517-787) and MAdV-2fib(586-
787) with varying intensity, with the exception of the deer
abomasum mucin and the glycoprotein transferrin
(Table S3 and Fig. S7). In general, MAdV-2fib(586-787)
showed greater binding to the probes on the mucin micro-
array than MAdV-2fib(517-787), which reflects a slightly
altered affinity or avidity of the shorter fibre protein com-
pared to the longer one, or, alternatively, differences in the
efficiency of recognition by the anti-His-tag antibody used
for detection. Both constructs bound more intensely to sev-
eral gastrointestinal tract post-stomach mucins from other
species than to mouse gastrointestinal tract mucins. The
greatest binding was to the mucins from ovine spiral colon,
equine small intestine, equine right ventral colon, equine
dorsal colon, human colon carcinoma cell-derived LS174T,
porcine ceca, rat duodenum and jejunum and rat cecum
(Fig. S7). Co-incubation with 100 mM GIcNAc reduced the
binding of the viral proteins to most of the gastrointestinal
tract mucins by 10 % or more (Table S4 and Fig. S3). Most
intense binding events were inhibited by GIcNAc, except for
the interactions with the equine right ventral colon and dor-
sal colon mucins (Table S4).

Both MAdV-2fib(517-787) and MAdV-2fib(586-787)
bound to the mouse gastrointestinal tract mucins from
stomach, small intestine, cecum and large intestine (or
colon), albeit at a low intensity [<2500 relative fluorescent
units (RFU)]. Binding to the post-stomach mucins was
inhibited by co-incubation with 100 mM GIcNAc (>81 %;
Fig. 8 and Table S3) for both proteins. However, only bind-
ing of MAdV-2fib(586-787) to mouse stomach-derived
mucin was GlcNAc-inhibited. In contrast, both constructs
bound to mucins from the rat gastrointestinal tract with
greater intensity overall than was seen for binding to mouse
gastrointestinal tract mucins, and this binding was uni-
formly GlcNAc-inhibited (Fig. 8 and Table S4). There were
several instances of binding in a non-GlcNAc-dependent
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Fig. 8. MAdV-2 fibre binding to mouse and rat gastrointestinal tract mucins. Bar chart representing the binding intensity of MAdV-2fib
(586-787) and (MAdV-2fib(517-787) forms of the MAdV-2 fibre to mouse and rat gastrointestinal tract mucins on a mucin microarray
in the presence and absence of 100 mM GlcNAc. Binding was detected using a fluorescently labelled anti-His antibody. The data for
the uninhibited proteins represent the mean of three technical replicate microarray slides and the error bars represent one standard
deviation of the mean (sp). The data for the inhibited proteins represent the mean of two technical replicates and the error bars repre-
sent one sb. Blue, MAdV-2fib(517-787); red, MAdV-2fib(517-787) in the presence of 100 mM GlcNAc; green, MAdV-2fib(586-787); purple,
MAdV-2fib(586-787) in the presence of 100 mM GlcNAc; orange, anti-His antibody control.

manner (Table S3 and Fig. 8). For example, the addition of
100 mM GIcNAc did not reduce the binding of MAdV-2fib
(517-787) to fetuin, asialofetuin or human al-acid glyco-
protein. It is not clear whether this presumably non-
GlcNAc-mediated binding is due to binding to other, or
more complex, carbohydrate structures, or whether it is due
to protein-protein interactions.

Taken together, the data indicate that the carbohydrate
motif recognized on the gastrointestinal tract mucins pres-
ent in the biological milieu can be inhibited by GIcNAc and
might contain this sugar. The MAdV-2 fibre protein may
play a role in infection by aiding viral penetration through
the mouse gastrointestinal tract mucus layer. Binding is not
strong enough to retain the virus in the mucus layer and
may facilitate penetration of the protective mucus layer to
access the underlying epithelial cells. Strong MAdV-2 bind-
ing to gastrointestinal tract mucins would likely result in
virus retention in the mucus layer and elimination from the
gastrointestinal tract by peristalsis. The more intense
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binding of the MAdV-2 fibre proteins to rat gastrointestinal
tract mucins (Fig. 8), which could make the virus vulnerable
to this strategy, may help explain why rats are not suscepti-
ble to MAdV-2 [50].

Conclusion

Mouse adenoviruses are likely the first branch of the lineage
of mastadenoviruses, the oldest representatives of the genus
Mastadenovirus, and thus the most different from human
mastadenoviruses. Our structures reveal a MAdV-2 fibre
head domain with the same framework as human adenovi-
rus fibres, but with a smaller size, due to smaller surface
loops. We also show the second partial structure of an ade-
novirus fibre shaft domain. The relative orientation between
the head and shaft domains varies by about 120° between
the MAdV-2 and HAdV-2 fibre structures.

GlcNAc is a ligand for MAdV-2 fibre (when fibre is
expressed in isolation in E. coli) and GlcNAc binds with
mM affinity at a site between the AB and CD loops of the
head domain. Solution experiments with di- and tri-
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saccharides revealed a preferred interaction with GlcNAc
units at the non-reducing end and highlighted the impor-
tance of the acetyl group. The MAdV-2 fibre head interact-
ing with monomeric GIcNAc does not appear to be
important for host cell recognition by the virus, as soluble
free GIcNAc and polymers presenting a single non-reducing
GlcNAc residue did not inhibit infection. Therefore, if
GlcNAc binding is indeed biologically important, it would
likely require a multimeric presentation of non-reducing
terminal GIcNAc residues, such as those found in complex
N-linked glycans of mammalian glycoproteins and ovomu-
coid [36], or in clustered glycolipids on the cell surface.
Interestingly, the short fibre of HAdV-52 has been shown to
bind linear oligomeric forms of sialic acid much more
strongly than monomeric sialic acid molecules [31]. Human
mastadenovirus B adenoviruses have been found to bind to
GlcNAc polyanionic polymers of the heparan sulphate pro-
teoglycan type [51, 52]. However, the MAdV-2 fibre protein
does not contain the basic sequence motifs BBXB or
BBBXXB (where B is a basic amino acid and X any amino
acid) associated with binding to such polyanionic polymers.

A potential ligand-presenting molecule may be provided
by mucin-type glycosylation, which is highly abundant in
the mucus layer and on cell surfaces of the mammalian
gastrointestinal tract. Indeed, multimerically presented,
non-reducing terminal GIcNAc moieties are a common
feature on mucins. Moreover, most mucin type O-linked
glycans in the mouse gastrointestinal tract are core 2 type,
which displays the non-reducing terminal GIcNAc residue
Gal-B-(1-3)-[GlcNAc-B-(1—6)]-GalNAc  multimerically
[53]. Thus, GlcNAc binding may contribute to create mul-
tiple low-affinity interactions that are important for fae-
cal-oral transmission and the intestinal tropism of
MAdV-2 in vivo and are not apparent in cell culture. In
addition, because adenoviruses find their utility in thera-
peutic applications and are actively pursued as gene deliv-
ery tools, the GIcNAc-binding MAdV-2 fibre head can
potentially be used to direct adenovirus vectors to cells
displaying this glycan on their surface. Future work will
be required to determine the biological significance of
these findings in the context of virus infection.

METHODS

Expression and purification of MAdV-2fib(586-787)
and MAdV-2fib(517-787)

Gene fragments coding for residues MAdV-2£ib(517-787)
and MAdV-2fib(586-787) were PCR-amplified from
MAdV-2 genomic DNA and cloned into pET28a(+)
(Merck, Darmstadt, Germany). Four different site-directed
mutants (containing the mutations N647A, Y650A, or
E652A, or all three together) were generated for both fibre
constructs using the QuikChange procedure (Agilent
Technologies, Santa Clara, CA, USA). The proteins were
expressed and purified as for the TAdV-3 fibre head [54],
except for the fact that 0.3 M sodium chloride was used
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in the cell resuspension buffer instead of 0.7 M. We used
10 mM Tris-HCI (pH 8.5) for the final storage buffer.

Crystallization, data collection and data processing

Sitting-drop vapour diffusion crystallization trials for
MAdV-2£ib(517-787) and MAdV-2£ib(586-787) proteins
were conducted at 21°C. Plate-like crystals of MAdV-2fib
(586-787) were obtained when 4.0 M ammonium formate,
0.1 M HEPES/NaOH (pH 7.5) was used as precipitant,
using 1+1 ul drops and 0.15ml reservoir solution. Crystals
from this condition (native 1) were mounted in LithoLoops
(Molecular Dimensions, Newmarket, Suffolk, UK) and vitri-
fied directly in liquid nitrogen. For heavy-atom derivatiza-
tion, methylmercury chloride was added to the reservoir in
a final concentration of 5mM and left overnight; 2 ul reser-
voir solution was then added to the drop and crystals were
soaked for between 30s and 1min prior to vitrification.
Crystals were also obtained when 10% (w/v) PEG 4000,
0.1 M HEPES/NaOH (pH 7.5), 0.1 M magnesium chloride
was used as the reservoir solution (native 2). These crystals
were transferred to 10 % (w/v) PEG 4000, 0.1 M HEPES/
NaOH (pH 7.5), 0.1 M magnesium chloride, 20 % (v/v)
glycerol and soaked for 30 s prior to vitrification. The crys-
tals used in 24 h soaking experiments with 10 mM GIcNAc
(Sigma-Aldrich, St Louis, MO, USA) were of space group
12,3 and were obtained when 1.125 M lithium sulphate,
0.075 M HEPES/NaOH (pH 7.5), 25% (v/v) glycerol was
used as the reservoir solution. These crystals were vitrified
directly. Diffraction datasets were collected at 100 K.

Crystallographic data integration was carried out using
XIA2 [55] or directly with IMOSFLM [56], followed by
symmetry determination, scaling and merging using
the Collaborative ~Computational Project Number
4 (CCP4) software suite [57]. To solve the structure, the
derivative dataset was input into AUTOSHARP pipeline
version 3.10.2 [58]. The resulting model was used as a tem-
plate for molecular replacement to solve the structures of
the other crystal forms. Refinement was performed with
REFMACS5 [59]. The models were validated with MOL-
PROBITY [60] and the interaction properties were deter-
mined by PISA [61]. Structural homologues were identified
by the DALI server [62]. Figure preparation was carried out
with PYMOL (Schrodinger LLC, Cambridge, MA, USA).

Carbohydrate and mucin microarray profiling

Neoglycoconjugate microarrays were constructed as previ-
ously described and contained 70 carbohydrate targets
(Table S2) either on glycoproteins or attached to protein
backbones through linkers [48, 63]. Screening was per-
formed essentially as previously described [32]. The titra-
tion of several viral protein concentrations in Tris-buffered
saline supplemented with calcium and magnesium ions
[TBS; 20 mM Tris-HCl (pH 7.2), 100 mM sodium chloride,
1 mM calcium chloride, 1 mM magnesium chloride] con-
taining 0.05% Tween 20 (TBS-T) indicated that a
30ugml~' concentration of MAdV-2 fibre protein and
2.7ugml™"  of anti-6XHis IgG-CF640R monoclonal
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antibody (Sigma-Aldrich) in TBS-T was optimal for the
detection of viral protein binding. Two-step incubations
were carried out in quadruplicate. After incubation, washing
and drying, microarray slides were scanned immediately on
an Agilent G2505 microarray scanner using the Cy5 chan-
nel (633 nm excitation, 90 % PMT, 5 pm resolution). Bind-
ing inhibition assays were performed in parallel in the
presence of 100 mM GlcNAc to verify specific binding [37].
The experimental threshold for binding was taken as five
times the background [32, 64].

Mucin microarray profiling was performed to identify
potential mucin and glycoprotein ligands that would bind
to MAdV-2fib(586-787) and MAdV-2fib(517-787) in a
GlcNAc-dependent manner. The gastrointestinal tract
mucin microarrays were constructed as previously described
[48]. Screening was performed against 44 different gastroin-
testinal tract mucins and glycoproteins (Table S2). The titra-
tion of several viral protein concentrations in 0.05 % TBS-T
indicated that a 20 ugml™" concentration of MAdV-2 fibre
protein and 4 pgml ™" of anti-6xHis I[gG-CF640R monoclo-
nal antibody (Sigma-Aldrich) in TBS-T was optimal for the
detection of viral protein binding. Two-step incubations
were carried out in triplicate and inhibition studies were
carried out in duplicate. After incubation, microarray slides
were washed and dried as described above and then scanned
immediately on an Agilent G2505 microarray scanner using
the Cy5 channel (633 nm excitation, 90 % PMT, 5um reso-
lution). Inhibition assays were performed in parallel in the
presence of 100 mM GlcNAc to verify specific binding [32].
Data extraction and analysis were carried out as described
previously [37].

Saturation transfer difference (STD) nuclear
magnetic resonance (NMR) spectroscopy (STD-
NMR)

All NMR spectra were acquired at 25°C in a Bruker
AVANCE 500 MHz spectrometer equipped with a 5mm
inverse probe head. STD-NMR experiments were per-
formed in fully deuterated 10 mM potassium phosphate
buffer (pD 7.7). The samples contained 4 mM of the tested
ligands and 20 uM of the MAdV-2 fibre head protein. Two
proton spectra were obtained in interleaved fashion, one by
saturation of the spins of the protein on-resonance at 0
p-p-m. and another by saturation of the spins of the protein
off-resonance at 100 p.p.m., with a train of Gaussian-shaped
pulses of 50 ms each, for a total irradiation time of 2s. A T,
relaxation filter consisting of a 15ms 5kHz spin-lock was
used to reduce the protein background signals. STD spectra
were obtained by subtracting the on-resonance from the
off-resonance spectra. STD intensities were measured by
comparing each STD spectrum with the correspondent off-
resonance spectrum and normalizing to the ligand peak
receiving the highest degree of saturation (in all cases, the
H4 proton of terminal non-reducing GlcNAc residues). The
resonances of all the ligands tested were assigned or con-
firmed by 'H-'H TOCSY, 'H-'H NOESY and phase-
sensitive 'H-'">C HSQC. The data were analysed using
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TopSpin 3.0 (Bruker, Rivas-Vaciamadrid, Spain) and the
figures were prepared using MestReNova v8.0.2 (Mestrelab,
Santiago de Compostela, Spain).

Isothermal titration calorimetry measurements

Isothermal titration calorimetry (ITC) was performed at
25°C with a Microcal VP-ITC microcalorimeter (GE
Healthcare). Proteins were exhaustively dialyzed against
10 mM Tris-HCI (pH 7.5) and GlcNAc solutions were pre-
pared in the final dialysate. Titrations were performed by
stepwise injections of 40 mM GIcNAc into the reaction cell
loaded with the protein at concentrations of 0.13-0.28 mM.
The heat of GIcNAc dilution was determined separately and
subtracted from the total heat produced following each
injection. Protein concentrations were determined spectro-
photometrically at 280 nm using the theoretical monomeric
molar extinction coefficients. The titration data were ana-
lysed using ITC-ORIGIN software (GE Healthcare).

MAdV-2 infection competition assays

The wild-type MAdV-2 was a gift from Susan Compton
(Yale University School of Medicine) and was propagated in
CMT-93 mouse rectal carcinoma cells (ATCC CCL-223),
purified by CsCl density gradient centrifugation and quanti-
fied as described for MAdV-1 [65]. Serial dilutions of
MAdV-2 were used to infect CMT-93 cell monolayers in
black-wall, clear-bottom 96-well plates. Two days post-
infection, the cells were fixed and stained with an anti-
hexon antibody (8C4, Fitzgerald Industries International,
Acton, MA, USA) and an Alexa Fluor 488-conjugated sec-
ondary antibody (Thermo Fisher Scientific, Waltham, MA,
USA). Total monolayer fluorescence was measured using a
Typhoon 9400 variable mode imager (GE Healthcare).
Images were analysed using Image] software [66], and a
virus concentration producing 50-80 % maximal signal was
chosen for inhibition studies.

For competition studies, increasing concentrations of
recombinant proteins diluted in Dulbecco’s modified Eagle’s
medium (DMEM) with 10 % foetal bovine serum (FBS)
were incubated with CMT-93 cells on ice for 45 min. Virus
was added, and the samples were incubated at 37 °C for 2 h.
The cells were then washed and cultured with DMEM con-
taining 10 % FBS for 48 h prior to quantification. Alterna-
tively, increasing concentrations of monomeric GlcNAc in
water, chitosan in 1% formic acid, hyaluronan in water, or
LPS in water (all from Sigma-Aldrich) were incubated with
MAdV-2 in serum-free medium (SFM) for 45 min at 4°C in
the presence or absence of CMT-93 cells. The cells were
then washed with cold serum-free DMEM and cultured
with DMEM containing 10 % FBS for 48 h prior to quantifi-
cation. The IC5, values were calculated using Prism 7.0a
and are indicated for the trimeric form of the fibre head.
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