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Foot-and-mouth disease viruses (FMDVs) target epithelial cells via integrin receptors, but can
acquire the capacity to bind cell-surface heparan sulphate (or alternative receptors) on

passage in cell culture. Vaccine viruses must be propagated in cell culture and, hence, some
rationale for the selection of variants in this process is important. Crystal structures are available
for type O, A and C viruses and also for a complex of type O strain O;BFS with heparin. The
structure of FMDV A10g (a cell culture-adapted strain) complexed with heparin has now

been determined. This virus has an RGSD motif in place of the otherwise conserved RGD
integrin-binding motif and the potential to bind heparan sulphate (suggested by sequence
analyses). FMDV A10g; was closely similar in structure to other serotypes, deviating most in
antigenic sites. The VP1 GH loop comprising the integrin-binding motif was disordered. Heparin
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bound at a similar site and in a similar conformation to that seen in the analogous complex with
0O4BFS, although the binding had a lower affinity and was more ionic.

INTRODUCTION

The seven serotypes of Foot-and-mouth disease virus
(FMDV) (A, O, C, Asial, SAT1, SAT2 and SAT3), together
with Equine rhinitis A virus, constitute the genus Aphtho-
virus of the family Picornaviridae. FMDVs are highly con-
tagious, infecting cloven-hoofed animals, and outbreaks
of disease have great economic importance. Control and
eradication of the virus through vaccination and/or slaugh-
ter have not proven satisfactory and a more rigorous
understanding of the basis of antigenic variation and
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receptor utilization may lead to improved vaccines or novel
methods of control.

The ~300 A (30 nm) diameter protein capsid of picorna-
viruses encloses an infectious, single-stranded RNA genome
encoding a single polyprotein, which is cleaved post-
translationally by viral proteases to yield the viral structural
and non-structural proteins. The mature capsid comprises
60 copies each of four proteins — VP1 (1D), VP2 (1B), VP3
(1C) and VP4 (1A) —arranged in a pseudo T=3 icosahedral
lattice (Fig. 1a). VP1, VP2 and VP3 are wedge-shaped,
eight-stranded f-sandwiches, with strands denoted CHEF
and BIDG, and fit together with the CHEF sheet exposed
on the capsid surface and BIDG to the interior. The loops
connecting the strands at the narrow end of the wedge
(BC, HI, DE and FG) are less constrained by structural
interactions and tend to mediate host interactions. VP4 and
the N termini of VP1 and VP3 are located at the capsid
interior.
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(a)

(b)

Fig. 1. Structure determination. (a) Schematic depiction of a picornaviral icosahedral capsid, showing the pseudo T=3
arrangement of 60 copies of each of the viral proteins VP1-4. An individual subunit (the biological protomer deriving from the
uncleaved polyprotein) is coloured as standard: VP1 blue, VP2 green, VP3 red (VP4 is not shown as it is internal). This
protomer is enlarged and combined with a surface rendition calculated (GRASP; Nicholls et al., 1991) from the coordinates for
reduced FMDV O,BFS, with residues implicated in antigenic sites colour-coded according to the site classification: sites 1
and 5, blue; site 2, khaki; site 3, cyan; site 4, magenta. The Arg-Gly-Asp motif residues are shown in orange. (b) A 2F,ps—Fcaic
map corresponding to residues 188-196 of VP1 of A10g4. Electron density is shown as a blue mesh. A10g; residues are
drawn as green balls and sticks and structurally superimposed O;BFS residues as red balls and sticks and labelled in the
corresponding colours. The electron density shows clearly that the A10g; phases have no residual bias from the O;BFS
model used to produce them. Figures were generated by using a version of MOLSCRIPT (Kraulis, 1991) modified by R. Esnouf

(Esnouf, 1997, 1999), and Raster3D (Merritt & Murphy, 1994).

Crystallographic structures are available for viruses repre-
sentative of the A, O and C serotypes (Acharya et al., 1989;
Curry et al., 1996; Lea et al., 1994, 1995). These share on
average 86 % sequence identity, with VP1 being the most
variable protein. There is an underlying structural similarity
between the different antigenic sites of the FMDV sero-
types (Baxt et al., 1989; Crowther et al., 1993; Lea et al., 1994;
Thomas et al., 1988) (Fig. 1a). In all FMDVs, the exposed,
mobile loop that connects the G and H strands of VP1 (the
GH loop) is central to both the antigenicity of the virus
and integrin-receptor binding [see Jackson et al. (2003) and
references therein]. The highly exposed C terminus of VP1

has also been implicated in antigenicity and receptor
binding (Fox et al., 1989; Strohmaier ef al., 1982).

The conserved RGD tripeptide, which recognizes the
integrin receptor (Jackson et al, 2000, 2002, 2004; Neff
et al., 1998), is located in the VP1 GH loop. It is accessible
to antibodies (in contrast to the receptor-attachment sites
in some other picornaviruses), which neutralize the virus
by blocking receptor attachment (Verdaguer et al., 1995,
1997). The GH loop has been structurally disordered
in all the native serotypes studied crystallographically to
date (Acharya et al., 1989; Curry et al., 1996; Lea et al., 1994,
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1995), implying that it has inherent, functionally impor-
tant mobility. For type O viruses, the stability of the GH
loop is governed by a disulphide bond at its base, and a
crystallographic analysis of dithiothreitol (DTT)-reduced
O;BFS (Logan et al., 1993) revealed the internal structure of
the loop.

Field viruses are dependent on integrin receptors in vitro
and probably in the infected animal. However, antibody-
complexed virus can enter cells that express the Fc receptor
(Mason et al., 1993) and adaptation of FMDV to cell culture
can result in the selection of virus variants that have a high
affinity for heparan sulphate (HS) (Jackson et al., 1996; Sa-
Carvalho et al., 1997). HS-adapted variants retain the ability
to use integrins, but can also dispense with their RGD
integrin-binding site (Sa-Carvalho et al., 1997). Other, as-
yet-unidentified classes of cell-surface molecule are also
thought to serve as receptors for FMDV (Baranowski et al.,
2000; Zhao et al., 2003).

HSs are negatively charged, randomly sulphated polymers
of disaccharide repeats of L-iduronic acid (Idu) and D-
glucosamine (GIcN) joined by an «(1-4) linkage (see
Fig. 3a). They form the carbohydrate component of HS
proteoglycans (HSPGs) and are expressed on the surface of
virtually all cell types, either as integral membrane pro-
teins or as components of the extracellular matrix, and can
mediate internalization of physiological ligands (Bernfield
et al, 1999). HS-adapted viruses are characterized by a
small-plaque phenotype, increased virulence and expanded
host range for cultured cells (Baranowski et al, 2000;
Jackson et al.,, 1996; Neff et al., 1998; Sa-Carvalho et al.,
1997), but are attenuated in animal hosts, presumably
due to restricted spread and accelerated clearing in vivo
(Bernard et al, 2000; Byrnes & Griffin, 2000; Klimstra
et al., 1998; Lee & Lobigs, 2002; Mandl et al, 2001; Sa-
Carvalho et al., 1997). Thus, the functional importance of
FMDV-HS interaction in vivo remains unclear.

FMDVs of serotypes O (Jackson et al, 1996), A, C
(Baranowski et al., 1998), Asia-1 and SAT-1 (S. Najjam,
unpublished data) have been shown to bind HSPGs. Many
other viruses have been shown to bind and use HSPGs
as receptors (Spillmann, 2001), including other picorna-
viruses, such as the coxsackievirus B3 Nancy variant (PD)
(Zautner et al., 2003), Theiler’s virus (Reddi et al., 2004) and
clinical isolates of echovirus (Goodfellow et al., 2001)
and swine vesicular disease virus (Escribano-Romero et al.,
2004).

The ability of type O FMDV to bind HS results from one or
two residue changes on the outer capsid surface, which lead
to a net gain in positive charge (Sa-Carvalho er al., 1997). In
O;BFS (a tissue culture-adapted variant), residue 56 of
VP3 switches from the histidine found in field viruses to
an arginine, resulting in a partial loss of antigenicity. This
arginine is a key bidentate ligand for heparin (Fry et al,
1999). The ability to adapt to a high-affinity HS-binding
phenotype may be a feature that is conserved in all FMDVs

and, thus, we were interested to know whether such bind-
ing was also structurally conserved, as this could throw
light on its possible biological significance. Despite the
large number of viruses known to recognize HS, with the
exception of the atomic resolution of the O,BFS complex
(Fry et al., 1999), there is little information about the molec-
ular mechanisms of the interaction of non-enveloped
icosahedral viruses with HS. In this paper, we have reported
the native and oligosaccharide receptor-complex structures
for a type A FMDV and compared these with the analogous
type O structures.

METHODS

Virus and cells. Cells were cultured and virus stocks were prepared
as described previously (Jackson et al., 1996, 1997). FMDV Al0q; is
a tissue culture-adapted variant of subtype A10 Holland, highly
passaged in BHK cells from the original 1961 Argentinian isolate.

Infectious-centre assay. Infection of Chinese hamster ovary
(CHO) and CHOpgsD-677 cells was quantified by using an
infectious-centre assay as described previously (Jackson et al.,
2000). The zero time point was determined by using parallel cell
monolayers that were exposed to virus for 15 min at 4 °C and then
treated as above.

Crystallographic analyses

Native virus-structure determination. Plaque-purified clones were
passaged in BHK monolayers and purified by sucrose density-
gradient centrifugation. Crystals were obtained by sitting-drop
vapour diffusion (Harlos, 1992) from solutions containing 2-5-
3:0% PEG 20K and 2 M NH,CI at pH 7-6 (Curry et al, 1992). Of
the two crystal forms obtained, those used for the initial structure
determination exhibited parallelepiped morphology. Macroseed-
ing produced crystals of 0-35x 0-35x 0-18 mm, belonging to space
group R3 (a=295-9 A, B=62-3°). The crystallographic asymmetric
unit contained one-third of a virion lying on the threefold axis.
Crystals were mounted at Pirbright in quartz capillary tubes and
exposed to X-radiation at the SRS Daresbury, station 9-6, A=
0-89 A, at approximately 290 K. Data for the initial structure deter-
mination were recorded on photographic film (CEA Reflex 25), with
0-5° oscillation per exposure. Typically, two consecutive exposures
were obtained per crystal. The dataset comprised 60 filmpacks, digi-
tized (50 x 50 um raster) on an Optronics P-1000 microdensitometer.
The processing protocol was similar to that described previously
(Fry et al, 1993), using MOSCO9 and CcCP4 programs (Collaborative
Computational Project, Number 4, 1994). Partially recorded reflec-
tions (>70%) were scaled up (statistics are given in Table 1).

In the diffraction data, 32 symmetry was apparent at low resolution.
Hence, a 20-mer search model was made from the FMDV O,BFS
coordinates (1BBT; Berman et al., 2000), orientated with a twofold
axis along X and threefold along Z. Rigid-body refinement (XPLOR;
Brunger, 1992) using data from 8 to 3 A (final R factor, 327 %)
revealed that the particle twofold axes were misaligned from rhombo-
hedral (R32) twofold axes by a 0-9° rotation about the crystallographic
threefold, hence the pseudo-R32 nature of the diffraction. An iterative
rigid-body search made with XPLOR (Brunger, 1992) using 50 to 3 A
data defined the cell dimensions as a=295-9 A, o =62-3°. Positional
refinement yielded improved phase estimates, which were further
improved by a cycle of 20-fold non-crystallographic symmetry averag-
ing using GAP (D. L. Stuart & J. Grimes, unpublished data). The
averaged 2IF,|—IF.| map was extremely clear, enabling the correct
A10g; sequence (Boothroyd et al., 1982) and structural changes to be
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Table 1. X-ray data collection and structure-refinement statistics

Native Complex
Data collection and processing
Space group R3 R3
Unit cell (hexagonal) a=b=306-2 A, c=712-8 A, a=b=307 A, c=715 A,
o==90° y=120°" o==90" y=120°"
Wavelength (A) 0-89 0-87
Diin (A) 3-0 20
No. crystals 30-40 ~15
No. images 60 80
Rotation per image (°) 0-5 0-4/0-3
No. unique reflections 289979 457381
R merge (%)% 175 13-5
Completeness (to Dy /o\) (%)t 5811 266
Refinement
Data range (;\) 55-3 30-2
No. unique reflections 289692 452651
Final statistics:
R factor (%)% 21-4 18-3
Protein atoms 6413 6413
Solvent NA 450
Non-protein atoms NA 55
R.m.s.d. bond lengths (A)§ 0-01 0-01
R.m.s.d. angles (9)$§ 1-8 1-7
R.m.s.d. B main chain (ID\Z) 2-8 4-7
R.m.s.d. B side chain (;\2) 3-9 8-0
Mean B factor (A%) 237 314

*R=100 % XXy, mergeal =My, J1/ZpNIL, mergeal, Where j=1, ..., N for N datasets.

tCompleteness of the highest-resolution shell (3:11-3-0 A) was 46 %.

$R=100 X SHIFy opsl = 1Fp carcll/En 1Fp, opel-
SR.m.s.d. from ideal bond lengths or bond angles.

incorporated easily by using FRODO (Jones, 1985). Iterative manual
rebuilding and XPLOR refinement (Brunger, 1992) with strict non-
crystallographic symmetry (NCS) yielded the final model (Table 1).

Complex structure determination. Crystals could not be grown
reliably by using the procedure described above; however, sitting-
drop vapour diffusion with either 11-13 % ammonium sulphate or
8-10% ammonium tartrate as precipitant in 100 mM phosphate
buffer, pH 7-6, with 3 mM azide produced similar crystals. These
were soaked in 6 kDa porcine heparin (sodium salt; Sigma-Aldrich)
at a concentration of 25 mg ml~' for 2 h before mounting in quartz
capillaries. Heparin binding could not be detected until the mother
liquor was exchanged, to avoid solvent competition for sulphate-
binding sites, by stepwise transfer into 10% PEG 1000, 100 mM
phosphate buffer, pH 7-6, and soaked with 6 kDa heparin at a con-
centration of 25 mg ml™' in this buffer. Diffraction images were
collected at room temperature as 0-4° oscillations on a 30 cm imag-
ing plate (MarResearch) at the SRS Daresbury, station 9-6,
2=0-87 A (Table 1) and processed by using DENZO and SCALEPACK
(Otwinoski, 1993). The data were scaled to those for the native
virus and combined with phases from the latter for the calculation
of difference electron-density maps |F(soak) — Fo(native)- Also, a 2-0 A
resolution omit map IF()(S()ak)_Fc(uative)l and IZF()(S()ak)_Fc(native)l
map were calculated. These maps were 20-fold-averaged by using
GAP (D. L. Stuart & J. Grimes, unpublished data). The electron den-
sity was commensurate with three sugar rings with possibly more

than one conformation, made unclear by the low occupancy and
presumed flexibility. The predominant conformation was built by
using, as a starting model, the O;BFS complex coordinates at a reso-
lution of 1-9 A (Protein Data Bank code 1QQP). Having verified
that there were no significant differences between the NCS-related
copies, the model was refined by iterative positional and B-factor
refinement (XPLOR; Brunger, 1992), using NCS constraints and
appropriate stereochemical parameters for heparin (Faham et al.,
1996) with the heparin at half occupancy (Table 1).

Surface plasmon resonance (SPR). SPR (Biacore X) was used
to measure the binding of free O;BFS and A10¢;, diluted in different
salt concentrations, to immobilized 6 kDa heparin (porcine heparin;
Sigma). For this, biotin-labelled heparin was coupled to an SA chip
that was derivatized by streptavidin. The same amount of O;BFS
or Al0g; (40 pg ml™") was injected at a flow rate of 40 pl min~ ' at
25°C.

RESULTS

The electron-density map of the native virus at 3-0 A
resolution clearly differentiated residues that differed
between A10s, and O,BFS (Fig. 1b). The model built into
this map comprised residues 1-137 and 155-208 of VP1,
12-218 of VP2, 1-221 of VP3 and 15-39 and 62-85 of VP4
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(residues 138—154 and 209-212 of VP1, 1-11 of VP2, 1-14
and 40-61 of VP4 are too flexible to be modelled reliably).
The final R factor for the model was 21:4 %, and 87 %
of the residues lay in the most favoured region of the
Ramachandran plot, with none in disallowed regions. The
structure of the A105,—heparin complex at 2 A resolution
showed no noteworthy differences in the capsid structure
compared with the uncomplexed virus.

The structure of FMDV A104; was closely similar to that
of types O [root mean square deviation (r.m.s.d.) 0-6 A%
Acharya et al., 1989], C (r.m.s.d. 0-9 Az; Lea et al., 1994) and
another type A virus, A22 Iraq (r.m.s.d. 0-6 AZ) (Curry et al.,
1996) (Fig. 2). Variation in the exposed loops and termini
accounted for the majority of structural differences between
the viruses. The C, positions within the loops varied by as
much as 6 A between the serotypes and, in some cases, loops

adopted a different conformation, e.g. the VP3 GH loop.
This level of structural similarity has been observed in other
serotype comparisons between polioviruses types 1 and 3
(Filman et al., 1989) and rhinoviruses types 1A and 14 (Kim
et al., 1989).

Antigenic surface

Antigenic sites in picornaviruses have been identified from
the locations of amino acid substitutions conferring resis-
tance to neutralizing mAbs (MAR substitutions). Although
this method identifies only a subset of antibody-contact
residues, it has established a correlation between antigenicity
and the most accessible surface loops. Thus, the immuno-
dominance of VP1 (and in particular the GH loop of
this protein) is attributable to it being the most surface-
accessible capsid protein. The antigenicities of type A and C

s A10
s A22
« 04BF5
= O4K

* C-Ger
“ C-S88

Sites 1 and 5
Site 2
Site 3
Site 4

Fig. 2. Structural comparison of European
serotypes. The relatively small main-chain
deviations between European subtypes are
shown by superimposing proteins VP1, VP2
and VP3 for the available structures
(Structural Homology Program; Stuart et al.,
1979). Each protein is drawn as a worm
and colour-coded such that A10g; is pink,
A22 purple, O/BFS lime green, O{K dark
green, C-Ger red and C-S8 orange.
Surface-oriented loops are labelled and
antigenic-site regions are colour-coded as in
Fig. 1(a).
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viruses broadly resemble that of type O; thus, we will
principally use the definitions of type O antigenic sites by
Kitson et al. (1990) as the basis for comparing the antigenic
surfaces of representative members of the A, O and C
serotypes. A superimposition of the individual proteins can
be seen in Fig. 2.

VP1 GH loop [MAR substitutions at residues 144, 148
and 154 (site 1) and residue 149 (site 5)]. In Al0q,
this loop was disordered between residues 138 and 154,
corresponding closely to the native structures for C-S8
(missing residues 133-156) and A22 (missing residues
137-155), none of which have the destabilizing disulphide
bridge peculiar to O;BFS. There was some evidence for
variation in the orientation of the residues leading into
and out of the loop, which may be serotype-specific. The
observed conformation of the adjacent GH loop of VP3
(which is directly attributable to movement in the VP1
GH loop; Logan et al., 1993) did not seem to be serotype-
specific and is possibly not antigenically relevant; two dis-
crete conformations are seen, one in Al0g;, O,BFS, C-S8
and C-Ger and the other in DTT-treated O,BFS (Logan
et al., 1993), A22 and O,;K (a minor population exhibits
the alternative conformation in all strains).

C terminus of VP1 [MAR substitution at residue 208
(site 1)]. In overall disposition, there was a close corre-
spondence between the C termini of VP1 in all serotypes,
with a slight variation in the extent of disorder of the
terminal three residues. The A serotype viruses had an
additional glutamine residue inserted at position 197 in
Al0g; and at 198 in A22, which was highly exposed and
resulted in a small deviation (3 A) in the main chain rela-
tive to the other serotypes. In Al0q4;, this side chain app-
roached the VP3 f-B ‘knob’ (site 4) and the intervening
residues Lys-843 and Arg-563, which participated in
heparin binding.

BC loop of VP2 [MAR substitutions at residues
70-73, 75 and 77 (site 2)]. This loop (residues 70-76)
was just long enough to span the distance between the
ends of f-strands B and C and structural differences
between the serotypes were confined to substituted side
chains, despite proline substitutions at residues 71 and 74
of A1061'

EF loop of VP2 [MAR substitutions at residues 131
and 134 (site 2)]. There was little main-chain variation
in this loop, comprising residues 130-137 of VP2 (maxi-
mum deviation between O,K and O,BFS, 2 A at residue
131). The Cys-130 that tethers residue 134 of VP1 in type
O viruses is replaced by a lysine in type A viruses, which
appears to stabilize the loop by interacting with Glu-136
of VP2. In the serotype C viruses, there is either a glycine
or an aspartic acid at position 130. A stabilizing inter-
action is conserved between a large hydrophobic residue
at 129 [Trp (type A), Met (type C), Leu (type O)] and the
adjacent strand C.

BC loop of VP1 [MAR substitutions at residues 43-45
and 48 (site 3)]. The differences in main-chain structure
of the VP1 loops approaching the fivefold axes between
the different serotypes were relatively small, but there was
a concerted shift in their position between the A and
C serotypes, with the O viruses being intermediate. The
greatest differences occurred between the BC loops (resi-
dues 43-47), the longest and most exposed loop, which
also has the greatest sequence variation. Mutations within
this loop can perturb the stability of the immunodomi-
nant VP1 GH loop (Parry et al, 1990). The main-chain
conformation of the BC loop was clearly serotype-
characteristic, making it an antigenic-signature structure.
Overall, the O and C serotype BC loops bore more simi-
larity to each other than to the A serotype BC loop (the
greatest deviation was 3-8 A at Al0g; residue 44). All
three serotypes maintained a hydrophobic residue at the
centre of the loop, which is possibly required for virion
stability (Leu-45 in A22 and A10g4,;, Pro-44 in O;BFS and
0,K and Val-44 in C-S8 and C-Ger). The two proline
substitutions within the VP1 BC loop (e.g. Pro-44 in O;K
and O;BFS and Pro-47 in A10g, and A22) both appeared
to cause deviations relative to the other serotypes.

f-B ‘knob’ of VP3 [MAR substitutions at residues 56
and 58 (site 4)]. In the f-B ‘knob’ region (residues
55-62), the A and O viruses agreed closely in terms of
structure. Deletion of the residue corresponding to Asp-
59 (A10¢;) in the type C viruses resulted in a main-chain
displacement of approximately 3 A.

Refolding of the adjacent VP3 BC loop. The BC loop
of VP3 (residues 66—72) was located in the vicinity of the
icosahedral threefold axis and adopted two predomin-
ant conformations. In A10s;, O,BFS, O,K and C-Ger, this
loop was hinged upward, whilst in A22 (seen at low occu-
pancy in Al0g;) and C-S8, the loop packed closely against
the VP3 HI loop underneath. This structural change was
not serotype-specific and appeared to be facilitated by
peptide flipping. The conformation adopted in the differ-
ent viruses appeared to be governed largely by a single
amino acid substitution. In A22 and C-S8, a glutamine
at residue 71 made two H-bonds with the side chain of
Glu-138 (a conserved residue) on the adjacent VP3 EF
loop. In Al04; and O,BES, a threonine and an aspartic
acid, respectively, occupied this position. The side chains
of these residues were too short to make these H-bonds;
instead the BC loop was rearranged to allow Arg-72 to H-
bond to Glu-138. Thus, conservation of a structural inter-
action appeared to generate conformational variation.

EF loop of VP3. The conformation of this loop in the
type A viruses differed from that in the type O and C
viruses. Thr-132 appeared to be a type A-specific inser-
tion, which displaced Glu-131 outward towards the VP1
GH loop. At either end of the loop, there were up to two
proline residues (e.g. 127, 133 and 134 in Al0O¢;; also 128
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in A22). Substitutions at these residues in other serotypes
did not affect the loop conformation.

Receptor binding

Receptor activity of HS. Infections by FMDV A10q4; in
wild-type CHO cells and the derivative cell line psgD-677,
which specifically lacks HS (Esko et al., 1987), were com-
pared by using an infectious-centre assay. The inability of
psgD-677 cells to support plaque formation is caused by
a defect in virus uptake, which is directly attributable to
the absence of HS (Jackson et al., 1996). Fig. 3(b) shows
that HS-deficient cells are refractory to infection by Al0g;,
whereas the wild-type CHO cells were much more infect-
able. Infection was blocked completely by 6 kDa heparin
at a concentration of 0-5 mg ml~' (data not shown).
These data showed that the A10g; virus uses HSPG as the
receptor on CHO cells and, hence, HS is an abundant
ligand for EMDV A10g;.

Crystallographic analysis. In the analysis of glycos-
aminoglycan binding to O;BFS (Fry et al., 1999), a com-
mon set of sulphated sugars bound in similarly occupied
conformations for two different-molecular-mass species of
heparin and HS. Thus, despite heterogeneity in the ligand,
the virus selects the appropriate motif. As the highest-
resolution data were available for 6 kDa heparin, the
same-molecular-mass heparin was chosen for soaking into
the Al0g; crystals (corresponding to a linear chain of
approximately 10 disaccharide units). From electrostatic
calculations, we predicted that A10s; probably binds HS
at a similar position on the surface of the virion to O;BEFS
(Fry et al, 1999) (Fig. 3a and c), the corresponding
region of positive charge being more significant for A10s,.
Difference maps at 3 A resolution were calculated
(Fo(soak) — Fonative))> which clearly showed the presence of
bound sugar. Further maps (F,soa)—Fc) at a resolution
of 2:0 A showed a fully sulphated motif binding with
position, orientation and conformation similar to those
seen for O;BFS at 19 A resolution (Fry et al, 1999)
(Fig. 3d). However, (in the AlQg; structure) of the five
sugar rings visualized in O,BFS, there was no obvious
electron density for the terminal Idu-1 ring and incom-
plete density for the Idu-5 ring in A10s; (Fig. 3d). The
sugar density was no more than 50 % occupied (com-
pared with the protein) and somewhat blurred, suggesting
conformational heterogeneity (as observed for O,BFS),
particularly for GlcN-2. The predominant conformation
was modelled and the complex was refined at half occu-
pancy, maintaining strict NCS constraints. The final R
factor was 18-3 % with 0-01 A r.m.s.d. (bonds).

Heparin-receptor conformation. In O;BFS, the most
tightly bound heparin residues were GlcN-2, Idu-3 and
GlcN-4 and, for Al0g4;, these were the only ones for which
there was clear electron density (Fig. 3d). The GIcN rings
adopt the energetically favourable *C, or 'C, chair confor-
mations. GlcN-4 provides the key attachment points to

the virus for the extended chain of sugar residues, whilst
GIcN-2 is only stabilized by water interactions and shows
conformational heterogeneity. The central Idu ring exists
in the skew boat *Sy conformation. Heparin makes ionic
interactions with the protein via sulphates GlcN-4-2-N-
SO;3;, GlcN-4-6-0O-SO3; and Idu-3-2-N-SOs;, which are
closely conserved in position between the A and O sero-
type complexes. Overall, the ring conformations were
similar between the A and O complexes, but differences in
ligand interactions gave rise to more flexibility in the
central Idu residue in O and more flexibility in ring 2 in
A (mean B factors: GIcN-4 45, Idu-3 64, GIcN-2 88).
Superimpositions of the central trisaccharide from the A
and O serotype complexes gave an r.m.s.d. of 1-2 A®
(CONF 1). Superimpositions of the A104; complex motif
with similar central trisaccharide motifs from basic fibro-
blast growth factor, annexin, a ternary complex with
fibroblast growth factor 1 and fibroblast growth factor
receptor 2 and NK1 (all coordinates from the Protein
Data Bank; Berman et al., 2000), showed strong similarity
with the core atoms, superimposing with r.m.s.d. values
between 1-2 and 2:0 A%,

Attachment site. The topology of the heparin-binding
site was virtually identical for the type A and O viruses,
with a shallow depression at the junction of the three
major capsid proteins within the biological protomer, dis-
tinct from the integrin-binding site (Fig. 3a). The walls of
the depression are formed by strand B1 of VP3 (residues
55-58) and the subsequent loop (residues 58-60), the C
terminus of VP1 (residues 195-197) and the oB helix of
VP2 (residues 133-138). The base of the depression is
formed by a 3y helix (residues 84-88) of VP3 (Fig. 4a).
The central trisaccharide occluded ~400 A? of solvent-
accessible surface on the virus. There were virtually no
changes in the protein to accommodate the sugar. The
ligands were the basic and polar residues Arg-56 and Asn-
88 of VP3, Thr-134 and Arg-135 of VP2 and Lys-193 of
VP1, and bridging water molecules were important
(Fig. 4b). As for O;BFS, there was no direct involvement
of the VP1 C-terminal residues 2°’RHKQI** in binding;
however, the neighbouring residues His-195 (O;BEFS)
(Fig. 4b) and Lys-193 (A10s;) of VP1 (Fig. 4a) did con-
tact the HS, and the C terminus may stabilize these
residues in a suitable position for HS binding.

Two liganding residues were conserved between the type
A and O complexes: Arg-56 of VP3 and Arg-135 of VP2
(Fig. 4a and b). The former switches from a histidine to an
arginine in type O viruses on adaptation to tissue culture
and is a key ligand in both complexes. In the O;BFS
complex, it acts as a bidentate ligand, stabilizing sulphate
groups from rings 2 and 4, whereas in the A10s; complex, it
only interacts with ring 4. Arg-135 makes a hydrophobic
interaction in both complexes and appears to polarize
Asn-88 of VP3, increasing its affinity for GlcN-4-6-0O-SOs.
Overall, the protein contacts are more ionic for the A104,;
than the O;BFS complex (Fig. 4), principally because a
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Fig. 3. Heparin-binding analysis. (a) Schematic of a picornaviral capsid (as in Fig. 1a), showing the location of the heparin-
binding site within the biological protomer. The inset shows a typical heparin disaccharide containing a total of three sulphate
groups: one attached to the 2-hydroxyl group of Idu and two linked to the 2-amino and 6-hydroxyl groups of GlcN. In the
non-bound structure, successive disaccharides within heparin are related by a twofold screw operation generated by a
rotation angle of ~180° coupled to a translation of 8-:0-8-7 A along the helix axis. (b) Effect of cell-surface HS on the
susceptibility to infection with A10g;. The number of productive infection events at 37 and 4 °C were scored at the indicated
times on wt CHO cells (hatched bars) and cells lacking HS (solid bars) by using an infectious-centre assay (see Methods).
(c) GrasP (Nicholls et al., 1991) electrostatic, accessible-surface depictions for the biological protomer of A10¢; (left) and
O4BFS (right). The GH loop is absent in both representations. The scale on which the electrostatic potential was measured
was similar for each serotype, with positive charge in blue and negative charge in red. (d) F,—F. omit maps for the sugar
residues bound to A10g; (left) and O,BFS (right). Electron density is drawn as a blue mesh and the sugar coordinates are
depicted as green balls and sticks for A10g; and the two conformations bound to O{BFS in green and red balls and sticks.
(e) Analysis of heparin binding to A10g; (left) and O4BFS (right) at various salt concentrations by SPR.
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Fig. 4. Heparin-binding site. (a) Ligand-binding site in A10g; (left) and O4BFS (right). Viral proteins are depicted as ribbons with
standard colour coding. The side chains of ligand residues (labelled) are drawn as balls and sticks in the same colour as the
corresponding protein. They are labelled with the residue number and the chain ID as the least significant digit, e.g. 563 is residue 56 of
VP3. The sugar residues are depicted as purple balls and sticks, with sulphur atoms in yellow. (b) Sugar—protein interactions depicted
by using LIGPLOT (Wallace et al., 1995). A10g, is shown (left) and the central three sugars of CONF1 (Fry et al., 1999) bound to
O4BFS (right). Only protein side chains that interact directly are shown and these are rearranged to clarify the hydrogen-bonding
pattern. Ligand bonds are drawn in purple and non-ligand bonds in brown. Hydrogen bonds are depicted by olive-green, dashed lines.
Non-ligand residues involved in hydrophobic contacts are shown as red, fringed semicircles. Water molecules are coloured red.

central, non-ionic contact in the O,BFS complex con-
tributed by His-195 of VPl is replaced by an ionic
interaction of Lys-193 of VP1 in Al0g;. This presumably
explains the fact that, whilst for O;BES, heparin at a
concentration of 3 mM was able to displace sulphates
present at a concentration of 0-8 M (from the ammonium
sulphate mother liquor), for A10s;, bound sugar was only
observed when the ammonium sulphate mother liquor
was exchanged for PEG. This was confirmed by SPR analy-
sis (Fig. 3e) comparing heparin binding by O;BFS and
A10¢; under different salt concentrations. Very weak bind-
ing between heparin and A10; was observed above 250 mM
NaCl, and at 200 mM the Al0s—heparin complex dis-
sociated rapidly. Thus, A104; has a low affinity for heparin.

DISCUSSION

The A104; virus capsid showed no unexpected deviations
from the previously reported FMDV capsid structures. The

disorder of the highly immunogenic VP1 GH loop was in
line with that of other FMDV capsids and underlines the
biological role of its flexibility for immune evasion or
induced fit.

A comparison of the capsids of the different viruses
revealed no greater overall structural similarity between
members of the same serotype than between different
serotype structures. This reflects significant switches in
loop disposition, possibly arising from movements in
adjacent structures that are not serotype-specific and
may not be antigenically relevant. However, the regions of
the structure assigned as antigenic sites showed greater
similarity within serotypes. Structural differentiation
between serotypes may be mediated by the conversion of
residues to and from conformationally restricted proline
residues. However, proline residues do not always lead
to conformational changes (e.g. site 2) and, conversely,
minimal insertions, deletions and switches in electrostatic
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or hydrophobic character can also mediate dramatic
changes in antibody recognition.

FMDVs O;BFS and A10g; are both highly passaged viruses,
but the O and A serotypes diverged a long time ago, so that
they differ in several of the HS-contact residues. Thus, the
conservation of a binding site that is predisposed to acquire
by mutation a high affinity for HS may be biologically
significant. Both the O;BFS and Al04; complexes with
heparin share certain characteristics: minimal buried sur-
face area, some shape complementarity, high charge inter-
action, little change in the binding site on heparin binding,
recognition of both N and O sulpho groups and a tight-
binding core trisaccharide [also seen in the polyomavirus—
sialic acid complex (Stehle et al, 1994) and the bFGF
complex with HS (Faham et al., 1996)], corresponding to
one turn of the heparin helix. In both A1061 and O,BFS,
the liganding residues are brought together only by the
three-dimensional folding of the protein. Hence there is
no correspondence to the HS-binding primary-sequence
motifs (Cardin & Weintraub, 1989). The interaction in the
A10g; complex is more ionic and of a lower affinity than
that seen in O,BFS (Fry et al, 1999), but is nevertheless
likely to be highly specific. Despite conferring a clear
advantage for growth in cultured cells (HS-adapted viruses
dominate after only a few passages), viruses that have a
high affinity for HS are attenuated for cattle (Sa-Carvalho
et al., 1997) and infection of cattle by an HS-binding strain
gives rise to virulent, reverted viruses that have lost the
ability to bind HS. This suggests that a high affinity for HS
is a disadvantage in an animal, although field strains may
make low-affinity interactions, enabling ‘sampling’ inter-
actions to bring the virus into contact with cells and so
increase integrin-mediated virus uptake. Alternatively, the
ability to switch rapidly between high and low affinity for
HS may be a determinant of tissue specificity and persistence
(Fry et al., 1999).

The selective pressure on field strains to adapt to cell culture
is of practical concern to the vaccine industry. Field isolates
seem to be very selective in their choice of integrin and grow
very poorly in cell culture unless their required integrin is
expressed. This may explain the switch to bind HS in type
O viruses, which is achieved easily in cell culture by the
substitution of arginine for histidine at position 56 of VP3.
The ability of a single amino acid change to alter receptor-
binding characteristics has been observed for other viruses
and may be generally important in modulating pathogeni-
city. The effect of a single substitution may be enhanced by
the number of potential binding sites on a virion (60 in this
case). HS polymers have fully sulphated motifs [required
for binding to FMDV O;BES (Fry et al., 1999) and A10g,] at
intervals of 50 A and might wrap around the virion. The
HS-binding site is located some 15 A away from the RGD
motif in the reduced conformation (although in this
conformation it does not bind integrin) and the RGD-
bearing VP1 GH loop is unaffected by heparin binding (Fry
et al., 1999). The two sites appear to function independently

of each other and tissue culture-adapted strains can use
either class of receptor.

In FMDVs, the integrin-binding site overlaps antigenic sites
1 and 5 and the HS-binding site overlaps antigenic site 4,
resulting in a dilemma for the viruses in balancing receptor
conservation and antigenic variation.

There are a vast number and variety of heparin-binding
proteins, although as yet only a limited repertoire of atomic-
resolution complex structures. Amongst these, the heparin-
binding sites show no absolute dependency on specific
sequences or protein folds and the extent to which the
protein structure changes to accommodate the heparin
varies considerably (Ganesh et al., 2004; Mulloy & Linhardt,
2001). A trisaccharide motif seems to form a minimal
binding unit, consistent with the helical structure of
heparin, but the only generalization that can be made
thus far is that all complexes use a mix of electrostatic and
van der Waals interactions.
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