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Background: Picomaviruses are responsible for a wide
range of mammalian diseases and, in common with
other RNA viruses, show considerable antigenic varia-
tion. Foot-and-mouth disease viruses (FMDVs) consti-
tute one genus of the picomavirus family and are classi-
fied into seven serotypes, each of which shows consider-
able intratypic variation. This antigenic variation leads to
continuing difficulties in controlling the disease. To date
the structure of only one serotype, 0, has been reported.
Results: The three-dimensional structure of a serotype
C (isolate C-S8cl) FMDV, has been determined crystal-
lographically at 3.5A resolution. The main chain con-
formation of the virion is very similar to that of type
01 virus. The immunodominant G-H loop of VP1, the
presumed site of cell attachment, is disordered in both
types of virus indicating a functional role for flexibility of
this region. There are significant changes in the structure
.of other antigenic loops, and in some internal regions
involved in protomer-protomer contacts, including the
entire amino-terminal portion of VP2, described here for

the first time for a picornavirus. Antigenic sites have been
identified by genetic and peptide mapping methods, and
located on the capsid. The data reveal a major new dis-
continuous antigenic site (site D) which is located near
to the three-fold axis and involves residues of VP1, VP2
and VP3 which lie adjacent to each other on the capsid.
Conclusion: In FMDV type C, amino acid substitutions
seen in mutants that are resistant to neutralization by
monoclonal antibodies (MAbs) map to predominantly
surface-oriehted residues with solvent-accessible side-
chains not involved in interactions with other amino
acids, whereas residues which are accessible but not
substituted are found to be more frequently involved
in protein-protein interactions. This provides a molecu-
lar interpretation for the repeated isolation of the same
amino acid substitutions in MAb-resistant variants, an
observation frequently made with RNA viruses. This first
comparison of two FMDV serotypes shows how subtle
changes at antigenic sites are sufficient to cause large
changes in antigenic specificity between serotypes.
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Introduction
The determination of high-resolution, three-dimen-
sional structures of whole viruses by X-ray crystal-
lography enables fuller interpretations of biological
properties, including antigenicity. To date the best
studied viruses have been the picornaviruses which,
due to their relatively small size (diameter -300A,
Mr -- 8 MDa) and unenveloped nature, are particularly
amenable to crystallographic analysis. The structures
of several picornaviruses have now been determined
including those of two serotypes of poliovirus [1,2],
three serotypes of rhinovirus [3-5], mengovirus [6],
two types of Theiler's murine encephalomyelitis virus
[7,8] and foot-and-mouth disease virus (FMDV) isolate
O1BFS [9]. These structures reveal many striking simi-
larities and differences within this viral family. The cap-
sids of all these picomaviruses are found to consist of
60 copies each of four proteins: VP1-4. VP1, VP2 and

VP3 are structurally similar to one another and have
at their core an eight-stranded 13-sandwich, composed
of two four-stranded -sheets, the strands of which
are conventionally labelled alphabetically, according to
their order in the amino acid sequence, namely CHEF
and BIDG respectively. Loops connecting the strands
are identified by the strands they join. These surface-
exposed loops are implicated in viral antigenicity. VP4
is smaller and confined to the capsid interior.
The molecular changes underlying the antigenic diver-
sification of viruses must preserve a functional capsid.
Not only must the virion remain stable but it must also
retain the ability to infect susceptible cells by binding to
a cellular receptor, whilst escaping immune detection.
This imposes conflicting demands on the capsid sur-
face. In enteroviruses, rhinoviruses and cardioviruses it
is thought that receptor-binding residues enjoy a pro-
tected location in a narrow cleft or pit inaccessible
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to antibodies. This hypothesis has been most clearly
demonstrated for the major receptor group of rhi-
noviruses [10,11], in which these surface depressions
form a continuous 'canyon' around the five-fold axis.
FMDV, however, has a comparatively smooth surface,
with no canyon in which receptor binding residues
may be concealed. In the case of FMDV, attachment
to the cell receptor is mediated by a conserved RGD
(Arg-Gly-Asp) sequence [12] which, in complete con-
trast to these other picornaviruses, is located at the tip
of a long exposed loop. Although this loop, the G-H
loop of VP1, is accessible to antibodies (indeed it is
strongly antigenic), it appears that variation in the se-
quences either side of the RGD serves to camouflage
these vital residues from antibody attack [9].

The O1BFS structure contained no model for the VP1
G-H loop as it was absent from the electron density
map, an indication of a high degree of flexibility either
internally or at particular hinge regions. Further stud-
ies showed that the conformation/orientation of this
loop could be modified by point mutations elsewhere
on the capsid surface [13] and suggested that a disul-
phide bond linking the loop to VP2 could be a key
determinant of the loop conformation. The structure
of type 01 FMDV in which this disulphide bond has
been broken (reduced O1BFS) [14] shows the loop
adopting a stable conformation lying over the surface
of VP2. This disulphide bond, thus shown to be re-
sponsible for maintaining loop mobility of the native
(i.e. oxidized) 01 virus, is not present in the majority
of FMDVs (it is characteristic of subtype 01 viruses).
To investigate whether flexibility and conformational
variability of this loop are important in other FMDV
serotypes we have undertaken X-ray crystallographic
analyses of type A and type C viruses. Here we report
the structure of isolate C-S8c1, a representative of the
European C1 subtype.

FMDV is highly varied antigenically, with each of the
seven serotypes encompassing numerous poorly cross-
protecting subtypes and variants. The determination of
the type C crystal structure has provided an opportu-
nity, for the first time, to make a detailed comparison
of two FMDV serotypes, and thus to gain insights into
the structural basis of serotype diversity. We have also
complemented these structural studies by an analysis
of the antigenicity of FMDV C-S8cl. Two antigenic sites
have previously been identified in C-S8cl FMDV using
a combination of genetic and peptide mapping tech-
niques [15]. In this paper we present a more complete
study based on an enlarged panel of 31 monoclonal
antibodies (MAbs), which has revealed a third, major
antigenic site. The locations of antigenic residues are
here interpreted in the light of our crystallographic data
in order to provide a more detailed understanding of
the mechanism of antigenic change, and of the struc-
tural constraints that limit such change.

Results and discussion
Structure determination
FMDV strain C-S8cl was crystallized as previously de-
scribed [16]. The crystals have the same morphology
(rhombic dodecahedra) and space group (123) as crys-
tals of O1BFS (although the unit cell is slightly ex-
panded, a -348A compared with 345A for O 1BFS),
the crystallographic asymmetric unit is therefore 1/12
of a virus particle, being composed of five copies of
each of the capsid proteins. Crystals grow to a maxi-
mum length of 0.4 mm in the longest dimension but are
unstable, becoming opaque within 10 days. Degraded
crystals show little or no diffraction.

X-ray diffraction data were collected on station 9.6 of
the SERC SRS, Daresbury. The crystals rarely diffracted
beyond Bragg spacings of 3.5 A, the resolution limit for
the structure determination. Radiation damage limited
the crystal life-time to one or two exposures, examina-
tion of 52 crystals yielding 35 useful film packs. Post-
refinement [17] showed the typical mosaic spread of
the crystals to be 0.09° . Data processing statistics are
shown in Table 1.

Due to uncertainties in the X-ray wavelength, the size of
the unit cell, relative to that of O1BFS, was determined
precisely using a grid search in X-PLOR [18] with a
correctly oriented O 1BFS model as a search object (Fig.
1). This search yielded a clear minimum value for Rc
at a = 347.6A, where:

RC = Eh I (IFh,obs - I Fh,alI) x 100

Eh I Fh,obs I

Structure factors generated using the O1BFS model in
this C-S8cl cell, scaled to the observed structure fac-
tors for C-S8cl with RC = 31.1%. A Wilson plot [19]
indicated that the B-factors for the initial C-S8cl model
were, on average, 30A2 higher than for the O1BFS
model. The phases calculated from this model were
then refined against the C-S8cl data using a standard
procedure for five-fold real-space averaging and sol-
vent flattening [20]. On convergence (40 cycles) the
mean phase change from the starting phases was 39° . A
21 Fobs I - I Fcal I electron density map, calculated to
3.5 A resolution, using these refined phases, was of sur-
prisingly high quality (especially in the light of the rela-

Table 1. Final data processing statistics for all C data sets.

R(l) all data No. of reflections % Complete to 3.5 A
Data set (%) Total Independent All data Data I> 3cl

C-S8cl 18 98942 64849 74 50
SD6-6 18 64 779 52 664 60 37
'Master' 18 79016 90 63

R(I) = (h5i (Ih--I hi
)

)/ (hyilhi) x 100
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tively poor ordering in these crystals). The amino acid
substitutions between O1BFS and C-S8cl were clearly
evident, indicating that there was no residual bias in the
phases. A model with the correct C-S8cl amino acid
sequence was built into the map with little difficulty.
Successive cycles of rebuilding and refinement of the
model followed.

I

Unit Cell Dimension (A)

Fig. 1. A plot of R-factor for agreement between IF,,,,a I gener-
ated by placing the 1BFS coordinates in 123 unit cells of different
dimensions and the IFcsc 1, obsl.

At this stage data from MAb-resistant (MAR) mu-
tant SD6-6 [21] were collected.'SD6-6 is a MAb
SD6-resistant mutant of FMDV C-S8c1, with the sin-
gle amino acid substitution in VP1, Serl39-+Ile (C-
S8cl numbering: position 139 is equivalent to 143 in
O1BFS). A difference map calculated with coefficients
I Fc-s8c, obsl -I FSD66 obsl using the phases from cy-
cle 40 of the real-space averaging revealed no peaks
above background. Lack of any detectable conforma-
tional differences between SD6-6 and C-S8c1 suggested
combination of the data sets to give a more complete
C 'master' set would be valid (Table 1). Further cy-
cles of real-space averaging were implemented with this

'master' data set. The final phases from the previous
C-S8cl averaging were taken as the start point for this
averaging, which was performed using program GAP (J
Grimes and D Stuart, unpublished program). Molecular
envelopes were calculated at cycles 1 and 13 and the
averaging converged after 30 cycles, at which point the
agreement between the observed data and those cal-
culated from back-transformation of the averaged map
was excellent; RAV = 11.86 % and C = 0.954 where:

RAV = h I (I Fh,obs - IFh,av I) I x 00
Eh I Fh,obs 

Eh (Fobs - I Fh,obs )(Fav - I Fh,,, I)

[lah (Fo -(I Fh,obs 1)2. h(Fav - I Fh,av 1)2]

(Fig. 2). The mean phase change from the starting
phases was 30° (37° from the phases from the OiBFS
model). This map (Fig. 3) confirmed the original
C-S8c1 maps, but gave improved clarity in some of the
less well ordered regions. A difference map for the SD6-
6 virus, calculated with these new phases confirmed
the original result; no difference in the conformation of
any of the capsid proteins (or internal features) can be
seen between virus C-S8c1 and SD6-6. Minor rebuilding
and a final round of positional and B-factor refinement
using the combined 'master' data set gave Rc of 21 %
for all data between 25-3.5A, with strict five-fold non-
crystallographic constraints. This model contains 670
residues and has good stereochemistry (Table 2).

Structural differences between C-S8c1 and O1BFS FMDV
C-S8c1 and O1BFS share 82 % sequence identity in the
four capsid proteins. As expected, the C-S8c1 structure
is basically very similar (Fig. 4) to that previously de-
scribed for O1 BFS [9]. The disposition of the proteins
in the capsid is indistinguishable, as are the three 13-
sandwiches. Root mean square (rms) deviation of Ca
positions of residues involved in the 3-sandwiches is

Fig. 2. A plot of R-factor (in blue), and
correlation coefficient (in red) against
1/d2 (where d is the Bragg spacing)
showing the agreement between the
observed amplitudes and those pro-
duced by back-transforming the elec-
tron density from cycle 30 in the GAP
real-space averaging (see text).
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Fig. 3. A stereo view of a representative
portion of the electron density map with
amplitudes 2Fob I - IF,, I with phases
from cycle 30 of GAP real-space averag-
ing (as above) calculated at 3.5 A resolu-
tion. The final model is shown in white.

0.3A, essentially the limit of accuracy of the data (Fig.
5). This is comparable with the rms deviation in Cot
positions of the core residues seen in the comparison
of poliovirus serotypes 1 and 3 [2]. Significant differ-
ences in C positions are observed only in the loops
connecting the -strands of these core regions and in
the termini of the proteins (Fig. 5). The implications of
these structural differences are discussed below.
The decreased order of the C-S8cl crystals compared
with those of O1BFS (Fig. 5) may be related to the ex-
pansion of the cubic unit cell by 2.6 A in C-S8cl. Crystal
packing is mediated by a cluster of external residues
of VP2 close to the crystallographic three-fold axes. In
O1BFS tight packing occurs with residues of VP2 stack-

ing with equivalent residues in a neighbouring virion. In
crystals of C-S8cl substitutions of Pro-*Gln at 195 and
Val-*Thr at 189 push the virions further apart. Hydro-
gen bonds are formed between the glutamine in one
virus and the threonine in another such that the crystal
lattice is held together, at each point of contact, by the
six hydrogen bonds formed by these pairs around the
three-fold axes.

Despite the decreased order of the C-S8cl crystals we
have been able to identify additional features in the
electron density map which allow us to describe some
regions of the capsid structure that were obscure in the
O1BFS analysis.

The three-fold annulus formed by amino-terminal residues
of VP2
Capsid proteins VP2 and VP3 alternate around the
icosahedral three-fold axes. Electron density (too dif-
fuse to be unambiguously interpreted in O1BFS) is
seen around the icosahedral three-fold axes on the in-
side of the capsid, extending from residue 9 of VP2
(the last residue included in the O1BFS model) to the
three-fold axis and running back away from the three-
fold axis over the internal surface of VP2 (Fig. 6a).
A structure for these amino-terminal residues has not
been previously described for any picomavirus. The
model now includes all residues of VP2. The first six
residues of VP2 run across the internal surface of the
capsid towards the icosahedral three-fold axis before
turning to follow an outward path (to a higher radius),
parallel to and close to the three-fold axis, forming a
tight core of three strands (Figs 6b and 6c). Residues
10-12 loop back towards the interior of the capsid
placing residue 12 between residues 3 and 27 from
the same copy of VP2. Residue Aspl2 of VP2 (which
is almost completely conserved amongst picomaviruses
sequenced to date [22]) seems important in stabilizing
the conformation of this loop, making hydrogen bonds

Table 2. Stereochemistry, and residues included in final model
of C-S8cl.

Refinement
No. of independent reflections 79016
No. of non-hydrogen atoms in refinement 5197

Stereochemistry of modela
RMS A bonds 0.012 A
RMS A angles 2.0°

AB bonds 4.86 A2
AB angles 8.02 A2

Residues included in model
VP1 (1-213)b

1-132, 157-211
VP2 (1-218) 1-218c
VP3 (1 -2 20)d 1-220
VP4 (1-85) 15-39, 65-85

aRMSA bonds refers to the root mean square deviation from ideal covalent
bond lengths. RMS A angles refers to the root mean square deviation from
ideal covalent bond angles. RMS AB Bonds refers to the root mean square
difference in isotropic B-value between covalently-bonded atoms. AB an-
gles refers to the corresponding difference between covalently-bonded next
nearest neighbours. bNumbering of residues is as for O1BFS, therefore there
are no residues 141-145. CThere is no evidence for the position of the Glu6
side chain in VP2. It was therefore included as glycine in the final model.
dNumbering relative to O1BFS, there is therefore no residue 59 in this model.
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Fig. 5. Structural differences between
C-S8c1 and 01BFS. (a) VP1. (b) VP2.
(c) VP3. (d) VP4. The upper part of
each plot shows the main chain B-fac-
tors for C-S8c1 and 01BFS. The lower
plot shows root mean square devia-
tions in C positions between C-S8cl
and O1BFS for each capsid protein cal-
culated using SHP (D Stuart, unpub-
lished program). Positions of antigenic
sites defined for C-S8cl are shown as
grey bars in the upper part of each plot,
and sequence differences between the
serotypes are shown as open circles in
the lower part. Secondary structural el-
ements (calculated using program DSSP
[69]) are shown at the top of each lower
plot, labelled according to the conven-
tions defined in the text (-sheets -
black arrows, oa-helices - grey boxes,
+ P - proline substitution, -P - proline
deletion). The deletion at residue 59 of
VP3 is marked D in (c).
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Fig. 6. Views of the internal structure of
the virion at an icosahedral three-fold
axis. (a) Stereo view of the electron den-
sity at the 3-fold axis. The view is sim-
ilar to that shown diagrammatically in
(b), and the protein chains are shown
as Ca traces. (b) and (c) Cartoon repre-
sentation of the capsid proteins around
the three-fold axis of the virion. Two or-
thogonal views are shown ((b) perpen-
dicular to the three-fold axis and (c)
looking down the three-fold axis from
the inside of the capsid). Proteins are
coloured according to convention (VP1-
blue; VP2-green; VP3-red; VP4-yellow).
(d) A more distant view from the interior
of the capsid looking down the three-
fold axis (Ca trace of the capsid pro-
teins coloured as above) with the sym-
metry related amino-terminal residues
of VP2 and carboxyl-terminal residues of
VP4 highlighted. The residues are num-
bered with the least significant digit de-
noting the polypeptide chain, thus 854
is residue 85 of VP4. Residues without
a # in the residue number belong to a
single biological protomer.

via side and main chain atoms to residues 12 and 3
of the same copy of VP2, as well as to residue 5 of
a symmetry-related loop. This structure is stable in re-
finement, although the chemistry is less than ideal and
B-factors for many atoms are still high (-150A2). A
map calculated with residues 1-12 of VP2 omitted from
the phasing model confirmed the positioning of the
main chain atoms, although due to the mobility of the

protein in this region the density was somewhat diffuse,
with little evidence for side-chain positions in the 'core'
region close to the three-fold axis. Although the con-
nectivity at residue Glu6 is not certain it agrees with
that observed in mengovirus [23] and poliovirus [1].
We are therefore confident that the connectivity is cor-
rect, although the present model is not definitive. In the
structure of C-S8cl, residues 1-4 of VP2 run towards
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the three-fold axis, filling a shallow depression on the
internal surface of the capsid and occupying a similar
location to the amino-terminal extension of VP1 in po-
liovirus [1], resulting in a smooth internal surface.

Topologically similar (although more elaborate) 13-an-
nuli have previously been seen at the three-fold axes of
RNA plant viruses [24,25]; these structures are however
functionally different to the structure described here
for FMDV as it is proposed that they play important
roles in stabilizing the capsid (see below).

Extra density around the interior of the five-fold axis
Post-translational modification of proteins is often of
great importance in determining correct localization,
stability and functioning. Many viral proteins are found
to be acylated with fatty acids and this is commonly
important for localization on the plasma membrane of
cells. Picornaviruses are not enclosed by a membrane
but must still interact specifically with the cell mem-
brane when entering the cell and during assembly of
virus particles. Myristoylation of the amino terminus of
VP4 (and its precursors) has been demonstrated in
most picornavirus genera [26], the myristic acid (n-te-
tradecanoic acid) being covalently linked via an amide
bond to the free c-amino group of the amino-terminal
glycine of VP4.

The structure of this aliphatic moiety has been seen
only in poliovirus to date [ 1,2,26]. The amino terminus
of VP4 is located on the inside of the capsid close
to the icosahedral five-fold axis and forms the inner-
most of three layers of protein which hold together
the pentameric building block of the virus. The five
myristate groups extend from the amino terminus of
VP4, initially forming a tight cluster near the five-fold
axis, then splaying apart and running to a higher ra-
dius, to enclose the twisted tube formed by the amino
termini of VP3. Each myristate group interacts with sev-
eral residues in VP3 and VP4. A hydrogen bond be-
tween Thr28 of VP4 and the myristate carbonyl (of
a symmetry-related moiety) is observed. Moscufo and
Chow [27] have demonstrated by site-directed muta-
genesis the importance of the interaction of the myris-
tate carbonyl with this residue in determining correct
assembly of viable virions.

In FMDV C-S8cl, extra density (not accounted'for by
the model) is seen around the interior surface of the
capsid close to the five-fold axes. Two views related
by a 90' rotation are shown in Fig. 7. The five-fold
environment of FMDV is somewhat different from that
seen in poliovirus due to a canting of the VP1 13-barrel,
the strands of the barrel being shifted approximately
3A (outwards) compared with poliovirus [28]. Since
the extra density observed (in the C-S8cl map) is at
the same radius as residue 1 of VP4 in the poliovirus
model, there is more room to accommodate the hydro-
carbon chains in FMDV. At present we cannot distin-
guish between two possible models which could both
account for the extra density. In the first model the

Fig. 7. The extra density seen around the interior of the icosahe-
dral five-fold axes in the map calculated as described for Fig. 3.
Two views related by 90° are shown. (a) View perpendicular to
the five-fold axis (the five-fold axis is marked as a thin white line).
The proposed location of the interaction between VP4 and the
myristate carbonyl is indicated by the small white circle and the
approximate path of a myristate chain in poliovirus (white dots),
and possible route in FMDV (dashed white line) are, indicated.
(b) View looking down the five-fold axis from the interior of the
virion (the five-fold axis is marked as a white cross).

myristate group is assumed to occupy the depression
on the inner capsid surface around the five-fold axis,
as in poliovirus (the absence of density for this group
being explained by the increased space available in
FMDV). The myristate carbonyl may then be placed at
a position equivalent to that seen in poliovirus, where
it can hydrogen bond to the hydroxyl group of Asn23
of VP4 in an interaction analogous to the interaction
with Thr28 of VP4 seen in the poliovirus model (Fig.
7a). The density observed would then be interpreted
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as residues 6-1 of VP4 (with residue 6 the most in-
ternal). However, as no density can be seen for side-
chains, we cannot unequivocally identify this feature as
protein. Indeed the shape of the density favours the
second model, in which the density corresponds to the
myristate chains forming a twisted barrel with the five
copies related by the icosahedral five-fold axis running
inwards towards the virion centre, i.e. in the opposite
direction to that observed in poliovirus (Fig. 7a). The
myristate may then be stabilized by non-specific inter-
actions with the RNA and the carbonyl oxygen can still
hydrogen bond to residue 23 as described above. In
both models the lack of continuous density for VP4 is
explained by flexibility of the appropriate portion.

Our results therefore suggest that the fatty acid chains
of the myristate moieties may be stabilized in FMDV
by hydrogen bonds from a protein side-chain (Asn23
of VP4) to the myristate carbonyl in a broadly similar
position to the interaction observed between the myris-
tate moiety and Thr28 of VP4 in poliovirus.

The antigenicity of FMDV C-S8c1
The G-H loop and the carboxyl terminus of VP1 constitute
independent antigenic sites that include continuous
epitopes
Previous work has established that the antigenic site
A within the VP1 G-H loop of FMDV C-S8c1 (VP1
residues 138-150; equivalent to positions 138-154 in
type O) includes multiple, essentially continuous, over-
lapping epitopes [15,29,30]. The carboxyl terminus
of VP1 (antigenic site C) is recognized by a weakly
neutralizing MAb (7JA1). This reacts with VP1, with
a synthetic peptide representing residues 192 to 209
(residues 196 to 213 in type 0)[15] and with a re-
combinant fusion protein including amino acids 158
to 206 (162 to 210 in type O; A Rodriguez, et al., un-
published data). We have confirmed the location of
the continuous epitope recognized by MAb 7JA1 using
antigen competition enzyme-linked immunosorbent as-
say (ELISA) with 15-mer synthetic peptides which span
the sequence of VP1 of C-S8cl from residue 41 to the
carboxyl terminus (residues 1-40 are not solvent ex-
posed). MAb 7JA1 recognized only the carboxy-termi-
nal peptide (residues 195-209, equivalent to 199-213
in type O) (J Hernandez, et al., unpublished data).
Thus, this epitope may span residues 195-206 of VP1
of C-S8cl. For FMDV of serotype 0, it was shown that
sites A and C are part of a single site which includes
discontinuous epitopes [31,32], but no evidence of
this has been seen for type C [15,29]. To further ex-
plore any possible connection between sites A and C
in serotype C, antibody competition assays were car-
ried out using a sandwich ELISA [33] to minimise virus
distortion. No significant competition was observed be-
tween the MAbs directed to site A and the site C MAb
7JA1 (Fig. 8a, panels I to IV). Similar results were also
obtained with a different type C FMDV, CGC-Ger/26
(Fig. 8a, panels V, VI), an early type C isolate which is
genetically highly divergent from all other type C viruses

[34]. Thus, antigenic sites A and C appear as topo-
logically independent in serotype C. This is not incon-
sistent with the crystallographic observations, however
the electron density is not sufficiently well defined to
provide strong support (see below).

A major site, formed by discontinuous epitopes, involves
parts of VP1, VP2 and VP3
Twelve of the 32 MAbs available, which neutralize
FMDV C-S8cl, did not react with denatured capsid
proteins or with peptides representing sites A or C
[15] suggesting that they recognized discontinuous epi-
topes. We selected a representative sample of these
MAbs (based on their different patterns of reactivity
with field isolates [35]) to use in competition assays
with MAbs directed to sites A and C (Fig. 8b). All
of the MAbs which recognize discontinuous epitopes
clustered in a single group (site D) distinct from those
defined by MAbs of sites A or C. Partial competition was
observed between most MAbs of sites A and D, suggest-
ing spatial proximity of these two sites which leads to
a degree of steric hindrance in binding antibody.

To locate the discontinuous epitopes on the viral cap-
sid, 16 MAR mutants were selected from independent
clones of FMDV C-S8c1 using six representative site
D MAbs. The 16 site D MAR mutants (Table 3) and
three previously described site A MAR mutants [29,30]
were used in cross-neutralization assays with 10 of the
12 available MAbs against discontinuous epitopes of C-
S8cl [15] and with selected site A MAbs (Fig. 9). (The
weak neutralizing activity of site C MAb 7JA1 precluded
its use in these assays.) No substitution in MAR mu-
tants of one of the sites (A or D) affected the reactivity
of any MAb directed to the other site. This result was
further confirmed in experiments using immunodot as-
says which showed that 10 MAR mutants with different
substitutions in site A all reacted with site D MAbs (data
not shown). Also, cleavage of the VP1 G-H loop af-
fected many epitopes at site A but none of the site D
epitopes (J Hernandez, et al, unpublished data). These
findings suggest a functional independence of sites A
and D.

Based on complete resistance to neutralization alone,
the MAbs against discontinuous epitopes were divided
into three groups (Di, D2 , D3, see Fig. 9). However,
when one also considers partial resistance to neutral-
ization, all discontinuous epitopes appear connected in
a single site D, in agreement with the MAb-competition
results. We have sequenced the entire capsid-coding
region of six MAR mutants selected with five different
site D MAbs which exhibited different patterns of neu-
tralization. In addition, the relevant capsid segments
were sequenced for the remaining 10 mutants (Table
3 and Fig. 9). Mutants selected with MAbs G5 or 2A12
(group D,) repeatedly showed substitutions at residue
193 of VP1 (residue 197 in type O, Table 3 and Fig. 9)
near the carboxyl terminus of VP1. Those selected with
MAb 2A10 (group D3) showed a substitution at residue
58 of VP3. Those selected with MAbs 2E5, 5H10 and
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Fig. 8. (a). Competition of MAbs against sites A or C for the binding of FMDV of serotype C. Panels I-IV; C-S8cl was used as an antigen;
peroxidase-conjugated MAbs SD6 (panel I), 7JA1 (II), 7FC12 (111), 7AH1 (IV), were competed by unconjugated SD6 (), 7JA1 (), 7FC12
(A), 7AH1 () or an unrelated MAb (Mab 28) elicited against respiratory syncytial virus (0). Panels V and VI, C GCCer/26 was used as
antigen; peroxidase-conjugated MAbs 7AB5 (V, empty symbols), 7FC12 (V, filled symbols) or 7JA1 (VI) were competed by unconjugated
7AB5 ( -1), 7FC12 ( O), or 7JA1 ( A). (b) nMAb competition for the binding to FMDV C-S8cl. Each conjugated MAb (MAb*) was
competed by 1, 3, 10 and 30-fold its amount of each unconjugated MAb (MAb). The percent competition with a 30-fold excess of
unconjugated MAb relative to the amount of active conjugated MAb is shown as a filled square for more than 90% competition, a
hatched square for more than 60%, or as an empty square for less than 60%.

5C4 (group D2) contained substitutions at residues 72
or 74 of VP2 within the BC loop or at residue 79 in
the 3-strand following this loop. One of the D1 mu-
tants (2A12-c3) had an additional mutation at the posi-
tion (58 VP3) characteristic of site D3. Because of this
second replacement, mutant 2A12-c3 resembles the D3
mutants (2A10-cl and -c2) in its pattern of neutraliza-
tion by MAbs against D1 and D3 (Table 3, Fig. 9).
Fig. 10 shows the location on the capsid structure of
each antigenically relevant amino acid replacement in
mutants selected with site D Mabs. The substitutions
lie at highly exposed positions adjacent to each other
and close to the three-fold axis of the virion within
a single biological protomer (VP1 and VP2 from one
icosahedral unit and VP3 from a neighbouring, sym-
metry related unit). The amino acids replaced cover an
area slightly larger (30A in diameter) than an antibody
footprint. Site D lies close to the predominant location
assigned to site A (Fig. 10), in agreement with the par-

tial competition for binding observed between MAbs
of site A and site D.

Some of the structural elements involved in site D are
also antigenic in FMDV type A [36,37] and in other pi-
cornaviruses [38] such as poliovirus, rhinovirus, men-
govirus and even a picoma-like plant virus [39]. The
identification of another, complex antigenic site for
FMDV type C involving all three solvent accessible cap-
sid proteins connects functionally separated sites (sites
2 and 4) described in serotype O [40] and extends
the surface that has been implicated in the antigenic-
ity of FMDV. The smooth capsid of FMDV, with no
canyons or pits separating antigenic protrusions, may
render nearly the entire surface accessible to antibod-
ies. Extension of the Mab mapping studies may there-
fore eventually blur the distinctions between the dif-
ferent sites and favour the view that the entire FMDV
surface accessible to antibodies may prove antigenic
[41]. This concept is supported by previous studies
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Fig. 9. Cross-neutralization patterns and amino acid substitutions of MAR mutants selected with MAbs directed to the epitopes in sites
A and D. Sensitivity to neutralization was referred to that of the parent virus C-S8cl. For each MAb except 4G3 and 4F4, a concentration
high enough to neutralize more than 90 % of the plaques of C-S8cl in an in vitro neutralization assay distinguished between sensitive
mutants (empty square; >70 %/ neutralization), partially resistant (shaded square; > 30 % neutralization) and resistant mutants (black
square; < 30 % neutralization). For the weakly neutralizing MAbs 4G3 and 4F4 a concentration of MAb that neutralized more than
75 % of the plaques of C-S8cl distinguished between sensitive (empty square; > 50 % neutralization), partially resistant (shaded square;
> 20 % neutralization), and resistant (black square; < 20 % neutralization). In most cases resistance (black square) indicated close to 0 %
neutralization (under the conditions of the assay). The secondary structure elements where the substitutions were found are indicated.

with lysozyme [42] and the human growth hormone
[43]. Although data from MAR mutants may suffer from
limitations imposed by incompleteness, information on
structural variability and solvent accessibility does not
and can also be used to predict antigenic regions.

Conformational divergence, mobility, and the mechanism
of antigenic change
For viruses like FMDV, against which the humoral re-
sponse constitutes the main immune defence, it is im-
portant that areas of the capsid liable to attack by
antibodies should be capable of antigenic change. In
principle this can be achieved either by substitutions
of antibody contact residues or by changes in protein
conformation. Since such changes are usually associ-
ated with each other, we might expect antigenic sites to

be correlated with regions of greatest conformational
divergence between the two serotypes.
Fig. 5 confirms this expectation, in that all the sites
identified in FMDV C-S8cl (except site D2) coincide
with regions of greater than average rms deviation in
Cco position, although in the case of site A (the G-H
loop of VP1), the difference is not quantifiable since the
loop is disordered in both viruses. In addition to these
regions, the B-C loops of VP1 and VP3 and the E-F
loop of VP2 exhibit very large conformational differ-
ences. Interestingly, antigenic residues have been iden-
tified in these loops either in type O [40] or A [36].
Thus, if all the available information on antigenic sites
in FMDV is taken into account, variability in confor-
mation of surface regions is seen to be an excellent
predictor of potential antigenic change. Whether the
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Table 3. Mutants of FMDV C-S8cl selected with MAbs
that recognize discontinuous epitopes.

MAb Mutant MAR mutantb Mutationc Substituted
frequencya amino acidd

1G5 -10
- 4 1G5-c6 A(2143)-C VP1T(193)-P

1G5-c7 A(2143)-*C VP1T(193)-P

2A12 <10-6 2A12-c7 C(2144)-A VP1T(193)-K

2A12-c6 C(2144)-A VP1T(193)-K
2A12 c4 C(2144)-*A VP1T(193)-K

2A12-c3 C(2144)-A VP1T(193)-*K
A(1082)-G VP3E(58)-G

2A10 -10 - 7 2A10-c2 G(1081)-*A VP3E(58)-K
A(147)-C VP4E(49) D
T(355)-C VP2F(34)-L

A(1341)G SILENT
2A10-cl G(1081)-A VP3E(58)-K

2E5 <10
- 6 2E5-19 A(491)- G VP2H(79)-R

2E5-21 A(491)-*G VP2H(79)-R
2E5-23 A(491)-G VP2H(79)-R

5H10 -10
- 4 5H1O-c12 T(469)-*A VP2S(72)T

5H10-cl A(475)-C VP2N(74)-H
5H10-c4 A(475)-C VP2N(74)-H

5C4 -10 - 4
5C4-cl A(475)-C VP2N(74)--H

C(15)- T SILENT
C(673)-*T SILENT

5C4-c9 T(477)C G VP2N(74) -*K

aMutant frequency is given as the number of mutant plaques obtained
divided by the total number of plaque forming units (pfu) plated in the
presence of MAb. No mutant plaques were obtained with 2 x 106total
pfu and MAbs 2A12 or 2E5 in the assay. bAll mutants were selected from
independent plaque-purified clones of FMDV C-S8cl, except for 2A12-
c7 and -c6 that were from a first clone and 2A12-c4 and -c3 derived
from a second one. Mutant 2A10-c2 was isolated from uncloned C-S8c1.
CNumbering is from the first nucleotide of P1 of C-S8c1 corresponding to
the beginning of the gene VP4 to the last (2193) nucleotide correspond-
ing to the end of the gene VP1. dC-S8cl numbering. Residue 193 of
VP1 equivalent to 197 in O1BFS. The entire capsid region (nucleotides
1 to 2193) of mutants 1G5-c6, 2A12-c3 and -c7, 2A10-c2, 2E5-21 and
5C4-cl was sequenced. For other mutants the relevant segments were
sequenced: 1G5-c7, 2A12-c4 and c-6: nucleotides 1891-2193; 2A10-c1:
nucleotides 202-449 and 930-1170; 2E5-19 and 23, 5H10-cl, -c4 and -
c12 and 5C4-c9: nucleotides 363-670. The entire capsid of mutant SD6-
28 (Fig. 9) was also sequenced. Sequence ambiguities were found only
in nucleotides 1183 (any virus), 928 and 1247 (SD6-28) corresponding to
amino acid positions 92, 7 and 113 of VP3 respectively (C-S8cl num-
bering).

serotypic differences in antigenicity reflect actual im-
munological preferences, or simply incompleteness of
the panels of MAbs and MAR mutants used is presently
unclear.

Fig. 5 shows that there is a marked correlation between
residue mobility (as judged from crystallographic B-fac-
tors) and conformational differences between O1BFS
and C-S8cl. A correlation coefficient, CBD, has been
calculated to investigate the link between mobility and

positional differences between two proteins (Materials
and methods) [44]. Acharya et al. [44] have compared
the structures of two species of oa-lactalbumin using
this measurement. These proteins share 92 % sequence
identity and both structures are refined against high
resolution data (both at 1.7A)- the atomic B-factors
and positions are therefore well defined. CBD is 0.82
for the a-lactalbumins. For O1BFS versus C-S8cl, CBD
is 0.73. This emphasizes the linkage between residue
mobility and conformational change (given the lower
degree of sequence identity between the viruses).
Similarly a correlation CBB between atomic B-factors
for equivalent atoms in the two structures may be cal-
culated (Materials and methods). The value of CBB for
O1BFS and C-S8cl is 0.79 (this result is independent of
the starting B-factors for the C-S8cl refinement), com-
pared to 0.84 for the c-lactalbumins [44]. This strong
correlation between the B-factors for the O1BFS and
C-S8cl structures indicates that even with X-ray data of
limited resolution we may interpret B-factors with con-
fidence. Links between protein mobility (as measured
by crystallographic B-factors) and antigenicity have pre-
viously been made [45-47]. These are complicated by
the fact that antigenic residues will be surface oriented
and will therefore be more mobile than the core pro-
tein regions. As quantified in the correlation coefficient,
we see that mobility and conformational change are
strongly linked by the fact that these will be charac-
teristic of less conformationally constrained regions of
the protein. This lack of constraint gives greater toler-
ance to different amino acid substitutions, facilitating
antibody escape.
In contrast to all other antigenic sites, site D2, located in
the B-C loop of VP2, is antigenic in both type C and
type O but does not exhibit an rms deviation in Coa
positions significantly above the level of experimental
accuracy of the coordinates. Although the main chain
protein conformation in this region is conserved be-
tween the two viruses, the sequences are very different
and the site will therefore appear different (in terms
of surface shape and chemical nature) to an antibody
attempting to recognize this region. A careful analysis
of the hydrogen-bonding pattern in this site demon-
strates that antigenic change is accomplished by muta-
tions occurring at positions with surface oriented side-
chains (Table 4) not involved in interactions with the
surrounding protein (Fig. 11). In this site there is only
one position where the side-chain forms a hydrogen
bond (His79) at which a substitution is seen. The only
replacement seen at this position is His-+Arg and mod-
elling of this change suggests the hydrogen bond can
be conserved. Likewise, residue 193 of VP1 (residue
197 O1BFS numbering) within site D1 is the most ex-
posed amino acid in this part of the carboxyl terminus,
and is also the only one of the exposed residues in
this segment not involved in interactions with the sur-
rounding protein. Thus, it appears that structural con-
straints limit those substitutions allowed in response to
immunological pressure.
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Fig. 10. Location of Sites A, C, and
D, on the capsid. For simplicity a sin-
gle biological protomeric unit is shown
using standard colouring (VP1 - blue;
VP2 - green; VP3 - red). A 20 A white
bar is shown (bottom right) to give the
scale. Site D is indicated in yellow by all
atom, space filling representations of the
residues altered in MAR mutant viruses
defining this site. Sites DI, D2 and D3
which make up this site are indicated
in white. Site C has been identified
by peptide mapping and is indicated
by cyan spheres at the Ca positions of
the sequence (195-206, C-S8cl number-
ing) corresponding to a reactive peptide.
Site A is less well ordered, and no de-
tailed model has been constructed for
this loop. The ordered termini of this
loop are shown as large blue spheres,
and the region likely to accommodate
the loop indicated by 'A'. It must be
remembered that in the entire virion a
symmetry related copy of site C will lie
close to these termini (but somewhat
above, as shown in this view).

Flexibility of the VP1 G-H loop
Unexpectedly the VP1 G-H loop in C-S8cl is again
found to be significantly less well ordered than other

surface exposed loops, despite lacking the disulphide
bond known to destabilize this structure in O1BFS
[14] and despite being four residues shorter in CS8-cl
than in O1BFS (there is a deletion after residue 140
of VP1). No detailed model has been constructed for
residues 133 to 156 (equivalent to 133-152 using a
C-S8cl numbering scheme). The missing region cor-
responds closely to the disordered portion in O1 BFS
and to the residues involved in antigenic site A of C-
S8cl (residues 138-154, equivalent to 138-150 using
a C-S8cl numbering scheme [15]). Analysis of redis-
solved crystals confirms that there has been no prote-
olysis of VP1 (data not shown).

Although the loop appears relatively disordered, low
level density for some of the main chain atoms can
be seen. The electron density is discontinuous in this
region. However, a crude model based on the reduced
O1BFS [14] structure has been constructed and ex-
plains most of the observed electron density. The ap-
proximate position of the loop, based on these ob-
servations is shown in Fig. 10. The loop conformation
adopted in C-S8cl appears somewhat different to that
seen in the reduced O1 BFS structure (not unexpect-
edly, since within the loop 50 % of the amino acids are
different and. there is a four residue deletion) but the
chain occupies a similar region of the capsid surface,
lying predominantly over VP2 in both cases. This in-

Table 4. H20 Accessibilities of residues in B-C loop of VP2 (site D2)

Residue number (VP2)a Residue type H20 accessibilityb
70 Val 39.0
71 Pro 33.6
72 Ser 92.8
73 Gin 25.5
74 Asn 89.3
75 Phe 31.3
76 Gly 5.8
77 His 79.0
78 Met 35.2
79 His 52.0
80 Lys 76.1c

aResidues 72, 74 and 79 or residues 70, 74, 77 and 79 were found re-
peatedly substituted in MAR mutants of C-S8c1 or in field antigenic vari-
ants of serotype C [35], respectively. bAccessibilities calculated by the
method of Lee and Richards [681. A probe of radius 1.4A is rolled over
the surface of the protein, the accessible area being defined as the con-
tinuous path of the centre of this probe. CAlthough the accessible area
for this residue is large the residue is not surface directed; it lies across
the capsid surface (a fully exposed lysine would have an H2 0 accessible
area of 218.5 A2). Access to this residue by a large molecule such as an
antibody may also be restricted by residue 131 (VP2) from a neighbour-
ing loop, although this residue does not lie sufficiently close to restrict
access of the H2 0 probe.
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Fig. 11. Close up of a specific site, D2,
showing the hydrogen-bonding pattern.
All non-hydrogen atoms are shown in a
ball and stick representation. The three
amino acids at which substitutions oc-
cur in MAR mutants are highlighted in
red (and labelled with the residue num-
ber the least significant digit of which
refers to the protein identity).

dicates that the loop residues spend at least part of
the time near the viral two-fold axis and away from
the carboxyl terminus of VP1 (site C). This appears to
differ from the native type 01 structure where indirect
evidence suggests that the loop residues are mainly lo-
cated over VP1, near the viral five-fold axis, close to the
carboxyl terminus of VP1 [13]. A different location of
antigenic site A in FMDVs of serotypes O and C pro-
vides a rational explanation for the finding of a single
discontinuous site in type O (involving both the VP1
G-H loop and the VP1 carboxyl terminus) [31,32,40],
and of two independent, continuous antigenic sites in
type C as evidenced by MAb binding and competition
experiments. We cannot rule out the possibility that
other antibodies could recognize discontinuous epi-
topes of type C involving both the G-H loop and the
carboxyl terminus of VP1. However, this may be an in-
frequent case, as none of the 31 MAbs tested for C-S8cl
appears to recognize such an epitope.

Conservation of disorder between FMDVs of type 0
and C suggests flexibility of this region is advantageous
to the virus. The importance of the VP1 G-H loop
in FMDV is well established. Numerous studies sug-
gest it is perhaps the most important antigenic feature
on the virion surface ([48-50], reviewed in [51]). Se-
quence analyses show that the G-H loop is one of the
most variable segments of the virus capsid (reviewed
in [22,51]). Clearly a very flexible loop places fewer
structural constraints on.the types of amino acid found
within it. Preservation of the flexibility of the VP1 G-H
loop of FMDV allows considerable sequence, and thus
antigenic, diversity [15,52,53].

Biological implications

Foot-and-mouth disease virus (FMDV) causes an
economically important disease of livestock. It is
highly varied antigenically, complicating the task
of controlling the disease by vaccination. Our
structure, which represents a second serotype of
FMDV, provides insights into the mechanism of
viral maturation, and the mechanism of antigenic
change.

The structure of type C FMDV reveals the com-
plete amino terminus of VP2. The cleavage of
VP4 from VP2 during the final stage of picor-
navirus assembly is essential for capsid function.
Here we show that, after cleavage, a conforma-
tional change separates the cleaved ends by ap-
proximately 31Ak The coiled structure of the VP2
amino terminal regions and the lack of stabilizing
interactions between them and the interior of the
virion suggests that these are the residues that
rearrange after cleavage. We speculate that this
structure for the amino terminal residues of VP2
may not form unless RNA has been assembled into
the virion, forcing these residues into the depres-
sion around the three-fold axis.

We also show here that data on the structural
variability and solvent accessibility of regions of
the virus can be used to predict their antigenicity.
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Analysis of mutations in these regions that confer
resistance to neutralization by monoclonal anti-
bodies indicates that substitutions are generally
restricted to residues with exposed side-chains
not involved in interactions with surrounding pro-
tein; thus, structural constraints appear to 'filter'
the substitutions allowed in response to selective
pressure. This may explain the common observa-
tion that the same amino acid substitution is re-
peatedly found in independently derived antibody
resistant mutants of viruses [29].

The RGD tripeptide, which is critical for receptor
binding and is highly conserved, is located within
a hypervariable, highly antigenic surface loop. The
FMDV receptor is unknown, but several lines of
evidence indicate that it may be an integrin [9, 12,
54, 55]. In all known structures of RGD-contain-
ing integrin-binding proteins [56-60] the RGD is
found at the tip of a flexible, highly exposed loop.
The similarity with the VP1 G-H loop is striking,
reinforcing the expectation that the cellular re-
ceptor(s) for FMDVs will belong to the integrin
family. Since it is essential for the virus to allow se-
quence variability around the RGD, and since sur-
face mutations are restricted, the observed flexi-
bility in this loop may be important both for re-
ceptor recognition and for antigenic variation.

Materials and methods
Virus growth, purification and crystallization
Growth and purification of virus for crystallization followed stan-
dard procedures as described [16]. Crystals of FMDVs C-S8cl
and SD6-6 grew by vapour diffusion from 9.5-11.5 % saturated
(NH4 )2SO4 in the presence of 10 mM dithiothreitol [16].

FMDV C-S8c1 data collection
Crystals were mounted at Pirbright in quartz capillary tubes
and data were collected at the SERC Synchrotron Radiation
Source, Daresbury, following agreed disease security protocols.
All data were collected on station 9.6 using radiation of wave-
length 0.89k The temperature at the crystal was approximately
17°C and data were recorded on photographic film (CEA Reflex
25) using the oscillation method. A crystal to film distance of
185.6cm enabled data to be collected to a resolution slightly
exceeding 3.5k An oscillation range of 0.5° per exposure was
used. Exposure times were between 12.5 and 15min (with the
machine operating at 2GeV, current between 206 and 150 mA).
The photographic images were digitized on a 50 x 50 Im raster
using an Optronics P-1000 microdensitometer (0-2 OD) and
processed on a VAX computer as described [20].

FMDV SD6-6 data collection
Data were collected on station 9.6 of the SRS Daresbury using the
Rigaku RAXIS II image plate. Of five crystals available for analysis
only four diffracted. However, 24 images were collected (a maxi-
mum of eight images from one crystal) with an exposure time of
only 1 min (due to the increased sensitivity of the image plate
compared with film and the increased flux of the station after

installation of a new mirror). SD6-6 crystallized isomorphously
with C-S8cl. Data were processed using the MOSFLM program
package (A Leslie unpublished program), Processing statistics
are shown in Table 1. This SD6-6 data scaled to the C-S8c1
data with Rc = 17.8 % and C = 0.89, however there was relatively
little overlap between the data collected in the two data sets and
these statistics were for only 39 995 common reflections.

Phase determination and model building
The procedures used for phase determination followed those
described [20]. Model building was performed using the pro-
gram FRODO [61] on an Evans and Sutherland ESV-10 graphics
workstation.

Model refinement and analysis
All refinement was performed using the X-PLOR program [18],
versions 2.2, 3.0 and 3.1, using only positional and B-factor re-
finement. Throughout the refinement strict five-fold non-crystal-
lographic constraints were enforced, both on the positions of
atoms and on the individual isotropic temperature factors to
ensure a satisfactory ratio of observations to parameters. Both
averaged and unaveraged I Fb, I - I Fcalc and 21 Fobs, I - I Fa
I maps were calculated. A simple bulk solvent correction was
applied (as implemented in X-PLOR), with the solvent density
set to 0.32e- and a B-factor of 110A2 to smooth the edges
of the mask. All measured data were included throughout the
refinement process, no matter how weak (negative intensities
were treated with the program TRUNCATE [62]).

A correlation coefficient may be calculated to link residue mo-
bility (as judged by crystallographic B-factors) and conforma-
tional differences between O1BFS and C-S8cl [44]. This takes
the form:

CBD ((Bj,l - < B1 >) + (Bj,2 - < B2 >)).(Dj- < D >)

[Ej((Bj,,- < B1 >) + (Bj,2 - < B2 >))2. Ej (Dj - < D >)2]'2

where Di = Xl j -X2 ,, ahd X, is the position of atom j (after
superimposition of structures 1 and 2); B values are isotropic
temperature factors and the sum i, represents the sum over
atoms C, O, N, Cac and Cp. Similarly the B-factors for the two
viruses may be correlated:

CBB -
Ej(Bj,i- < B >)(Bj,2 - < B2 >)

[j(Bj, 1 - < B1 >)
2
. j(B,,2- < B2 >)2] 

/2

Colour plates were produced using either FRODO [61] or O
[63].

Monoclonal antibodies
The neutralizing MAbs used were elicited against FMDV serotype
C. They have been described [15,30,52,64]. For competition as-
says, MAbs were purified by protein A-sepharose chromatogra-
phy and/or ammonium sulphate precipitation (45 % saturation).
They were labelled with peroxidase by the periodate method
[65]. Both unlabelled and labelled purified MAbs were tested in
a sandwich ELISA to estimate their reactivity with FMDV.

Antibody competition assays
A sandwich ELISA [33] was used. Purified IgG from a pig immu-
nized with FMDV C-S8c1 was adsorbed overnight at 4'C to ELISA
plates. After washing of the wells with phosphate-buffered saline
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(PBS), 3 % bovine serum albumin in PBS was added and incu-
bation continued for 2 h at room temperature. Then a five-fold
dilution of supernatant from cell cultures infected with FMDV
C-S8cl was added. After 2 h at room temperature the wells were
washed twice with PBS and mixtures containing a fixed, non-
saturating amount of labelled MAb and different amounts of
unlabelled MAb were added. For each labelled MAb, the amount
of the same unlabelled MAb required for 50 % competition was
previously estimated, and this amount, or three-fold, ten-fold or
thirty-fold this amount of each unlabelled MAb was used in the
competition experiment. Controls without unlabelled antibody
were also done. Incubation was for 90 min at room tempera-
ture. After 12 washes with 0.1 % Tween-20 in PBS, the enzy-
matic reaction was carried out using o-phenylenediamine as a
substrate. Absorbance was read at 492 nm. Backgrounds with-
out virus (A492 <0.1) were subtracted. An alternative method
involved a first incubation with unlabelled MAb and a second
one with labelled MAb. This was tested with MAb SD6, and
provided the same results as the standard protocol.

MAb resistant mutants
They were isolated essentially as described [29]. Independent
plaque-purified clones derived from C-S8c1 [105 to 107 plaque
forming units (pfu)] were incubated with MAb and plated in the
presence of the same MAb. A single plaque of virus was picked,
incubated again with MAb, plaque-purified twice and finally am-
plified to about 1010 pfu. For mutants selected with MAbs 2E5
and 2A12 the whole progeny obtained in the first selection were
used in the subsequent steps.

Neutralization assays
A plaque-reduction assay as described in [30] was carried out
using two serial 10-fold dilutions of supernatant of hybridoma
culture or ascitic fluid (depending on the MAb) in duplicate.

Nucleotide sequencing of viral RNA
Virions were purified through a sucrose cushion followed by
centrifugation in a sucrose gradient. The RNA was extracted
as previously described [66] and sequenced by primer ex-
tension and dideoxy chain termination as in [67] with minor
modifications. The sequences of the primer oligonucleotides
used were complementary to nucleotides 186-203, 309-325,
481-499, 685-704, 943-961, 1189-1209, 1417-1436, 1677-1692,
1830-1847, 2037-2056 of the capsid region (P1, 2193 nu-
cleotides) and 35-54 of region P2 of FMDV C-S8cl RNA.

Atomic coordinates have been deposited with the Brookhaven
Protein Data Bank.
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