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The three-dimensional structures of the Fab fragment of a neutralizing antibody raised against a foot-and-
mouth disease virus (FMDV) of serotype C1, alone and complexed to an antigenic peptide representing the
major antigenic site A (G-H loop of VP1), have been determined. As previously seen in a complex of the same
antigen with another antibody which recognizes a different epitope within antigenic site A, the receptor
recognition motif Arg-Gly-Asp and some residues from an adjacent helix participate directly in the interaction
with the complementarity-determining regions of the antibody. Remarkably, the structures of the two anti-
bodies become more similar upon binding the peptide, and both undergo considerable induced fit to accom-
modate the peptide with a similar array of interactions. Furthermore, the pattern of reactivities of five
additional antibodies with versions of the antigenic peptide bearing amino acid replacements suggests a
similar pattern of interaction of antibodies raised against widely different antigens of serotype C. The results
reinforce the occurrence of a defined antigenic structure at this mobile, exposed antigenic site and imply that
intratypic antigenic variation of FMDV of serotype C is due to subtle structural differences that affect antibody
recognition while preserving a functional structure for the receptor binding site.

Foot-and-mouth disease virus (FMDV) is an important an-
imal pathogen of the genus Aphthovirus of the Picornaviridae
family (45). It causes an economically important disease of
cattle and other cloven-hooved animals, and although the dis-
ease has been reasonably controlled in the developed world, it
is enzootic in many countries of Africa, Asia, and South Amer-
ica. In the last few years, outbreaks have been recorded in
Italy, Greece, and several Eastern European countries. Under-
standing of protective immune responses against FMDV is
important for the development of safer and more effective
vaccines (5, 36). One of the major antigenic sites of FMDV is
located at the G-H loop of capsid protein VP1 (1, 24, 25, 49).
In serotype C FMDV, antigenic site A involves a cluster of
essentially continuous epitopes located within residues 136 to
150 of VP1. Site A includes the highly conserved triplet
Arg141-Gly142-Asp143 (RGD) (Fig. 1A), which is involved in
recognition of an integrin receptor (3, 12, 29). The function of
this antigenic loop in antibody and host cell recognition has
been faithfully mimicked with synthetic peptides (12, 17, 30, 33,
35, 44). Despite extensive overlap, most site A epitopes in
FMDV of serotype C were distinguishable by immunochemical
methods, suggesting multiple ways of antibody recognition of
this antigenic site. Even though the G-H loop of VP1 appears
to be disordered in crystals of native FMDV particles, a struc-
ture could be defined in chemically reduced FMDV O1BFS

particles (26), as well as in a complex between an antigenic
peptide and the Fab fragment of a neutralizing antibody raised
against the virus (52). This structure revealed that the RGD
triplet participates directly in the interaction with antibody
SD6 (52, 53). Cryoelectron microscopy (18) and biochemical
(51) studies have shown that SD6 is an effective neutralizer
that binds monovalently to particles without causing aggrega-
tion of virions. Antibody SD6 neutralizes by blocking attach-
ment of virus particles to cells (51). A dual participation of
capsid amino acids in receptor recognition and antibody bind-
ing has recently been observed also for poliovirus (15) and
rhinovirus (47). However, in addition to monoclonal antibody
(MAb) SD6, other MAbs neutralize C-S8c1 by binding to dis-
tinct epitopes within the G-H loop of VP1, as evidenced by the
isolation and sequencing of MAb-resistant mutants and by the
distinct reactivities of the MAbs with variant synthetic peptides
(32, 33; for a review, see reference 30). However, no structural
information on the interaction of these antibodies with site A
is available. Although the reactivities with MAbs of eight syn-
thetic peptides that included replacements at the RGD triplet
suggested an important influence of these residues in the in-
teractions (41), their direct participation in antibody recogni-
tion is based only on structural studies with SD6 (52, 53).

In the present report we describe the three-dimensional
structure of the Fab fragment of site A-specific, neutralizing
MAb 4C4 alone and in a complex with antigenic peptide A15,
representing site A of C-S8c1 (Fig. 1A). MAb 4C4 is a neu-
tralizing antibody raised against FMDV C1 Brescia It/64 (7),
and it defines an epitope which is distinct from that defined by
MAb SD6 (32). In addition we have quantitated the interaction
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of other site A-specific MAbs with substituted synthetic pep-
tides representing variant forms of site A. The results suggest
common features in the modes of interaction of different an-
tibodies with antigenic site A, in particular the direct partici-
pation of Asp143, a residue which belongs to the receptor
recognition triplet RGD.

These observations have a number of implications for un-
derstanding the immunodominance of this antigenic loop of
FMDV and the mechanisms of escape of the virus from neu-
tralization in connection with the dynamics of RNA virus evo-
lution. The results also provide relevant information for vac-
cine design.

MATERIALS AND METHODS

Virus and antibodies. C-S8c1 is a biological clone derived from isolate C1 Sta
Pau Sp/70, as described previously (48). C1 Sta Pau was isolated from a diseased
swine in Santa Pau, Girona, Spain, in 1970. C1 Brescia It/64 was isolated from
cattle in Brescia, Italy, in 1964 and adapted to cell culture (7, 38).

Site A-specific MAbs SD6, 4C4, 7JDI, 7CA11, 6D11, 7FC12, and 5A2 have
been previously described (32, 34). They were raised against the following
FMDV antigens: MAb SD6 against C-S8c1 (34); MAbs 4C4, 6D11, and 5A2
against C1 Brescia It/64 (7); and MAbs 7JD1, 7CA11, and 7FC12 against C3
Indaial Br/71 (31). Neutralizing MAb 4C4 reacts with both C1 Brescia It/64 and
C-S8c1 in enzyme-linked immunosorbent assays (ELISA), with isolated VP1 in
Western blots, and with synthetic peptides representing antigenic site A of
FMDV C-S8c1 (32). The VP1 G-H loop of FMDV C1 Brescia It/64 is identical
to that of C-S8c1 except that it has T instead of A at position 140 and A instead
of T at position 149 (27, 38).

Purification and sequencing of the Fab fragment of MAb 4C4. MAb 4C4 was
purified from ascitic fluid by protein A-Sepharose (Pharmacia) affinity chroma-
tography and ammonium sulfate fractionation; its purity was .90% as judged by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The Fab fragment
was obtained by digestion with soluble papain in phosphate-buffered saline
(PBS)–0.8 mM EDTA–4.2 mM Cys for 4 h at 37°C with an immunoglobulin
G-to-enzyme ratio of 104:1 (wt/wt). The reaction was stopped by addition of
iodoacetamide (Sigma) at 6 mM (final concentration). The solution was then
dialyzed against PBS, and the protein was concentrated by ammonium sulfate
precipitation to 85% saturation. The Fab moiety was purified by protein A-
Sepharose chromatography followed by concentration in a Centricon-30 (Ami-
con) filter and Sephadex G-200 chromatography. The purification was monitored
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and by analytical
isoelectric focusing. Two different isoforms were found and were separated by
fast protein liquid chromatography chromatofocusing in a MonoP column (Phar-
macia).

The amino acid sequences of the variable regions of the 4C4 Fab fragment
were deduced from the corresponding mRNA sequences. The mRNAs encoding
the variable region of the 4C4 k light chain and the variable-constant CHI hinge
region of the 4C4 g2a heavy chain were reverse transcribed and amplified by
PCR. The oligonucleotide 59 primers were those described by Coloma et al. (9);
the 39 primers corresponded to segments within the constant regions of the
BALBc murine k light chain and g2a heavy chain, respectively. The nucleotide
sequences of the amplified DNAs were determined by using the Femtomol
sequencing system (Promega) and were used to deduce the corresponding amino
acid sequences (Fig. 1B and C).

Synthetic peptides. A total of 240 analogs of peptide A15 (Fig. 1A) were
prepared by systematic single-residue replacement at every position with 16 of
the genetically coded amino acids; for synthetic simplicity, Cys, Met, and Trp
were not used. Peptides were synthesized by solid-phase procedures and ana-
lyzed as previously described (35). Each peptide included at least 80% of the
target sequence, as determined by analytical high-pressure liquid chromatogra-
phy. The identities of the peptides were confirmed by amino acid analysis and
matrix-assisted laser desorption ionization-time of flight (MALDI-TOF). Pep-
tides were dissolved in PBS and adjusted to neutral pH when necessary, and
soluble-peptide concentrations were determined by amino acid analysis (35).

Immunochemical procedures. A competition ELISA was used to quantitate
the reactivity of MAbs with substituted synthetic peptides (41). ELISA plates
were coated with 5 pmol of peptide A15 (Fig. 1A) coupled to keyhole limpet
hemocyanin overnight at 4°C. After extensive washing of the wells with PBS,
mixtures of a nonsaturating amount of MAb and increasing amounts (1, 5, 25,
125, and 625 pmol) of the synthetic peptide (preincubated for 2 h at room
temperature) were added to each well. Incubation of the plates was for 1 h at
room temperature. After extensive washing with 0.05% Tween 20–0.1% bovine
serum albumin in PBS, the enzymatic reaction was carried out with o-phenyl-
enediamine as a substrate. Absorbance was read at 492 nm; background values
obtained without MAb and synthetic peptide (A492 , 0.05) were subtracted. A
relative IC50 (concentration of peptide which causes 50% of inhibition of binding
of a nonsaturating amount of MAb to antigen) was determined for each variant
peptide by dividing its IC50 by the IC50 of the homologous (A15) peptide.

Crystallization and data collection. Crystals of the 4C4 Fab fragment, both
isolated and complexed with the 15-amino-acid peptide containing the sequence
of antigenic site A of FMDV (residues 136 to 150 of VP1 [Fig. 1A]), were
obtained by the hanging-drop vapor diffusion technique at room temperature.
For the isolated Fab, crystals of about 0.7 by 0.3 by 0.05 mm3 grew at pH 7.5 with
0.1 M Tris-HCl as the buffer and 0.4 M MgCl2 and 18% polyethylene glycol 4000
as precipitants. The Fab concentration was 7 mg/ml. The crystals were ortho-
rhombic, with space group P21212 and unit cell parameters a 5 115.9 Å, b 5
183.6 Å, and c 5 42.7 Å and containing two Fab molecules per asymmetric unit,
which would correspond to a specific volume of 2.25 Å3/Da and to an approxi-
mate volume solvent content of 45%. The data were collected at 100 K by means
of cryocrystallographic techniques with 30% glycerol as a cryoprotectant. A total
of 125 images were recorded on a Mar Research Imaging Plate on a Rigaku
rotating anode. The intensities were evaluated and internally scaled by using
programs Denzo and Scalepack (42). The data were 96% complete at 3.0-Å
resolution, giving an internal agreement factor Rsymm of 10% and an I/s in the
last resolution shell of 8.5. Crystals of the complex (0.6 by 0.15 by 0.05 mm3) were
obtained at pH 8.5 with Tris-HCl as the buffer and 0.4 M LiCl and 18% poly-
ethylene glycol 4000 as precipitants. The Fab concentration was 7 mg/ml and the
peptide concentration was 1.5 mg/ml. The crystals were orthorhombic, with space
group P212121 and unit cell parameters a 5 48.6 Å, b 5 68.7 Å, and c 5 155.9
Å and with one complex molecule per asymmetric unit, which corresponds to 2.6
Å3/Da and a volume solvent content of 52%. The X-ray data were collected at
room temperature with a Mar Research Imaging Plate in a Rigaku rotating
anode generator and were reduced with the Denzo package. Data were 95%
complete at 3.2-Å resolution (Rsymm 5 8.9%), and the I/s in the last resolution
shell was 5.8.

Structure solution and refinement. Both structures were determined by mo-
lecular replacement with the AMoRe Package (39). The structure of the isolated
Fab fragment was solved and refined first, and then the final model obtained was
used to solve the Fab-peptide complex structure. The starting model was taken
from the structure of the SD6 Fab fragment (53). The correctly oriented and

FIG. 1. (A) Amino acid sequence of the peptide antigen A15 (VP1 residues
136 to 150 of C-S8c1). The Arg-Gly-Asp motif is underlined. (B and C) Align-
ment of the amino acid sequences of the light (B) and heavy (C) chains of the
variable regions of antibodies 4C4 and SD6. Residues that differ between the two
antibodies are in boldface. The positions of the CDRs are indicated by horizontal
lines above the sequences.
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positioned models were subjected to rigid-body refinement with the X-PLOR
program (6). After some cycles of rigid-body refinement treating the variable and
constant modules as independent bodies, the resulting R value was 35% in the
resolution range 15 to 3.5 Å. 2Fo-Fc and Fo-Fc electron density maps were
computed after omitting the noncommon residues or side chains between SD6
and 4C4 and were examined by using the graphic program FRODO (21). Most
of the truncated residues were visible in this difference map. After manual fitting
of residues to the density, the positional refinement was started with the program
X-PLOR. The model was improved by iterative cycles of rebuilding and refine-
ment. The final model contained 434 protein residues and no solvent molecules
and was refined to Rcryst and Rfree values of 0.198 and 0.266, respectively, for
11,599 reflections with F . 2sF for data between 8 and 3 Å. The root mean
square deviations from ideality of bonds and angles were 0.011 Å and 2.5°. The
final model was then used to solve the structure of the 4C4-peptide complex.
After rigid-body refinement, the Rcryst and Rfree values were 0.372 and 0.374,
respectively. Examination of the 2Fo-Fc and Fo-Fc electron density maps calcu-
lated at this stage clearly indicated the presence of the oligopeptide occupying
the antigen binding site. Some conformational rearrangements in the comple-
mentarity-determining regions (CDRs) of the antibody, in particular in CDRH3,
were also visible. The final model for the 4C4-peptide complex structure was
obtained by iterative cycles of model building, using program O (22) and X-
PLOR refinement, including a bulk solvent correction. The refined model con-
tained 434 Fab residues, 11 of the 15 peptide residues, and no solvent molecules.
This model was refined to Rcryst and Rfree values of 0.20 and 0.278, respectively,
for 7,900 reflections with F . 2sF in the resolution shell 8 to 3.2 Å. The root
mean square deviation for bond lengths is 0.008 Å, and that for bond angles 2.1°.

Coordinates of both unliganded and complexed 4C4 structures will be depos-
ited with the Brookhaven Protein Data Bank and are available directly from the
authors on request until they have been processed and released.

RESULTS
Overall structure of a complex between antigenic peptide

A15 and the Fab fragment of MAb 4C4. Crystals of the Fab
fragment of MAb 4C4 unbound and in a complex with syn-
thetic peptide A15 were obtained and analyzed by X-ray crys-
tallography as detailed in Materials and Methods. The quality
of the final electron density maps allowed the positioning with
confidence of most residues and side chains for the unbound
and complexed 4C4 Fab fragment. In both structures the Fab
fragment comprised a total of 434 residues (218 residues from
the light chain and 216 from the heavy chain). The electron
density corresponding to the peptide was clear for 11 of the 15
residues involved, including the cell recognition RGD motif
(Fig. 2A). The terminal Tyr136 and Thr148 to Thr150 could
not be positioned in the electron density map. The 11 peptide
residues complexed to 4C4 Fab displayed a compact folded
conformation (Fig. 2) stabilized by nine intrapeptide hydrogen
bonds and a buried hydrophobic surface area of 143.4 Å2 (the
solvent radius used was 1.7 Å). The RGD triplet appeared in
an open-turn conformation followed by a short helical segment
involving residues Asp143 to Leu147. The N-terminal residues
(Thr137 to Ala140) were in an extended conformation (Fig. 2).

The antigenic peptide interacts with each of the CDRs of the

FIG. 2. Stereoviews of the antigenic peptide A15 complexed with antibody. (A) Fo-Fc omit map of the peptide in the complex with 4C4 Fab at 3.2-Å resolution.
The final peptide model (thick lines) is shown for clarity. The N-terminal residue Tyr136 and the C-terminal residues Thr148 to Thr150 have not been included in the
model. There is some extra density in the N-terminal region that would correspond to the Tyr136 main chain. (B) Superimposition of the A15 peptide conformations
found in the 4C4-A15 (filled lines) and SD6-A15 (empty lines) complexes. Only residues Thr137 to Leu147, which have been positioned in the two peptide models,
are shown.
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Fab through a total of 11 hydrogen bonds (Table 1 and Fig. 3).
Asp143 participates with the largest contact area and with
100% of its molecular surface in the interaction with the an-
tibody (Fig. 4). It is important to emphasize that this Asp143
belongs to the highly conserved RGD receptor recognition site
(3, 12, 29). In addition, Thr137, Ser138, and His146 participate
in a number of polar interactions (Table 1 and Fig. 3), while
residue Leu144 dominates the hydrophobic interactions (Fig.
4).

Comparison between the structures of two site A-specific
antibodies and their complexes with antigenic peptide A15.
The structure of the peptide A15 complexed with the Fab
fragment of 4C4 allowed a detailed comparison with the pre-
viously determined structure of the same antigenic peptide
complexed with the Fab fragment of SD6 (52). MAb SD6
defines an immunochemically distinct site A epitope with dif-
ferent degrees of conservation among FMDV isolates (32).
The variable regions of the light and heavy chains of SD6 and
4C4 show an average of 88% amino acid sequence identity,
with variations clustered mainly at CDR1 and CDR3 of the
heavy chain (Fig. 1B and C). Accordingly, the main structural
differences between the unbound antibodies are located in the
CDRs of the heavy chains and, in particular, in CDRH3 (Fig.
5). These structural differences, together with the divergence in
amino acid sequence, lead to two very distinct paratopes dif-
fering both in shape and in charge distribution (Fig. 6A and C).

The A15 antigen has very similar conformations in the SD6
and 4C4 complexes (Fig. 2B). The root mean square deviation
between the main chain peptide atoms of residues Thr137 to
Leu147 in the two complexes is only 0.5 Å, a value close to the
experimental error for crystal structures determined at about

3.0-Å resolution. The high structural similarity extends to the
disposition of side chains, with the sole exception of Arg141
(Fig. 2B). This residue displays weak electron density in the
two peptide structures, probably due to high mobility or mul-
tiple conformations.

In the two peptide complexes the antibodies show large
modifications when compared with the unbound structures
(Fig. 5). The rearrangements induced by the complex forma-
tion create, in both SD6 and 4C4, a pocket that tightly fits the
A15 peptide structure. The concave paratopes acquire similar
shapes and a similar distributions of charged and polar groups
in the two complexes, resulting in almost identical interactions
with the peptide antigen (Fig. 6). The only significant differ-
ence is observed for Tyr136, a residue which was in direct
contact with antibody SD6 and has not been located in the
structure of the 4C4 complex (Table 1). The important antigen
residue Asp143 reproduces very similar specific interactions
with SD6 and 4C4. In the complex with 4C4, ArgH99 of the
Fab fragment neutralizes the negative charge of the aspartate
residue. ArgH99 is in turn held in place by interactions with the
Fab residue AspH104, following a pattern similar to that ob-
served in the SD6 complex (52). It is remarkable that the two
Fab fragments are closer in structure in the complexes than in
the unbound state. Furthermore, the residual differences in
conformation that can still be identified serve to compensate
for the differences in sequence, helping to produce the same
types of peptide-Fab interactions in the two complexes.

Pattern of reactivity of different site A-specific antibodies
with substituted antigenic peptides. Since antibodies 4C4 and
SD6 interact with peptide A15 in very similar fashions (Fig. 3
and 4), it was interesting to extend to other site A-specific
antibodies an analysis of the peptide residues required for
antibody recognition. To this aim, the effect of single amino
acid replacements in antigenic peptide A15 on the interaction
with MAbs SD6, 4C4, 5A2, 6D11, 7JD1, 7FC12, and 7CA11
was analyzed by competitive ELISA (Fig. 7). The results indi-
cate several common features among all antibodies in their
requirements for positive binding to peptide A15. In particular,
the intolerance of Gly142, Asp143, and Leu144 to all or most
replacements tested suggests that these residues must play
some central role in binding to the different antibodies ana-
lyzed. Other residues exert effects which are specific for one or
a group of antibodies. As an example, the contribution of
Ala138 to antibody binding was considerable for the interac-
tion with MAb SD6 and undetectable for that with MAb
7FC12. Also, His146, a residue found repeatedly replaced in
MAb-resistant mutants of C-S8c1 (28, 32, 33), participates in
the interaction with all antibodies tested, but some replace-
ments at this site have strong effects with regard to binding to
some antibodies and negligible effects on binding to other
antibodies (Fig. 7). The results suggest that epitope specificity
in site A of FMDV of serotype C is achieved by subtle struc-
tural alterations involving residues located around the Arg-
Gly-Asp triplet.

DISCUSSION

Implications of the striking similarities of two antigen-an-
tibody complexes. Neutralizing MAbs SD6 and 4C4 were
raised against two related but different C1 FMDVs in two
different laboratories (7, 34). Despite the two antibodies de-
fining two distinguishable epitopes within antigenic site A (32),
a synthetic peptide representing this site acquired a very sim-
ilar compact structure in the two complexes (Fig. 2). The high
similarity of the two loop structures clearly suggests that they
represent a predominant, biologically relevant conformation.

TABLE 1. Hydrogen bonds between the antigenic peptide A15 and
the Fab fragment in complexes between A15 and 4C4 or SD6a

MAb

Bond interaction site in:

Location Distance (Å)FMDV C-
S8c1 peptide

MAb Fab
fragment

4C4 Thr137 N Arg54 Nh2 L2 2.6
Thr137 O Asp104 N H3 3.2
Thr137 Og1 Asp34 Nd2 L1 2.9
Ser139 Og Asn96 Od1 L3 3.4
Asp143 O Tyr59 Oh H2 3.4
Asp143 Od1 Arg9 Nh2 H3 2.7
Asp143 Od2 Arg99 Nh1 H3 2.8
Asp143 Od2 Thr50 Og1 H2 3.0
His146 Nd1 Tyr59 Oh H2 2.6
His146 Nd2 Thr33 Og H1 3.2
His146 Nd2 Ser52 Og H2 2.8

SD6 Tyr136 Oh Glu100 Oε2 H3 2.6
Tyr136 Oh Gly103 N H3 3.2
Thr137 O Asp104 N H3 2.7
Ser139 Og Ser31 Og L1 3.2
Ser139 Og Asn96 Od1 L3 3.3
Arg141 O Glu97 N L3 2.6
Arg141 Nε Glu97 Oε1 L3 3.1
Asp143 O Tyr59 Oh H2 3.4
Asp143 Od1 Arg99 Nh2 H3 3.3
Asp143 Od2 Arg99 Nh1 H3 3.2
Asp143 Od2 Thr50 Og1 H2 2.6
His146 Nd1 Tyr59 Oh H2 2.7
His146 Nd2 Ser52 Og H2 3.2
His146 Nd2 Ser53 Og H2 2.8

a Procedures for structure determination are detailed in Materials and Meth-
ods. The amino acid sequences of antigenic peptide A15 and of the variable
regions of MAbs 4C4 and SD6 are given in Fig. 1.
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Upon binding to antigen, both antibodies underwent consid-
erable structural rearrangements to attain a similar pattern of
interactions with the peptide. Remarkably, Asp143, which is
part of the integrin receptor recognition triplet RGD (3, 12,
29), plays a critical role in recognition of the two antibodies.
However, residues Leu144 and His146 also play an important
role in the interaction (Table 1 and Fig. 4). In fact, a weak
reactivity was observed between MAb 4C4 and a synthetic

peptide spanning residues 144 to 156 of the G-H loop of VP1
(32). Recently, a number of MAb SD6-resistant mutants of
multiply passaged C-S8c1 have been isolated and characterized
(28). Interestingly, some of these mutants included substitu-
tions at the RGD triplet and replicated normally in BHK-21
cells (28). A mutant including the substitution Asp1433Gly as
the only replacement in antigenic site A failed to react, or
reacted very weakly, with site A-specific MAbs (46), in agree-

FIG. 3. Stereoview of the 4C4 Fab-peptide interactions. The peptide residues are shown as thick lines, and the Fab residues in direct contact with the peptide is
shown as thinner lines. Broken lines indicate hydrogen bonds between Fab and peptide residues.

FIG. 4. Contact area expressed in square angstroms (A) and as percentage of the total residue surface (B) for the FMDV C-S8c1 peptide in the 4C4-A15 (■)
and SD6-A15 (c) complexes.
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ment with the results of reactivity of these MAbs with substi-
tuted synthetic peptides (Fig. 7). These observations fully sup-
port the critical role of Asp143 in the interaction of FMDV of
serotype C with MAbs directed to antigenic site A.

The immunodominance of the exposed antigenic site A (1,
25) may be reflected in the evoking of antibodies which share
structural features and mode of binding to antigen. The struc-
tural similarity among antibodies could be favored by restric-
tions in the B-cell receptor repertoire in the process of devel-
opment of B- and T-cell tolerance to self antigens (8, 13). In
the present case, the self antigen would be the RGD triplet
acting as a widespread cell recognition motif in a conformation
similar to that found in FMDV (19, 20, 23, 26, 52). Elimination
of self-reactive cells could limit the repertoire of antiviral an-
tibodies directed to structures which include an RGD motif.
The possibility of restricted modes of antigen-antibody recog-

nition was reinforced by the study of the effects of single amino
acid replacements on the interaction of antigenic peptide A15
with additional antibodies. Despite the different antibodies
having been raised against different serotype C viruses, com-
mon features in the interaction with antigen are evident (Fig.
7). The immunodominance of antigenic site A extended also to
the generation of neutralizing antibodies by divergent site A
variants of FMDV C-S8c1 (4). In contrast to the critical role of
the RGD motif of FMDV of serotype C in the interaction with
antibodies, mutants of FMDV of serotype A12 lacking the
RGD motif reacted with MAbs directed to site A (29, 37). This
difference illustrates the complexity of the mode of interaction
of aphthoviruses with antibodies and suggests that multiple
molecular mechanisms may underlie antibody escape even
within the same picornavirus genus.

The structural disorder of the exposed loop that constitutes

FIG. 6. Views of the paratope surface in the unbound (A) and bound (B) 4C4 structures and comparison with the unbound (C) and bound (D) SD6 structures. The
electrostatic potentials on these surface were calculated and drawn with GRASP (40). Positively and negatively charged regions are represented with blue and red,
respectively. The RGD triplet inside the binding pocket of the complexes is also shown. In both complexes the redistribution of charges to form a pocket to
accommodate Asp143 upon peptide binding is apparent.

FIG. 5. Stereodiagrams of the CDRH3 regions for Fab 4C4 (main chain tracings depicted as dark ribbons) and Fab SD6 (clear ribbons). (A and B) The two CDRH3
regions are shown superimposed as found in the unbound Fab fragments (A) and in the Fab fragments complexed with peptide A15 (B). The amino acid side chains
are represented as filled and empty balls and sticks for 4C4 and SD6, respectively. The N-terminal (ArgH98) and C-terminal (PheH107) amino acids of the CDRH3
loop are labeled. (C and D) Conformational rearrangements of the CDRH3 loop of 4C4 (C) and SD6 (D) upon binding to antigen. In each of the two diagrams, the
unbound CDRH3 loops are depicted as clear ribbons and the bound loops are depicted as dark ribbons. The side chains of ArgH99 and AspH104 which are responsible
for the formation of the pocket that fits the antigenic residue Asp143 in both complexes are drawn as balls and sticks (see text and Fig. 6). The backbone tracing of
the peptide antigen is also shown (thin ribbon), and the Arg141-Gly142-Asp143 recognition motif is highlighted.
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FIG. 7. Reactivities of substituted antigenic peptide A15 with site A-specific
MAbs. Competitive ELISA were performed as described in Materials and Meth-
ods. In each panel the MAb used is indicated at the top. The residues of peptide
A15 are listed in the left column, and the amino acids used for single-site
substitution are listed in the top row. Relative IC50s are indicated as black (IC50
. 100), heavily striped (IC50 5 30 to 100), lightly striped (IC50 5 5 to 30), or
empty (IC50 , 5) boxes. The last two columns indicate in symbolic and numerical
forms the average IC50s for all tested substitutions of a given residue. Primary
data for IC50 determinations will be provided upon request. The origin of each
MAb and the procedure used for synthesis of replaced peptides are given in
Materials and Methods.
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site A (1, 26) can be interpreted by two nonexclusive models:
(i) the G-H loop is able to move as a rigid body relative to the
capsid, as some evidence suggests (18, 43), and (ii) the loop is
intrinsically flexible and, like a peptide in solution, samples
different conformations, each recognized by a different anti-
body (16, 32). Indirect evidence of this conformational sam-
pling was provided by the observation that fusion of the G-H
loop of FMDV C-S8c1 to different regions of b-galactosidase
led to different effects on the binding affinity of different anti-
FMDV antibodies, including some tested in the present work
(2). However, the facts that the antigen structures in the com-
plexes with two different MAbs are very similar to each other
and closely related to the one found in the reduced forms of
FMDVs O1BFS and O1K (24, 26) suggest that the conforma-
tional sampling may be limited to a narrow panel of structures.
Furthermore, recent examination of a cyclic peptide represent-
ing site A by proton two-dimensional nuclear magnetic reso-
nance spectroscopy has also provided evidence of a noncanoni-
cal turn at the RGD and of a nascent helix in the C-terminal
part of this antigen free in solution (14). Therefore, several
lines of evidence suggest that site A may undergo mostly hinge
movements that preserve the internal loop structure.

Subtle structural variations underlie intratypic antigenic di-
versity of FMDV. The different epitopes previously defined on
antigenic site A of FMDV of serotype C (32) showed distinct
degrees of conservation during the natural evolution of the virus
in the field. Some epitopes have been conserved from the earliest
FMDV of type C analyzed, GGC/1926, to isolates from the last
decade, while other epitopes are strictly isolate specific (27, 31).
The conserved RGD triplet and some neighboring residues in-
volved in cell receptor recognition were critical for binding to
each antibody tested. In contrast, substitutions within the hyper-
variable regions (positions 138 to 140 and 148 to 150) flanking the
conserved residues (Fig. 1A) often affected recognition by only
one or a few antibodies (27, 30, 32, 41). As a consequence, two
different mechanisms of antigenic diversification of site A in the
field were distinguished: one involved accumulation of noncritical
substitutions at the hypervariable segments, and the other re-
sulted from fixation of single, critical replacements in the central
segment (27). The results reported here point to the interesting
conclusion that intratypic antigenic variation of FMDV type C
must generally involve subtle structural modifications which affect
antigen-antibody recognition. In some cases, the two available
antigen-antibody complexes offer an interpretation of the differ-
ential effects of amino acid substitutions on the binding of antigen
to antibodies 4C4 and SD6. For example, both Ala138 and Ser139
show a higher percentage of residue contact area with SD6 than
with 4C4 (Fig. 4B). The reactivities of the two MAbs with substi-
tuted A15 peptides show that replacements of Ala138 and Ser139
have, on average, a more pronounced effect on the interaction
with SD6 than on that with 4C4 (Fig. 7). However, a quantitative
assessment of these and other effects of amino acid substitutions
on binding of antigen to antibodies will require appropriate mod-
eling studies based on the structural information now available.
Such studies are now in progress, and they may also contribute to
defining those residues within the contact or structural epitopes
which constitute the functional epitopes (30, 54) and thus partic-
ipate in antigenic variation.

In a recent series of vaccination experiments, it was observed
that FMDV escape variants were selected with high frequency
in cattle immunized with synthetic peptides which included site
A sequences (50). The structural and functional studies re-
ported here suggest that it may be possible to reduce the
frequency of escape mutants by immunization with cocktails of
variant peptides. Such mixtures should be designed with care-

ful consideration of the requirements of the virus to maintain
a functional VP1 G-H loop.

The population dynamics of RNA viruses imply the frequent
generation of mutations despite many of them being lethal (10,
11). Perhaps the need to preserve a functional open-turn con-
formation in the RGD motif has dictated that antibodies di-
rected to site A will often belong to a class which will recognize
the essential, most protruding residues. This, in turn, required
a mechanism for evasion of neutralizing antibodies which in-
volved only subtle structural modifications in order to preserve
the conformation of the receptor recognition site. FMDV ex-
ists because it found the molecular mechanisms to fulfill such
a compromise.
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