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We recently have shown that binding of foot-and-mouth disease virus (FMDV) to cells in culture requires an
arginine-glycine-aspartic acid (RGD) sequence in the G-H loop of the capsid protein VP1 (P. W. Mason, E.
Rieder, and B. Baxt, Proc. Natl. Acad. Sci. USA 91:1932-1936, 1994). In this report, we show that FMDV type
A12 viruses found in infected bovine tongue tissue (BTT) differ from their tissue culture-grown derivatives at
amino acid residues near the RGD. Viruses genetically engineered to contain VP1 sequences found in animal
tissue (BTT viruses) were antigenically different from their tissue culture derivatives and bound to BHK cells
more poorly than did the tissue culture-adapted viruses. Passage of the genetically engineered BTT viruses in
BHK cells resulted in the rapid selection of variants with cell-binding properties, antigenic characteristics, and
sequences typical of tissue culture-adapted viruses. These data indicate that residues near the RGD are critical
for cell binding and that interpretations of antigenic variation of FMDV can be affected by virus cultivation in
vitro.

Studies of the three-dimensional structure of foot-and-
mouth disease virus (FMDV) have revealed that the promi-
nent surface feature formed by the loop between the G and H
1 strands (G-H loop) of VP1 is partially disordered under
some conditions (1, 20, 25). The G-H loop also has exceptional
genetic variability, as shown by the existence of a large number
of antigenic variants containing mutations in the loop sequence
(3, 8, 13, 24, 26, 28, 30). Despite its physical and genetic
flexibility, the loop contains a conserved three-amino-acid
sequence, arginine-glycine-aspartic acid (RGD). On the basis
of this finding, and of the fact that the RGD sequence is
important for binding several extracellular matrix proteins to a
class of cell surface proteins known as integrins (15), Pfaff et al.
proposed that the receptor for FMDV could be an integrin
(26). This possibility was supported by studies showing that
synthetic peptides containing the RGD sequence specifically
inhibit FMDV binding to cells (2, 12) and confirmed by a study
demonstrating that genetically engineered viruses with muta-
tions in the RGD sequence are unable to bind to or infect cells
in culture (21). This latter study also showed that several
alterations in the sequence surrounding the RGD did not have
a major influence on virus binding to cells in culture (21).

Differences in growth, antigenic, and immunogenic proper-
ties have been noted between field strains and tissue culture-
adapted FMDVs (5); however, the biochemical basis for these
differences is unknown. Diez et al. (6) have shown that serial
passage of FMDV C-S8 in BHK cells resulted in selection of
antigenic variants containing changes in the G-H loop of VP1,
and monolayer culture-propagated FMDV type A22 and its
suspension culture-adapted derivative differ in VP2 sequences
and binding to BHK cells (4). The FMDV genome is highly
mutable, and virus populations which contain mixtures of
genomes are referred to as quasispecies (22). The quasispecies
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nature of FMDV could permit the rapid selection of variants
upon introduction into tissue culture, consistent with findings
of Meyer et al. (23) showing that genomes of viruses derived
from infected bovine tissues differ from the genomes detected
following growth in tissue culture. Proliferation of virus vari-
ants with altered biological characteristics has been described
for many different RNA viruses, notably human immunodefi-
ciency virus and FMDV (7), but many of these observations
have been based on characteristics of tissue culture-propa-
gated viruses.
To investigate the relationship between tissue culture-de-

rived serotype A12 variants and viruses growing in infected
animals, we sequenced the G-H loop of viruses present in
bovine tongue tissue (BIT) from cattle infected with the A12
Vallee strain 119 (from a 1932 outbreak in England). One
sample, BTT-1, was derived from an infected-tongue homoge-
nate prepared in 1958. A second sample, BTT-2, was obtained
from an animal infected by placing it in contact with a
virus-inoculated steer. Culture-adapted derivatives of BIT
viruses, BTT-2/BHKpl and BYT-1/BHKp2, were isolated from
BHK cells following either one or two passages, respectively.
cDNA fragments spanning the VP1 coding region were ampli-
fied from all four samples by PCR (31), and sequences of the
G-H loop were determined from the PCR products (14),
revealing differences from the prototype A12 virus (29) and
other variants of A12 (24, 30) at positions 147, 149, and 152 of
VP1 (Table 1).

Selection of tissue culture variants with mutations in their
G-H loops indicated that a subpopulation in the original
tongue tissue was more fit in culture, preventing study of the
viruses present in the animals. To compare BIT viruses and
their culture derivatives, full-length cDNA molecules contain-
ing the four different G-H loop sequences shown in Table 1
were generated and used to produce infectious RNAs by using
T7 RNA polymerase (27). The four synthetic RNA genomes
were transfected into BHK cells by electroporation to produce
first-cycle viruses with sequences identical to those of their
parent plasmids (21). Sucrose density gradient analyses showed
that similar amounts of [35S]methionine-labeled virus particles
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TABLE 1. Properties of viruses recovered from BHK cells transfected with infectious-clone RNAs carrying VP1 sequences from
animal-derived or cell culture-grown viruses

N
cDNA Yield % Reactivity with MAb: % Binding to

RNAsouSequence clone' (PFU/ml)d 2PD1I 6EE2 2FF11 7SF3 BHK cellsf

A12 119ab RGDFGSLAP pRM-FSP 4.0 x 106 53 48 62 45 47 ± 8
BTT-1 ---S-S--P pRM-SSP 1.0 x 106g 54 45 41 51 12 + 4
BTT-1/BHKp2 ---S-S--L pRM-SSL 2.5 x 106 64 59 77 24h 46 + 3
BTT-2 ---S-P--P pRM-SPP 5.0 x 1029 62 51 53 53 4 ± 0.2
BTT-2/BHKpl ---S-P--L pRM-SPL 1.5 x 106 56 46 56 16h 44 + 2

a Source of VP1 sequence. A12 119ab is the prototype sequence, BTT-1 and BTI-2 are sequences obtained directly from BTT, and B1T-1/BHKp2 and BTT-2/BHKpl
are sequences from tissue culture-grown viruses.

6 Sequence of amino acids 144 to 152 of VP1. Dashes indicate identity to the A12 119ab sequence in pRM-FSP (pRMC35 [25]); sequences were determined by direct
sequencing (14) of PCR products (31) derived from viral cDNA (see text).

c Clones are designated by amino acid residues at positions 147, 149, and 152 of VP1.
d PFU recovered from BHK cells transfected with the indicated RNAs by electroporation (2).
e Percent labeled virus bound to the indicated MAb at an immunoglobulin G concentration of 0.8 ,ug/ml.
f Percent labeled virus, recovered from electroporated cells, that bound to cells in 2 h at room temperature (2). Results are averages + standard deviations for three

experiments.
g Plaques were turbid.
6 Similar to reactivity observed with MAb escape mutants altered at position 152 (3).

were produced by BHK cells transfected with the various
transcripts (data not shown), indicating that their G-H loop
sequences had no effect on RNA replication or virion assem-

bly. However, these virions showed differences in their ability
to bind to BHK cells (Table 1). Specifically, viruses recovered
from cells transfected with BTT/BHK RNAs attached to cells
as well as did the prototype virus, whereas virus particles
recovered from BTT RNAs bound to BHK cells very poorly,
and virus with the BTT-2 sequence was very inefficient at
producing plaques on BHK cells (Table 1). These differences
in binding were also observed with primary bovine kidney cells:
30% binding was achieved for both viruses with BTT/BHK
sequences, and <10% binding was achieved for the viruses
with BTT sequences.

Monoclonal antibody (MAb) reactivities revealed that the
tissue culture-adapted viruses were antigenically different from
viruses present in bovine tongue. These studies employed four
well-characterized virus-neutralizing MAbs (3), including one

(7SF3) which was generated by using a synthetic peptide
corresponding to the G-H loop of VP1 of the A12 prototype
virus (3). Both viruses containing BTT sequences reacted well
with MAb 7SF3 (Table 1), whereas the two viruses with tissue
culture-adapted sequences reacted poorly with this MAb (Ta-
ble 1), whose epitope has been mapped to position 152 of VP1
in neutralization escape studies (3). The poor reactivity with

this G-H loop-specific MAb did not reflect an overall change in
the antigenic structure of the virion, since the three other
MAbs, which recognize sites distant from the G-H loop (3),
reacted well with all four viruses (Table 1).
The molecularly defined BTT viruses harvested from elec-

troporated BHK cells did not readily cause cytopathic effect in
this cell type, consistent with their turbid-plaque phenotype
(Table 1). However, after four blind passages in BHK cells,
virus populations that were as cytopathic as B1T/BHK viruses
were obtained. Sequence analyses of fourth-passage BYT
populations revealed a mixture of genomes, so several plaques
were picked from each sample and further characterized.
Several different variants were detected in these analyses
(Table 2), and representatives of each of the genetic types were
checked for binding to BHK cells; all of these viruses bound
well to BHK cells (Table 2).

Selection of variants with enhanced binding to BHK cells
indicates that amino acids 147 and 152 of VP1 influence cell
binding. Among the viruses we detected, sequence variation in
the G-H loop occurred only at these two positions and all
nucleotide substitutions resulted in amino acid changes. Inter-
estingly, all variant genomes differed from their parents by a

single nucleotide, and in all cases the substitutions were

transitions, consistent with the prevalence of transitions versus

transversions among picornavirus mutants (9, 13, 17). These

TABLE 2. Properties of viruses obtained from fourth passage of electroporation-derived viruses

Sequence PRN5 d for:
cDNA Original detected after Frequency'R5,dfr Binding
clone sequence' deteted b 2P112F1 7F

to BHKpassage6 2PD11 2FF11 7SF3 cells'

pRM-SSP ---S-S--P ---S-S--L 1/5 1.7 3.0 >3.3f 63 ± 4
---L-S--P 4/5 1.7 3.3 2.1 69 ± 11

pRM-SSL ---S-S--L ---S-S--L 2/2 1.7 3.0 >3.3 60 ± 8
pRM-SPP ---S-P--P ---F-P--P 3/6 1.4 2.7 2.4 35 +4

---S-P--S 3/6 1.4 3.0 >3.X 59 ± 21
pRM-SPL ---S-P--L ---S-P--L 2/2 1.4 3.3 >3.3 42 + 16

"Sequence of amino acids 144 to 152 of VPI. Dashes indicate identity to the A12 119ab sequence in pRM-FSP (pRMC35 [25]), RGDFGSLAP.
6 Sequence found in individual plaques examined, determined as described in footnote b to Table 1.
'Frequency with which sequence was found.
d Log of MAb concentration (nanograms per milliliter) that reduced plaque number by 50%.
" Percent labeled virus bound in 2 h at room temperature (2). Results are averages + standard deviations for two experiments.
fNo neutralization at the highest MAb concentration tested (2 pg/mI).
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viruses comprise at least two antigenically distinguishable
groups, based on their ability to be neutralized by three MAbs.
Two of these MAbs, 2PD11 and 2FF11, which react with
residues outside the G-H loop (3), displayed similar neutral-
ization titers with all six viruses tested (Table 2). However, only
those viruses which had a P at position 152 were neutralized by
7SF3 (Table 2), which recognizes an epitope within the G-H
loop (3) (see above). Several of the amino acid substitutions
detected in these six viruses were observed in earlier descrip-
tions of antigenic variants of this virus (24, 30), indicating that
tissue culture propagation has influenced previous interpreta-
tions of antigenic structure of the A12 virus. Rapid selection of
variant populations from homogeneous molecularly defined
genomes demonstrates that enhanced binding to cells is a
powerful selective pressure. The fact that a single variant was
detected following inoculation of each of the infected animal
tissues in BHK cells (Table 1) was probably due to a biased
repertoire of sequences in the infected tissue, favoring growth
of a single isolate upon introduction into tissue culture.
Although the mechanism by which substitutions at residues

147 and 152 alter binding of FMDV to cells is unclear, changes
at these positions could alter the ability of RGD to be
recognized by its receptor, or residues 147 and 152 could be
included in the binding pocket of the cellular receptor. The
relationship of residues 147 and 152 to improved cell binding
must be complex, since alteration of either S at residue 147 or
P at residue 152 can produce a virus with a high-binding
phenotype (Tables 1 and 2). Furthermore, the additional P
found at position 149 of the BTT-2 virus appears to have only
a modest effect on binding, since it was retained in all three
tissue culture-adapted derivatives of BT1-2. The three-dimen-
sional structure of type A12 virus is not known, but the
structure of serotype O1 has been solved under conditions
which stabilize the otherwise-flexible G-H loop of VP1. In this
structure, amino acids 147 to 152 are present in a 310 helix
prominently displayed on the surface of the virion (20). On the
basis of this structure, several hypotheses can be made about
the effect of individual amino acid substitutions if a similar
helix were formed by the G-H loop of the A12 virus: (i) the
presence of a hydrophilic residue at position 147 (S) would
disrupt potential hydrophobic interactions of the helix with the
surface of VP2, (ii) the presence of a P at position 149 would
shorten or disrupt the helix, and (iii) the presence of a P at
position 152 would destabilize the helix.

Adaptation of viruses to cell culture systems can result from
changes at several different genetic loci, including changes in
the nonstructural protein genes, as for the picornavirus hepa-
titis A (10, 11). We have identified specific amino acid se-
quences of FMDV that are rapidly replaced by more fit
sequences upon passage in culture. These sequences probably
function in cell binding in conjunction with the RGD sequence,
which is absolutely required for virus replication in tissue
culture (21). These results indicate that sequences required for
efficient propagation of FMDV in tissue culture can be differ-
ent from those prevalent in infected animals, and suggest that
viruses with different cell-binding characteristics could evolve
during an outbreak or during the infection of a single individ-
ual. Correlation between virus adaptation to different culture
conditions and selection of antigenic variants of FMDV agrees
with observations of other viruses, including swine influenza
(16) and hepatitis A (18, 19).

In addition to being important in the understanding of
virus-host interactions, the finding that the cell-binding struc-
tures and antigenic determinants ofFMDV overlap could have
practical implications. Specifically, this fact could complicate
disease surveillance, evaluation of antigenic variation, and the

production of vaccines from field strains, since these proce-
dures typically rely on cultivation of virus in tissue culture.
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