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Maintenance of a persistent foot-and-mouth disease virus (FMDV) infection in BHK-21 cells involves a

coevolution of celis and virus (J. C. de la Torre, E. Martinez-Salas, J. Diez, A. Villaverde, F. Gebauer, E.
Rocha, M. Davila, and E. Domingo, J. Virol. 62:2050-2058, 1988). The resident FMDV undergoes a number
of phenotypic changes, including a gradual decrease in virion stability. Here we report the nucleotide sequence

of the P1 genomic segment of the virus rescued after 100 passages of the carrier cells (RlO0). Only 5 of 15
mutations in P1 of R100 were silent. Nine amino acid substitutions were fixed on the viral capsid during
persistence, and three of the variant amino acids are not represented in the corresponding position of any

picornavirus sequenced to date. Cysteine at position 7 of VP3, that provides disulfide bridges at the FMDV
fivefold axis, was substituted by valine, as determined by RNA, cDNA, and protein sequencing. The modified
virus shows high buoyant density in cesium chloride and depicts the same sensitivity to photoinactivation by
intercalating dyes as the parental FMDV C-Scl. Amino acid substitutions fixed in VP1 resulted in altered
antigenicity, as revealed by reactivity with monoclonal antibodies. In addition to defining at the molecular level
the alterations the FMDV capsid underwent during persistence, the results show that positions which are highly
invariant in an RNA genome may change when viral replication occurs in a modified environment.

Foot-and-mouth disease virus (FMDV) is an aphthovirus
that causes an economically important disease of cattle and
other cloven-hooved animals. Inapparent, persistent infec-
tions of the upper respiratory tracts of ruminants (53) repre-
sent a reservoir of virus (4, 24, 25, 49, 50) and a potential
source of antigenic variants (22). We have established
BHK-21 cell lines persistently infected with FMDV that
provide a model system to explore mechanisms of long-term
virus and cell survival. One such cell line, C1-BHK-Rcl, was
initiated with cloned cells and a three times plaque-purified
FMDV, C-S8cl (8). After serial passage of C1-BHK-Rcl, the
cells became increasingly resistant to the parental FMDV
C-S8cl, and the resident virus, in turn, evolved to be
hypervirulent for BHK-21 cells (9-11). The persistently
infected cells can be cured of any detectable FMDV RNA by
ribavirin treatment (7, 11) or become spontaneously cured
after more than 100 passages in culture. Viruses produced by
carrier cultures are designated with R followed by the cell
passage number (e.g., R100 is FMDV from Cl-BHK-Rcl
passaged 100 times since the establishment of persistence).
The modification of R viruses in the carrier cells was noted
by several phenotypic traits: (i) small-plaque morphology,
revertible by increasing the DEAE-dextran concentration in
the agar overlay (8); (ii) temperature-sensitive (ts) character
(8); and (iii) instability of virions, with poor recovery of
infectivity, and of full-length genomic RNA upon purifica-
tion of particles. It is not known whether such phenotypic
traits are linked and whether they relate to hypervirulence
for BHK-21 cells. The instability of R100 virions suggested
alterations in the capsid proteins.
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Alignment of amino acid sequences of proteins of field
isolates of FMDV indicates that amino acid substitutions
fixed during viral evolution tend to cluster at defined seg-
ments of the viral capsid (18, 32, 44, 45). The three-
dimensional structure of FMDV 01 BFS, elucidated by
crystallographic analysis (1) has revealed that such variable
regions correspond to exposed loops, some of which are
antigenically active domains, as defined by biochemical as
well as by immunological methods (2, 13, 39, 48, 52). In
particular, a disordered segment on FMDV 01 BFS matches
very closely the main antigenic site of FMDV type C that
spans VP1 residues 138 to 156 and that includes a minimum
of 10 distinguishable epitopes (33, 34). It was suggested that
the hypervariability at this site of FMDV of serotype A was
due to increased misincorporation by the FMDV replicase
when copying the relevant RNA stretch (58). However, the
view that some genomic residues or segments are prone to
variation while others must remain invariant is generally
based on the analysis of viruses that share a common natural
history, for example isolates from acute infections that have
been the target of selection by the host immune response (16,
18, 32, 44, 45). Prolonged residence of FMDV in carrier
BHK-21 cells offered an entirely new environment to the
virus FMDV C-S8cl, one that contrasted with its prior
history of acute infections in animals and in cell culture (16).
The analyses reported here show that R100 has fixed

several unique amino acids that are not represented in the
corresponding position of any FMDV or picornavirus se-
quenced to date. Some replacements affect positions that
were invariant in all previously sequenced FMDVs. In
particular, we show that the cysteine at position 7 (C-7) of
VP3, which appears to play a key structural role by provid-
ing disulfide bridges at the virion fivefold axis (1), is substi-
tuted by valine in R100. This and other substitutions fixed in
VP1 and VP3 during persistence indicate that, if provided
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with the suitable environment, even genomic positions re-
garded as highly invariant are subject to rapid change.

MATERIALS AND METHODS
Cells and viruses. The carrier cell line C1-BHK-Rcl was

established with cloned BHK-21 cells and a three times
plaque-purified FMDV C-S8cl, as described previously (8).
The viruses rescued from C1-BHK-Rcl, termed R, were
amplified from about 106 to 109 PFU by infection of BHK-21
cells, using standard procedures (16). The methods for
culturing cells and the FMDV infectivity assays have been
previously described (8, 16, 43).
FMDV purification. The standard purification of FMDV

C-S8cl involved (i) clarification of the culture medium by
centrifugation (3,000 x g, 5 min) and shaking with 2%
chloroform followed by a second centrifugation (10,000 x g,
15 min, 4°C); (ii) addition of EDTA to 5 mM and pelleting of
the virus (95,000 x g, 3 h, 4°C) through a cushion of 20%
sucrose in 10 mM Tris hydrochloride (pH 7.5)-0.1 M NaCl-1
mM EDTA (TNE); (iii) suspension of the pellet in TNE and
sedimentation through a 7.5 to 30% sucrose gradient in the
same buffer (160,000 x g, 70 min, 4°C). The viral protein
profile of each gradient fraction was analyzed by sodium
dodecyl sulfate (SDS) (0.1%)-polyacrylamide (11%) gel elec-
trophoresis (SDS-PAGE) (29), including 8 M urea. Fractions
containing virus were pooled and used either for immuno-
logical assays (36) or for extraction of genomic RNA (16).
Use of this purification procedure for R100 resulted in about
100-fold decrease in the recovery of infectivity or of viral
components, compared with an identical scheme for FMDV
C-S8cl. A 10-fold improvement in the yield of R100 was
attained by suspending the viral pellet of step ii in cell culture
medium (Dulbecco modification of Eagle medium [DMEM])
and using 10 mM Tris hydrochloride (pH 7.5)-1.5 M NaCl as
the buffer for sucrose gradient fractionation. Such sedimen-
tation at high ionic strength is suitable for the purification of
both FMDV C-S8cl and R100.

Purification and sequencing of VP3. Capsid protein VP3 of
FMDV C-S8cl and R100 was purified by affinity chromatog-
raphy as follows. Viral pellets from purification step ii
(described above) were suspended in 80 mM Tris hydrochlo-
ride (pH 8.0)-2% SDS-5% P-mercaptoethanol and heated at
90°C for 3 min. Then the preparations were diluted in 8 ml of
phosphate-buffered saline containing 1% Triton X-100 and
chromatographed through Sepharose 4B coupled to mono-
clonal antibody (MAb) 6C3, specific for VP3 (36). VP3 was
eluted with 50 mM diethylamine, pH 11.5. The protein was
at least 90% pure as judged by SDS-PAGE. Then, VP3 (4 [ug)
was electrophoresed in SDS-PAGE (29) and the protein band
was transferred to nitrocellulose paper (19), mounted in the
reaction chamber of a pulse-phase sequenator (model 477A;
Applied Biosystems), and subjected to eight cycles of auto-
mated Edman degradation (26, 54).

Immunological assays. The MAbs used in the present study
as well as the immunological assays, neutralization of infec-
tivity, enzyme-linked immunoelectrotransfer blot (EITB),
and immunodot (EID), have been described previously
(34-36).

Molecular cloning and nucleotide sequencing. The first
strand of a cDNA copy of the P1 RNA segment of R100 was
synthesized as described previously (55) by using as a primer
an oligonucleotide complementary to nucleotides 2227 to
2246 (mapping in the 2A/2B-coding region; numbering of
nucleotides as in Fig. 1). The second cDNA strand was
synthesized by using RNase H as described by Lapeyre and
Amalric (30). The cDNA was cloned in plasmid pUC18, and
positive transformants were selected by hybridization to
specific oligonucleotides, using previously described proce-
dures (12, 42). DNA was sequenced by primer extension and
dideoxy chain termination, using T7 DNA polymerase or
Sequenase (28, 51). Each nucleotide was read an average of
two to three times, and the sequences were processed using
the programs developed by Staden (46). In addition, viral
RNA was sequenced using dideoxynucleotides and reverse
transcriptase, as described previously (45, 59). Sequencing
of R100 RNA produced many ambiguities in the sequencing
gels (perhaps because of lower average molecular weight of
the RNA template), a few of which were resolved by treating
the reaction mixtures with terminal deoxynucleotidyl trans-
ferase (6).

Molecular modeling studies. The putative hydrophobic
pore defined by VP3 of R100 was modeled by a set of five
tripeptide chains Ala-Val-Ser (abbreviated AVS; throughout
the text the single-letter amino acid code will be used)
blocked with N-acetyl and N'-methylamide at the N and C
termini, respectively. The blocked tripeptide mimicks the
corresponding sequence within the protein chain. The five
chains were aligned parallel, and each one was placed at the
vertex of a regular pentagon. The energy of the system was
evaluated by molecular mechanics, using the ECEPP/2 force
field (37). The energy was minimized by varying the dihedral
angles of all peptide chains, as well as the distances between
them, while preserving the fivefold symmetry. Starting con-
formations for minimization were selected by combining
preferred dihedral angle values, taken (i) from Ramachan-
dran plots, (ii) from minimum energy structures identified
from a similar set of calculations carried out on the simpler
model of five blocked valines, or (iii) from random genera-
tion of the dihedral angles.

RESULTS
Unique amino acid substitutions in the capsid proteins of

R100. FMDV R100, the virus rescued after 100 passages of
the carrier Cl-BHK-Rcl cells (8, 11), showed considerable
instability during purification by standard procedures (see
Materials and Methods). This was not due to differences of

FIG. 1. Nucleotide sequences of the P1 regions of FMDV C-S8cl and R100 (VR100). Only residues of R100 that differed from the
corresponding ones in C-S8c1 are indicated. The arrows delimit the coding region for each protein (5, 21). Sequences have been determined
on cloned cDNA and RNA as detailed in Materials and Methods. The symbol T is used instead of U. Sequence differences between cDNA
and RNA were: C-S8c1, residue 812 was C in cDNA and A/C (two bands) in RNA, residue 1135 was C in cDNA and T in RNA, and residue
1764 was C in cDNA and T in RNA; R100, residue 144 was C in cDNA and T in RNA and residue 812 was C in cDNA and A/C (two bands)
in RNA. The C-S8c1 RNA sequence reported here differs from that previously determined by Sobrino et al. (44) (who used a viral preparation
originated from the same initial stock, C-S8c1, but with a different passage history in cell culture) in positions 292, 477, 543, 612, 812, and 1426
that were G, C, C, C, A, and A, respectively, in the previous report (44). Mutations leading to amino acid substitutions were: VP2, G-829--*A
(A-182-*T), G-832--*A (G-183- S); VP3, T-928--->G, G-929-*T (C-7- V), A-935--*C (D-9-*A), A-946--C (N-13--H), A-949--*T (M-14--*L);
VP1, A-1813- G (T-83--A), C-2009-*A (T-148-->K), G-2147--oA (G-194--*D). Amino acid residues (given in parentheses) are numbered for
each individual protein.
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A
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TABLE 1. Amino acid replacements in FMDV R100 and representation of the amino acids in other picornaviruses
Protein Replacement" Amino acid in FMDVb Amino acid in other picornavirusesc Acceptabilityd
VP1 T-83 Cl, C3, Asial, SAT3 Cox (Bi, B3, B4)

BEV, Rhino (2, 49)
4 5
A-83 NR Theiler's ME BeAn, a
T-148 C1 NR
4 4
K-148 MAR mutante NR
G-194 C1, C3, SAT1, 2 Polio (1, 2, 3), Cox A21
4 4
D-194 NR NR

VP2 A-192 C1 NR
1 5
T-192 A10, A12 Cox A21, Rhino (la, lb)
G-193 C1, O1K, SAT3 Rhino 89
4 5
S-193 NR Theiler's ME (BeAn, GD7, Da)

Polio (1, 2, 3), Cox (A21, B1, B3)
Rhino (la, lb)

VP3 C-7 All sequenced NR
4 2
V-7 NR Theiler's ME (BeAn, GD7, Da)
D-9 All sequenced NR
4 4
A-9 NR NR
N-13 C1 HA (LA, Cr326, Hm175, Mbb)
4 4
H-13 NR NR
M-14 C1 NR
4 5
L-14 A10, A12, O1K NR

a All substitutions (with indication of each amino acid and its position in the relevant protein) between C-S8cI and R100 are included (Fig. 1).
b FMDV that included at the corresponding position (38) the amino acid given on the same line. NR, not represented in any FMDV previously analyzed (18,

38).
' Picornaviruses (other than FMDV) with amino acids that correspond (38) to the amino acid given on the same line are indicated. Abbreviations: Cox,

coxsackievirus; BEV, bovine enterovirus; Rhino, rhinovirus; ME, murine encephalomyelitis virus; Polio, poliovirus; HA, hepatitis A virus. Serotypes and strains
follow the accepted nomenclature. Serotypes, subtypes, or isolates of a given picornavirus are in parentheses. NR, not represented in any picornavirus (other
than FMDV) previously analyzed (38).

d Degree of acceptability (from 0 to 6, with the latter value representing a replacement by the same amino acid) according to Feng et al. (20).
T-148-'K was fixed as an accompanying replacement upon passage of a MAb-resistant (MAR) mutant of FMDV C-S8cl (M. A. Martinez, unpublished results).

titer or in the PFU-to-particle ratio in the initial preparations
of FMDV C-S8cl and R100. Also, careful analysis of frac-
tions from sucrose gradients after various times of sedimen-
tation suggested that the loss of R100 was not due to
aggregation of virions but rather to their instability during
purification (results not shown). To investigate possible
alterations of the viral capsid, the nucleotide sequence of the
P1 RNA segment of R100 was determined and aligned with
the corresponding region of the parental FMDV C-S8cl (Fig.
1). All mutations reported in R100 were found both in cDNA
and RNA, except the substitutions at positions 935 and 946
that could not be unambiguously read by RNA sequencing.
At those positions, three independently derived cDNA
clones yielded an identical sequence. A few differences
between the sequences determined on cDNA and on RNA
were detected that could be due either to heterogeneity in
the RNA population or to misincorporations by the reverse
transcriptase (Fig. 1). FMDV C-S8cl and R100 differ in 15
point mutations, 7 transitions and 8 transversions. The
deduced amino acid sequences indicate nine substitutions,
two located in VP2, four in VP3, and three in VP1. Five
substitutions (T-83->A in VP1 and the four at the N-terminal
segment of VP3) clustered around the fivefold axis of FMD
virions (1). In particular, C-7 of VP3, which with F-3 and V-5
delimit a hydrophobic pore at the fivefold axis (1), is substi-

tuted by V in R100 (Fig. 1, Table 1). To ascertain that mature
R100 virions included V at position 7, VP3 proteins from
FMDV C-S8cl and R100 were purified by affinity chroma-
tography and their N-terminal residues were sequenced by
automated Edman degradation. The sequences found were
XIFPVAXS for C-S8cl and, XIFPVAVS for R100. (The
analytical procedure used does not allow determination of G
or underived C, and these positions are indicated as X.) The
result confirms the presence of V-7 in VP3 of R100 and
shows, in addition, that despite a cluster of substitutions
near the N terminus of VP3, the proteolytic processing at the
VP2/VP3 junction occurred at the expected E/G doublet.

Analysis of the three-dimensional structure of FMDV 01
BFS (1) and unpublished biochemical evidence quoted in
reference (1) suggest that at the fivefold axes, the C-7
residues of some of the five VP3 molecules in each pentamer
are involved in covalent linkage of VP3 pairs by disulfide
bonds (1). To test whether the latter were present in FMDV
C-S8cl and absent in R100, EITB assays were carried out by
using specific MAbs after disruption of C-S8cl and R100
under reducing and nonreducing conditions (Fig. 2). Upon
heating of virions in the presence of ,B-mercaptoethanol, only
the monomeric forms of VP3 of C-S8cl and R100 were
detected. However, under nonreducing conditions, C-S8cl
included dimeric (bands at 48 and 52 and minor forms) and
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FIG. 2. EITB assays with FMDV C-S8c1 and R100 disrupted under reducing or nonreducing conditions. The samples applied to each lane
were: A, molecular size markers; B and C, purified MAb 6F6 (stained with amido black after transfer to nitrocellulose); D and F, FMDV
C-S8c1; E and G, FMDV R100. Both viruses were purified through step ii, as described in Materials and Methods. Samples were disrupted
with SDS in the presence of ,-mercaptoethanol and heated (lanes A, B, D, and E) or treated with SDS in the absence of ,B-mercaptoethanol
(lanes C, F, and G). Electrophoresis was by the method of Laemmli (29). The immunoreaction was carried out with a mixture of: MAbs 3E5,
6D11, and SC9, directed against VP1 (lanes 1); MAb 4A3, anti-VP2 (lanes 2); MAbs 6F6 and 6C3, anti-VP3 (lanes 3). The MAbs have been
previously characterized (33-36). The minor band in lanes 2 is a contaminating protein that reacts with MAb 4A3. A diminished reactivity with
MAbs of samples not treated with P-mercaptoethanol was observed and was probably due to incomplete disruption and electrotransfer of
virions; heating did not influence the band patterns (results not shown). Numbers pointing to bands indicate molecular sizes in kilodaltons.

monomeric (bands at 24 and 26) VP3, whereas R100 showed
only monomeric VP3 (Fig. 2, lanes F3 and G3). The different
bands in C-S8c1 may reflect conformational states affected
by the presence or absence of a putative disulfide bridge
between C-178 and C-184 located at the VP3 G-H loop (1).
Other C residues, 183 of VP1, 120 of VP2, and 7, 51, and 141
of VP3, are probably not located at positions adequate to
form intramolecular disulfide bonds (1). No bands corre-
sponding to VP heterodimers, reactive with two MAbs
directed to different capsid proteins, were detected (Fig. 2).
Thus, the result is that expected from participation of C-7 of
VP3 in disulfide bridges to produce dimeric forms of VP3 and
from the replacement of C-7 by V-7 in R100.

Density in cesium chloride and sensitivity to photoinactiva-
tion by intercalating dyes of R100. FMDV has a higher
buoyant density in cesium chloride and sensitivity to photo-
inactivating dyes than other picornaviruses (41). Such prop-
erties have been explained by the penetration of ions or dye
molecules through the pore at the fivefold axis (1). Since
some replacements in R100 affected VP3 segments involved
in delimiting such a hydrophobic pore, it was interesting to
test whether FMDV C-S8c1 and R100 differed in density in
cesium chloride and in sensitivity to photoinactivation by
neutral red (3-amino-7-dimethylamino-2-methylphenazine
hydrochloride). Figure 3 shows the infectivity profiles of
FMDV C-S8c1 and R100 after sedimentation in a cesium
chloride density gradient. For both viruses, 90% of the
infectivity banded within the range of densities of 1.43 to

1.50 g/cm3, with a peak at 1.454 + 0.016 g/cm3 for C-S8c1
(average of five determinations) and at 1.494 + 0.007 g/cm3
for R100 (four determinations). No bands of infectivity were
seen at densities below 1.43 g/cm3. Thus, R100 shows the
high density in cesium chloride typical of aphthoviruses,
compatible with free penetration of cesium ions into the viral
particles (1, 41).
The photoinactivation of FMDV C-S8c1 and R100 was

studied at low and high ionic strengths. Even though the rate
of inactivation varied somewhat depending on the medium
used, no significant differences were noted between C-S8c1
and R100 (Fig. 4). The result suggests that the dye had no
impediment to reach the target R100 RNA (1, 41).

Altered antigenicity of R100. The replacements fixed on
VP1 and VP2 of R100 are located on exposed loops, accord-
ing to predictions derived from the alignment of the FMDV
proteins with those of human rhinovirus 14 and mengo virus
(aided by three-dimensional superposition [31]) and from the
atomic structure of FMDV O1 BFS (1). Substitutions
T-148--K and G-194--D were sequentially fixed in R in the
course of persistence (11) and are located at the main
antigenic loop of FMDV type C (residues 138 to 150) and at
the C-terminal segment of VP1, respectively. Both domains
are involved in neutralizing and protective immune re-

sponses in animals (2, 13, 18, 34, 39, 48). To test whether the
two substitutions affected the antigenicity of FMDV, the
reactivity of C-S8c1, R19, which included T-148-->K as the
sole replacement in VP1, R58, with both T-148--K and

ABC-- - -In

43-

30-

21-

VOL. 64, 1990 5523



5524 DIEZ ET AL.

2

0

LU

*1.1

U-
z

1

2

1

fE

(n
z
Li

FRACTION NUMBER
FIG. 3. Infectivity profiles upon banding FMDV C-S8c1 and

R100 in a cesium chloride density gradient. FMDV from purification
step ii (see Materials and Methods) were suspended in DMEM,
adjusted to a cesium chloride density of 1.46 g/cm3 (volume, 11 ml)
by refractometry (calibrated with cesium chloride solutions of
known density measured by pycnometry), clarified by a brief
high-speed ultracentrifugation, and then run at 28,000 rpm for 72 h at
4°C in an SW40 rotor. The refractive index of each fraction was
measured to determine the gradient profile (discontinuous line).
Samples of the indicated fractions were diluted in DMEM and
titrated. A portion of each fraction was applied to nitrocellulose, and
EID assays were carried out with MAb SD6 (reactive with C-S8c1
and R100) and MAb 4G3 (specific for C-S81; see Table 2 for the
origin of MAbs). The EID profiles in all cases gave the expected
reactivities, and the profiles paralleled those of infectivity. Banding
of virus purified through step iii (sucrose gradient at high ionic
strength followed by dialysis against DMEM; see Materials and
Methods) resulted in similar infectivity profiles but with noninfec-
tious viral protein at the top of the gradients detected by EID assays
(results not shown).

G-194--D, and R100 were assayed with a panel of 15 MAbs
that recognize VP1, VP2, or VP3 (34-36). In EITB assays, a
significant decrease of the reactivity of VP1 or VP2 of R was
noted with some of the MAbs (Table 2). The epitope
recognized by MAb SD6 has been mapped at residues 138,
139, 146, and 147, and that recognized by MAb 4G3 has been
mapped at residues 146 and 148 to 150 of VP1 (34, 35). The
binding of SD6 to VP1 of each FMDV R tested was indis-
tinguishable from that to C-S8cl. Interestingly, however, the
neutralization of either R58 or R100 by SD6 was about
103-fold less effective than that of R19 or C-S8cl, suggesting
an effect of other substitutions in determining viral neutral-
ization (see Discussion). None of the R viruses was neutral-
ized by MAb 4G3, as expected from the absence of binding
to the substituted VP1 (Table 2). Thus, antigenic variants of
FMDV were selected in the course of persistence in BHK-21
cells, in the absence of antibodies.

TIME, MINUTES
FIG. 4. Inactivation of FMDV C-S8cl and R100 by neutral red

(3-amino-7-dimethylamino-2-methylphenazine hydrochloride). About
105 PFU ofFMDV was mixed with DMEM (A), DMEM-50 mM Tris
hydrochloride (pH 7.6) (B), DMEM-50 mM Tris hydrochloride (pH
7.6)-1.5 M NaCl (C), with or without neutral red (10 ,ug/ml). The
mixtures were kept at 22°C at 70 cm from an F30w, cw lamp. At the
indicated times, aliquots were diluted in DMEM and plated. The PFU
(%) was calculated relative to the same virus incubated during the
same time period but in the absence of dye. Each value is the average
of three determinations in different experiments. Significant standard
deviations are indicated. Symbols: *, C-S8c1; O, R100; A, enceph-
alomyocarditis virus.

DISCUSSION

The analysis of the capsid proteins of FMDV after pro-
longed persistence in BHK-21 cells has revealed substitu-
tions at one conformationally important domain around the
fivefold axis of the particle and at exposed loops that result
in altered viral reactivity with neutralizing MAbs. Substitu-
tions G-194->D in VP1 and D-9-*A and N-13---H in VP3
result in amino acids that, upon sequence alignment, are not
represented in the corresponding positions of any picorna-
virus sequenced to date (18, 38); T-148->K has been identi-
fied in a MAb-resistant mutant of FMDV C-S8cl (Table 1). It
was particularly striking that C-7 of VP3 was substituted by
V in R100, since C-7 provides disulfide bridges at the FMDV
fivefold axis and may limit the flexibility of the rim of a
hydrophobic pore (1). Generally, cysteines contribute to the
stabilization of folded protein structures (40) and are highly
conserved among homologous proteins. C-7 of VP3 has been
found in all aphthoviruses sequenced to date (38), R100
being, to our knowledge, the first exception. Although the
absence of disulfide bridges at the fivefold axis of R100 may
contribute to the observed instability of the virus, our
molecular modeling studies suggest that the hydrophobic
pore configuration can be preserved by the arrangement of
five valyl residues which show a tendency to remain associ-
ated. More specifically, after exploration of the multidimen-
sional energy hypersurface, all low-energy structures reveal
the tendency of the polypeptide chains to give rise to a pore
formation, with valyl side chains pointing toward the interior
of the hydrophobic pore. Furthermore, after discarding a
few of these structures (see below), the remaining ones tend
to be closely related, showing a similar value for the inter-
chain distance. In addition, they all depict the hydrophobic
valine side chains directed toward the interior of the pore.

Relevant energy and conformational parameters pertain-
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TABLE 2. Reactivity of MAbs with capsid proteins of FMDV
C-S8c1, R19, R58, and R100 in EITB assays

Reactivity of MAbs with antigenb

Mba Protein R8 R100
recognized C-S8cl R19 )C (T 148-- K), (G-1948--D),(T-148---K) (G-194--+D)c (GT194-*D)C

SB3 VP1 + + + +
SD6 VP1 + + + +
4G3 VP1 + - - -
7CA8 VP1 + + + +
7JD1 VP1 + + + +
7CA11 VP1 + + + +
7FC12 VP1 + + + +
7AH1 VP1 + + + +
7EE6 VP1 - ND ND -
6EE2 VP1 + + + +
6F2 VP2 + + ± ±
4A3 VP2 + + + +
6F6 VP3 + + + +
6C3 VP3 + + + +
6C2 VP3 + + + +

a The antigens used to produce the MAbs employed in this study were:
FMDV C-S8c1 (MAbs SB3, SD6, 4G3, 6F2, 6F6, 6C3, and 6C2), C3-Indaial
(MAbs 7CA8, 7JD1, 7CA11, 7FC12, 7AH1, and 7EE6), C1-Brescia (MAb
4A3), and A12 (MAb 6EE2). Their properties have been described previously
(34-36).

b The FMDV used as antigens and the EITB assay are described in
Materials and Methods. Symbols denote reactivity of the MAbs relative to
that with FMDV C-S8c1 (except for MAb 7EE6, taken relative to C3-Indaial).
+, reactivity indistinguishable from that with C-S8cl; -, at least 50-fold lower
than that with C-S8c1; +, 2- to 10-fold lower. Equal amounts of antigen (2 p.g
of VP1) were used, as quantitated by densitometry of Coomassie blue-stained
electropherograms and of EID assays with a mixture of reactive MAbs.

c The amino acid differences between VP1 of the R viruses and that of
C-S8c1, which were sequentially fixed during persistence (11), are given in
parentheses.

ing to the 10 lowest energy structures identified are shown in
Table 3. Structures 1 and 9 are disregarded for the present
discussion, because they represent structures unlikely to
occur if the tripeptide were part of a protein chain. Indeed,
their stabilization is due to hydrogen bonds which prevent
the five chains from aligning in a parallel fashion. The rest of
the structures show a high interchain stabilization energy,
and the isolated chains show relatively high conformational

energies. Consequently, the calculations suggest a high
tendency for the chains to stick together because of high
stabilization energy upon association. Figure 5 top depicts
the structure corresponding to minimum 2 in Table 3. The
structures exhibit an average distance between Ca atoms of
adjacent valyl residues of about 0.65 nm, comparable with
the 0.7 nm found in the X-ray structure of FMDV 01 BFS
(1).

Furthermore, the average distance between two H-ys of
the side chain located on the plane of the pore of two
adjacent valine residues is about 0.34 nm compared with the
0.36-nm intersulfide distances observed in the crystal struc-
ture. In summary, the hydrogens of the side chains of valine
delimit a pore whose diameter is about 0.58 nm, which
compares well with the value of 0.6 nm determined from the
X-ray structure (1) and is consistent with the free penetration
of neutral red in both C-S8cl and R100 (Fig. 4), since the dye
can be modeled for these considerations as a parallelepiped
of about 0.55-nm width (Fig. 5). Likewise, the modeling
studies suggest free penetration of cesium ions (diameter,
0.33 nm; 57) into C-S8cl and R100 (Fig. 3). Also, the
increase in hydrophobic interactions that will occur among
the V side chains at high ionic strength provides an interpre-
tation for the improved recovery of R100 in sucrose gradi-
ents with 1.5 M NaCl (see Materials and Methods).
The net gain of positive charges at the N-terminal segment

of VP3 that was brought about by substitutions D-9--A and
N-13--H (Table 1) may also contribute to the instability of
R100. This VP3 segment, located at a shallow depression
around the fivefold axis, is juxtaposed to a VP1 stretch
around position 83, which is also substituted in R100, and,
thus, the amino acid replacements may affect the pentameric
VP1-VP3 interaction (see Fig. 4b in reference 1). An evalu-
ation of the effect of such amino acid replacements on
FMDV serotype C would require modeling of the entire
fivefold axis domain. When the atomic coordinates of
FMDV 01 BFS (1) become available, modeling of FMDV
C-S8cl will be attempted to assess more precisely the
structural implications of the substitutions fixed in R100.
The C-7--+V replacement required two transversions (U-

928->G and G-929--+U; see Fig. 1) to occur. These mutations
separately would lead to C-7--->G and C-7-*F, respectively,
both with a degree of acceptability slightly higher than C--V

TABLE 3. Energy minimization of five tripeptide (AVS) chains with fivefold symmetrya

Structure Etotb EchainC AEd Dihedral angles(de
no. c 2 %p2 03 43 44 *4 X42 05

1 -71.1 0.6 -74.1 0.84 -74 135 -70 -24 -93 -3 71 -44
2 -52.5 -0.1 -51.9 0.60 -114 78 -145 140 -160 82 55 -167
3 -39.8 2.6 -53.0 0.67 -71 -44 -144 31 -72 -68 177 179
4 -39.8 2.6 -53.0 0.67 -71 -44 -144 31 -72 -68 177 -62
5 -35.8 1.7 -44.5 0.54 -151 177 -59 -29 -155 151 -179 180
6 -34.3 3.0 -49.2 0.66 -70 -45 -143 31 -72 -54 92 -59
7 -34.3 3.0 -49.2 0.67 -70 -46 -143 31 -74 -54 93 61
8 -30.0 2.1 -40.5 0.72 -123 70 -146 142 -163 141 64 -69
9 -27.3 0.2 -28.4 0.88 -70 116 -62 139 -150 80 54 53
10 -20.1 2.1 -30.7 0.67 -134 158 -151 141 -161 160 75 55

a The procedure used is described in Materials and Methods. The 10 structures correspond to the 10 lowest minima found for five parallel chains of AVS blocked
with N-acetyl and N'-methylamide at the N and C termini, respectively.

b Total conformational energy in kilocalories per mole.
I Conformational energy per isolated chain in kilocalories per mole.
d Conformational interaction energy (AE = E,., - SEchain) in kilocalories per mole.
ed(Cai - Cai + 1) corresponds to the distance between the alpha carbon of two valines in adjacent chains expressed in nanometers.
f After minimization, some of the angles had the same value for all the identified structures and are not shown here. Values for these angles are: 4i1, -60°; wl,

-180°; w2, -180°; x2, -60°; 3, -180°; X31, -70°; X32 and X33. -60°; w4, -180°; x41, -60°.
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FIG. 5. (Top) Model of the hydrophobic pore formed by associ-
ation of five parallel tripeptide chains of AVS blocked at the N and
C termini with N-acetyl and N'-methylamide, respectively. C, N, 0,

and H are shown in white, blue, red, and light blue, respectively.
(Bottom) A neutral red dye molecule is shown docked inside the
modeled R100 hydrophobic pore (shown in red). Plots were carried
out by using the Alchemy program (Tripos Associates, Inc.).

(20). We are currently analyzing viruses from early C1-BHK-
Rcd cell passages to determine whether particles with G-7 or
F-7 in VP3 were transiently present. Of the 15 mutations
fixed in P1 of R100, only 5 were silent (Fig. 1). In contrast,
among viruses related to FMDV C-S8c1 which were isolated

from acute episodes of disease in the field, more than 75% of
the mutations in P1 RNA (44) or the polymerase (3D) gene
(56) were silent. The reason for this difference, which
appears to be statistically significant, is not understood.
Changes in antigenicity of FMDV R100 were revealed by

analysis of reactivity with MAbs (Table 2). FMDV R58 and
R100 were neutralized less effectively than C-S8c1 and R19
by MAb SD6 despite its similar binding to the four viruses
(Table 2) and despite R19, R58, and R100 sharing the same
sequence between VP1 residues 133 to 156, where the
epitope recognized by MAb SD6 was located (35). It is likely
that substitution G-194---D of VP1, present in R58 and R100
but not in C-S8c1 or R19, is responsible for this effect since
in the three-dimensional structure of FMDV 01 BFS the
carboxy-terminal stretch of VP1 lies near the main antigenic
loop (residues 137 to 156) of the adjacent protomer (1).
However, synthetic peptides representing VP1 segment 133
to 156 reacted with MAb SD6 to the same extent as the
equivalent molar amount of VP1 in complete virus (35).
Also, MAb SD6-resistant mutants of FMDV C-S8cl showed
replacements between residues 138 and 146 but not at the C
terminus of VP1 (34, 35). Furthermore, a peptide represent-
ing the C terminus of VP1 did not react with MAb SD6 (36).
These observations suggest that binding and neutralization
sites of MAb SD6 are included within VP1 residues 133 and
156 and that substitution G-194--D impairs in some un-
known way virus neutralization. This point is under investi-
gation.
Anti-FMDV antibodies were not involved in the establish-

ment or maintenance of carrier cell cultures (8), nor were
they detected in the fetal calf serum used for cell culture (14).
Selection of antigenic variants of FMDV in the absence of
anti-FMDV antibodies was also observed upon serial pas-
sage ofFMDV C-S8c1 in cytolytic infections (14), suggesting
that it may be a common occurrence due to fluctuations in
the'quasispecies distribution of genomes (14-18, 27, 35, 43,
47). Bolwell et al. (3) showed that an antigenic variant of
FMDV, A22 Iraq 24/64, was selected upon adaptation of the
virus to Spinner suspension cultures, an environmental
change that is obviously unrelated to immune pressure.
Early work by Hampar and Keehn (23) indicated a change in
the antigenic properties of herpes simplex virus during
persistence in cell culture. These findings provide increasing
evidence for the interesting possibility that antigenic varia-
tion need not be the result of immune selection. The high
mutation rates operating during RNA genome replication
(17, 27, 47) facilitate frequent fixation of substitutions at sites
at which they are most tolerated, such as exposed loops
relatively free of structural constraints, where antigenic sites
are commonly located. We are currently sequencing other
genomic segments of FMDV R100 and, as expected, substi-
tutions occur at all loci examined (Diez et al., unpublished
results). It will not be easy to distinguish in a precise fashion
passenger mutations from those that determine genomic
fluctuations in viral quasispecies.
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