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ABSTRACT Infection by viruses depends on a balance between capsid stability and
dynamics. This study investigated biologically and biotechnologically relevant aspects of
the relationship in foot-and-mouth disease virus (FMDV) between capsid structure and
thermostability and between thermostability and infectivity. In the FMDV capsid, a sub-
stantial number of amino acid side chains at the interfaces between pentameric sub-
units are charged at neutral pH. Here a mutational analysis revealed that the essential
role for virus infection of most of the 8 tested charged groups is not related to sub-
stantial changes in capsid protein expression or processing or in capsid assembly or
stability against a thermally induced dissociation into pentamers. However, the posi-
tively charged side chains of R2018 and H3141, located at the interpentamer inter-
faces close to the capsid 2-fold symmetry axes, were found to be critical both for vi-
rus infectivity and for keeping the capsid in a state of weak thermostability. A
charge-restoring substitution (N2019H) that was repeatedly fixed during amplifica-
tion of viral genomes carrying deleterious mutations reverted both the lethal and
capsid-stabilizing effects of the substitution H3141A, leading to a double mutant vi-
rus with close to normal infectivity and thermolability. H3141A and other thermosta-
bilizing substitutions had no detectable effect on capsid resistance to acid-induced
dissociation into pentamers. The results suggest that FMDV infectivity requires lim-
ited local stability around the 2-fold axes at the interpentamer interfaces of the
capsid. The implications for the mechanism of genome uncoating in FMDV and
the development of thermostabilized vaccines against foot-and-mouth disease
are discussed.

IMPORTANCE This study provides novel insights into the little-known structural de-
terminants of the balance between thermal stability and instability in the capsid of
foot-and-mouth disease virus and into the relationship between capsid stability and
virus infectivity. The results provide new guidelines for the development of thermo-
stabilized empty capsid-based recombinant vaccines against foot-and-mouth disease,
one of the economically most important animal diseases worldwide.

KEYWORDS capsid, foot-and-mouth disease virus, protein engineering, thermal
stability, vaccine

Successful infection of cells by any virus depends on an appropriate balance be-
tween capsid conformational stability and dynamics (1–4). A viral capsid protects

the genome by maintaining extracellular integrity, but at the same time it may be
prone to change its conformation or disassemble during certain steps of the infection
process, including entry into a host cell and uncoating of the viral nucleic acid. In
response to such conflicting selective constraints, many viruses have evolved a meta-
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stable capsid whose conformation and/or integrity is modulated by specific factors
during the infectious cycle (3).

Interestingly, the capsids of some viruses (e.g., certain picornaviruses) are particu-
larly prone to conformational rearrangements or dissociation when subjected to phys-
ical or chemical stress (4–6). This lability may be disadvantageous for survival in the
extracellular environment, but it may be required for infection of susceptible cells. A
low enough thermodynamic stability may avoid kinetic trapping during capsid assem-
bly (7). Also, a higher activation free energy barrier between the capsid native state and
a conformationally altered or disassembled state could be difficult to overcome by the
specific factors that trigger such a reaction during infection (8).

Identification of the structural determinants of the delicate balance between capsid
stability and instability may provide a deeper understanding of virus morphogenesis
and genome uncoating, two relatively poorly understood steps of the virus infection
cycle (4, 7, 9, 10). This knowledge could be applied to the development of new antiviral
drugs and for improvement of the stability of virus particles for nanobiotechnological
or biomedical purposes (11–14), including the production of thermostable vaccines (5).

An important viral pathogen that is remarkably prone to disruption by physical or
chemical treatments is foot-and-mouth disease virus (FMDV), a member of the picor-
navirus family (15, 16). The virion contains a single-stranded RNA genome enclosed in
a P�3 (T�1) icosahedral capsid (17, 18) (Fig. 1A and B). The capsid is formed from 60
copies of each of three virus proteins (VP1, VP2, VP3) and a small, internal polypeptide
(VP4) that are produced by proteolytic processing of the P1-2A capsid precursor. One
copy of each VP makes a protomer, five protomers make a pentamer, and 12 pentamers
associate to form the capsid (Fig. 1A to C). Mild acidification of the FMDV virion (both
in vitro and within endosomes in vivo) results in uncoating of the genome and
dissociation of the capsid into pentamers (6, 19–21). FMDV virions and capsids are also
quite labile and prone to dissociation into pentamers even at neutral pH and low
temperatures (5).

Paradoxically, FMDV thermolability is a serious problem for the control of foot-and-
mouth disease (FMD) (22). FMD is one of the economically most important animal
diseases worldwide (23, 24). Vaccination is an essential strategy to combat FMD in
countries where this disease is enzootic. Current FMD vaccines are based on chemically
inactivated but structurally intact virions (25). Maintaining viral particle integrity is
essential for maintaining vaccine potency (26, 27). Thus, one important shortcoming of
these vaccines comes from the weak stability of FMDV virions against heat-induced
dissociation into the poorly immunogenic pentamers. This feature imposes the neces-
sity of keeping a strict cold chain from manufacturing to vaccination. Unfortunately, the
infrastructure and climate of many developing countries where FMD is enzootic make
it difficult to maintain a fail-safe cold chain (22). The weak thermostability of the FMDV
capsid is also a problem for the ongoing development of novel FMD vaccines based on
recombinant empty capsids (28–30; recently reviewed in references 5 and 31). FMDV
empty capsids used as vaccines would avoid the risks associated with the production
of infectious virus and could facilitate differentiation between infected and vaccinated
animals, but they are even less thermostable than virions (26).

The demand to improve FMDV thermostability for production of current, virion-
based and (eventually) empty capsid-based vaccines that are less dependent on a strict
cold chain led our group to undertake the engineering of FMDV virions with increased
thermal stability. As a result, Mateo et al. (32) first provided a proof of concept that
FMDVs could be genetically modified to drastically increase their stability against
heat-induced dissociation into pentamers while still preserving (i) antigenic specificity,
(ii) full virus infectivity and enough genetic stability (needed for vaccine production),
and (iii) normal sensitivity to chemical inactivation (to avoid an increased risk of
deficient inactivation). Since then, we and other researchers, working with different
FMDV serotypes and using diverse approaches to design stabilizing mutations, have
engineered several thermostabilized virions (32–34) or empty capsids (35, 36). Unfor-
tunately, some mutant viruses were not viable, and only some of the viable, thermo-
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stabilized mutant viruses showed normal infectivity and adequate genetic stability,
required for vaccine production (32–34).

The present study was undertaken to understand better the relationships between
virus capsid structure and thermostability and between capsid thermostability and viral
infectivity, with a view to further contribute to the rational design of improved FMD
vaccines. We analyzed the effects on the thermostability of the FMDV capsid of
substitutions of charged amino acid residues relevant for virus infectivity and located

FIG 1 Structure of FMDV indicating residues at the interpentamer interfaces selected for analysis of
capsid thermostability. (A) Scheme of the icosahedral FMDV capsid. A biological protomer consisting of
VP1 (blue), VP2 (green), VP3 (red), and the internal polypeptide VP4 (not visible) is shown in color. Two
neighboring pentamers are delineated in cyan or violet. The interface between these two pentamers is
enclosed within a dashed rectangle. (B) Atomic structure of FMDV (C-S8c1) (37) in the same orientation
shown in panel A. VP1, VP2, and VP3 are colored blue, green and red, respectively. (C). Wire frame atomic
model of two neighboring pentamers corresponding to the color-contoured pentamers in panel A. The
amino acid residues at the interpentamer interface whose role in capsid thermostability was analyzed
here are represented using space-filling models and color coded as follows: yellow, D3195 and A2065;
green, N2019; and red, other tested, charged residues. One of each pair of equivalent residues belonging
to either pentamer has been labeled. (D, E) Close-up ribbon models of two regions around interpentamer
interfaces. VP2 and VP3 are colored green and red, respectively. (D) The �-annulus at each capsid 3-fold
axis (S3) joining 3 pentamers together. Residue E2011 is represented using a magenta space-filling
model. (E) A region around the capsid 2-fold axis (S2) at the center of each interpentamer interface. At
the right and left, two equivalent �-sheets (each formed by two �-strands from VP2 from one pentamer
[green] and five �-strands from VP3 from the neighboring pentamer [red]) contribute to join the two
pentamers together. At the center there are two equivalent �-helices (orange) from symmetry-related
VP2 subunits across a capsid 2-fold axis (S2). Residues R2018, H3141, and N2019 are represented using
magenta, yellow, and blue space-filling models, respectively.
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at or close to the interpentamer interfaces (Fig. 1C). In addition, we studied whether
capsid thermostability may be modulated by charge-compensating mutations that
restored the FMDV viability lost upon removal of certain charged groups at the
interpentamer interfaces.

RESULTS
Selection of charged residues at interpentamer interfaces in the FMDV capsid

for assessing their role in capsid assembly or thermostability. Analysis of the crystal
structure of the FMDV C-S8c1 virion (37) revealed that 42 side chains per protomeric
subunit are involved in interpentamer noncovalent interactions (38) (this number takes
into account only those side chains in which the interpentamer interactions involve
atoms beyond the �-carbon). Of these 42 side chains, as many as 18 (43%) contain
chemical groups that are charged at close to neutral pH. Three of these 18 groups are
imidazoles (H2021, H3141, H3144). These groups are assumed to be positively charged
most of the time even at neutral pH, because the pKa in free histidine (pKa, �6.8) is
frequently raised in folded proteins due to the proximity of negatively charged car-
boxylates (39, 40); the same is also observed in the FMDV capsid.

Individual removal by substitution to alanine of 15 out of these 18 charged groups
(83% of cases) was lethal for the virus (no detectable progeny virus; 10 cases) or
drastically reduced its infectivity (by 3 to 4 orders of magnitude; 5 cases) (38). It seemed
possible that some of these charged side chains at the interpentamer interfaces in the
FMDV capsid which are required for virus infectivity could modulate its assembly
and/or thermal stability against dissociation into pentameric subunits. We chose 8 of
these 18 charged side chains (44%) for analysis as a representative sample that
considered (i) differently charged residues (either positively [Lys, Arg, His] or negatively
[Glu] charged), (ii) residues located in different structural elements along the interpen-
tamer interface, and (iii) residues that were involved in different types of noncovalent
interactions (Table 1 and Fig. 1C).

Deleterious amino acid substitutions at interpentamer interfaces involving
charge removal have no substantial effect on expression and proteolytic process-
ing of the capsid polyprotein. The 8 mutations chosen (and additional mutations,
specified below) (Table 1) were individually introduced into the P1-2A-coding region of
FMDV C-S8c1 contained within recombinant plasmid pL1-1 (see Materials and Meth-
ods). For expression of capsid proteins and assembly of capsids (wild type [wt] and
mutants), a dedicated vaccinia virus (VV)-based protein expression system was used as
described in Materials and Methods. Cells from the same batch were transfected with

TABLE 1 Tested FMDV capsid mutations that remove charged groups at interpentamer interfaces

Mutationa

Interpentamer interaction(s) removedb

Ionic H bond
van der Waals
contactsc

Virus infectivity titer relative
to wt controld

E2011A K3118 (3.8) 7 (2) �3 � 10�5

R2018A N1017, Y1018 4 (2) �3 � 10�5

R2060A E2213 E2213, H3141, C3142 3 (0) �3 � 10�5

K2063A E3146 H3144, E3146 12 (3) 0.15 (forw. mut.)
R3120A E2108 (4.8) S2024, T2025, T2026, T2110 3 (1) 2 � 10�3

H3141A Helix dipole 6 (3) �3 � 10�5

E3146A K2063 K2063 4 (1) 0.22 (revertant)
K3193A A2192 8 (3) 2 � 10�4

aFor each substituted amino acid residue, the first digit indicates the protein (either VP2 or VP3) and the last three digits indicate the amino acid position according
to the normalized FMDV capsid numbering used in the file for FMDV C-S8c1 (PDB accession number 1FMD) (37).

bThe cutoff distances considered were 3.5 Å for hydrogen bonds and for ionic bonds participating in salt bridges; 5 Å for medium-range ionic interactions (the
distance between interacting groups is indicated); and 0.5 Å longer than the sum of the van der Waals (vdW) radii of the two interacting atoms for van der Waals
interactions.

cFor ionic or hydrogen bonds, the interacting residue is indicated. For van der Waals interactions, the total number of contacts and (in parentheses) the number of
carbon-carbon contacts removed are indicated.

dViral titers were taken from reference 38. The average absolute titer obtained for the wt virus was 1.6 � 106 PFU/ml (at 45 h postransfection). Viral progeny
populations were sequenced; the site-directed mutation was preserved, and no other mutations were found, except for K2063A and E3146A, for which a different
forward mutation (forw. mut.) or a reversion (revertant), respectively, had been fixed, indicating the lethality of the original mutations (see the text).
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equal amounts of wt or mutant pL1-1 plasmids and an appropriate amount of the
pSKRH-3C plasmid containing the coding region for the FMDV (serotype A10) 3C
protease, which is able to process the capsid precursor of C-S8c1. The yield of expressed
and processed capsid proteins obtained with each mutant and the wt control was
compared in quantitative immunoassays using a capsid protein (VP3)-specific mono-
clonal antibody (Fig. 2A). Average relative values obtained from two independent
experiments (Fig. 2B) revealed that the tested amino acid substitutions had no major
effects on the yield of processed capsid protein (average values were from �50% lower
to �10% higher than those for the wt control).

FIG 2 Capsid protein expression and processing and capsid assembly. (A) Representative results of
Western blot assays to compare the expression and processing of wt and mutant capsid protein VP3
(indicated by the corresponding labels). Lanes labeled M correspond to molecular weight markers. The
positions of unprocessed polyprotein P1-2A and the processed product VP3 are indicated. (B) Percent
yields of the mutant mature capsid protein VP3s relative to the yield of the wt control. For each mutant,
the averaged value obtained from 2 independent experiments and the corresponding error bar (standard
deviation) are indicated. (C) A representative example of the centrifugation analysis carried out to
estimate relative capsid yields (in this case, the yield of mutant capsid E2011A is compared to that of the
wt capsid, used as the internal control in the same experiment). The larger peaks correspond to
assembled capsids; the minor peaks on the left correspond to free pentameric subunits. (D) Percent
yields of different mutant assembled capsids relative to the yield of the wt control. For each mutant for
which results are presented in panels B and D, the averaged value obtained from 2 independent
experiments and the corresponding error bar (standard deviation) are indicated.
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Deleterious amino acid substitutions at interpentamer interfaces involving
charge removal have no substantial effect on capsid assembly. Cells transfected
with equal amounts of wt and mutant pL1-1 plasmids and with an appropriate amount
of pSKRH-3C were then used to produce metabolically radiolabeled, assembled capsids
as described in Materials and Methods. The ratio between the yield of each mutant
capsid and that of the control wt capsid was estimated by measuring the radioactivity
in the peak corresponding to assembled empty capsids (sedimentation coefficient, 75S)
after centrifugation in analytical sucrose density gradients, as described in Materials
and Methods (see one example in Fig. 2C). Average relative values obtained from two
independent experiments (Fig. 2D) revealed that none of the substitutions led to any
substantial reduction in capsid yield. In fact, clearly higher average yields were obtained
for the E2011A, R2060A, and K3193A mutant capsids than for the control wt capsid. In
the absence of further experiments, we are uncertain about why those mutants were
obtained at higher yields. Differences in reactivity with the antibody used to detect
denatured capsid protein VP3 in Western blot assays are unlikely, as in two of these
three mutants the amino acid substitution was introduced in a different capsid protein
(VP2). A higher capsid thermostability cannot explain these results either (see below).
The differences could be related instead to a lower tendency of these mutant capsids
to aggregate or suffer mechanical disruption during the analysis. Whatever the case,
comparison of the results on protein expression and capsid yield showed that no tested
amino acid substitution exerted a substantial negative effect on capsid assembly.

Some deleterious amino acid substitutions at interpentamer interfaces involv-
ing charge removal lead to a large increase in capsid thermostability. To deter-
mine, in a quantitative fashion, the role of specific charged groups at the interpentamer
interfaces on the stability of the FMDV capsid against thermally induced dissociation,
we concentrated especially on three particular residues because of their strategic
locations (Fig. 1C to E). These were (i) residue E2011, which is located at a �-annulus
formed by the N termini (Nt) of three VP2 subunits, which knits three pentamers
together around each 3-fold symmetry (S3) axis in the capsid (37) (Fig. 1D); (ii) residue
R2018, which is located at a �-hairpin in the VP2 Nt that, together with 4 �-strands of
VP3 from a neighboring pentamer, participates in a �-sheet that crosses the interfaces
between pentamers, holding them together (17, 37) (Fig. 1E); and (iii) residue H3141,
which is located close to residue R2018; these two residues may establish, even at
neutral pH, repulsive electrostatic interactions with the dipole of a neighboring �-helix
(VP2 residues 2089 to 2098) located near each 2-fold symmetry (S2) axis in the capsid
(Fig. 1E). It has been shown previously that H3141 contributes through repulsive
electrostatic effects to the acid lability of FMDV and uncoating of its genome (17,
41–45).

Cells transfected with the mutant and control wt pL1-1 plasmids and the pSKRH-3C
plasmid were used to produce metabolically radiolabeled, assembled capsids as de-
scribed above. Protocols tested to obtain capsids with an adequate level of purity for
quantitative analysis of thermostability involved a combination of steps. Trials included
centrifugation through sucrose cushions, sucrose gradients, and/or CsCl density gradi-
ents; size exclusion chromatography in Sephacryl S-500HR or S-1000HR; and/or affinity
chromatography. Two tested procedures worked the best. Method I involved centrif-
ugation through a 20% sucrose cushion, followed by centrifugation through a 7.5% to
30% sucrose gradient and then through a CsCl density gradient and a final affinity
chromatography step to remove nonassembled pentamers. This extensive procedure
yielded fairly pure capsids, but the final yields were generally too low for analysis.
Method II involved centrifugation through a 20% sucrose cushion, followed by centrif-
ugation on a 7.5% to 30% sucrose gradient. This simplified procedure was adopted for
obtaining reasonably pure capsids in sufficient yields for stability analysis. Figure 3
shows the presence of assembled capsids with the correct size and shape both in fairly
pure preparations in which no pentameric subunits or conspicuous contaminants were
detected (Fig. 3A) and also in the partially purified preparations (Fig. 3B) (see the
enlarged images of single capsids in the corresponding insets).
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Radiolabeled, purified E2011A, R2018A, or H3141A mutant and control wt capsids
were tested for thermostability in parallel under the same conditions, as described in
Materials and Methods. Capsids were incubated at 42°C and pH 7.5, and the percentage
of intact capsids remaining after different incubation times was estimated by deter-
mining the radioactivity corresponding to the 75S peak after centrifugation in analytical
sucrose density gradients. Two to four independent experiments were carried out for
each mutant and the corresponding control wt, and the values obtained were aver-
aged. The results (Fig. 4) revealed that substitution E2011A had no significant effect on
capsid thermostability (Fig. 4A). In contrast, substitutions R2018A (Fig. 4B) and H3141A
(Fig. 4C) had quite substantial thermostabilizing effects, as shown by their much lower
dissociation rates at 42°C relative to the rate for the control wt capsid analyzed in
parallel under the same conditions (Fig. 4), increasing the half-life by as much as
�5-fold for the H3141A mutant and even more for the R2018A mutant.

The role in capsid thermostability of 5 other interfacial charged groups also selected
for analysis was not quantitatively determined due to the difficulty in obtaining
sufficient amounts of adequately pure empty capsids. However, it was qualitatively
assessed by using radiolabeled capsids that had been partially purified by centrifuga-
tion through sucrose cushions. Two independent experiments were carried out for each
mutant and the wt control, and the values obtained were averaged. The results (Fig. 5)
did not reveal any major stabilizing or destabilizing effect produced by any of the 5
mutations.

To sum up, the drastic deleterious effects on virus infectivity caused by individually
removing different charged groups at the interpentamer interfaces in the FMDV capsid
are not generally related to equally drastic changes in capsid protein expression or
processing, capsid assembly, or (in most cases) capsid stability against thermal disso-
ciation. In contrast, the charged side chains of R2018 and H3141, located close to the
capsid 2-fold axes, are critical both for virus infectivity and for keeping the FMDV capsid
in a state of weak thermal stability (even) at neutral pH.

Capsid thermostabilization by removing the imidazole group of H3141 can be
reverted by introducing another imidazole nearby. We observed previously that
when the amino acid substitution H3141A or R2018A was individually introduced into
the virion, then infectivity was nearly abolished (38, 46). However, replication in
transfected cells of viral RNA carrying either of those two substitutions repeatedly led
to fixation in the genome of another mutation, resulting in a second-site substitution,
N2019H. This mutation became dominant in the viral population and compensated for
the lethal effect of the primary H3141A and R2018A substitutions, restoring virus
viability (46). Remarkably, the N2019H compensatory substitution involved the intro-
duction into the capsid of a positively charged group in a position that was spatially
close to the positively charged side chains of H3141 and R2018 (Fig. 1E) that had been
removed by the primary substitutions (46).

FIG 3 Electron micrographs of capsid preparations. (A) Capsids that had been extensively purified
through method I. (B) Capsids that had been only partially purified. Arrows point to individual assembled
capsids. (Insets) Enlarged images of single capsids to better assess size and shape. Scale bars are
included.
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We reasoned that, if the lethal effect of the H3141A substitution was related to its
capsid-thermostabilizing effect, restoration of virus viability by introducing the com-
pensatory N2019H substitution may also reverse the thermostabilizing effect of the
lethal substitution H3141A. We introduced the mutation encoding the N2019H substi-
tution, alone or together with the H3141A change, into the pL1-1 plasmid and
compared the effects of these mutations on capsid protein expression, capsid assem-
bly, and capsid stability. Each mutant capsid and the control wt capsid were obtained,
purified, and analyzed in parallel. These substitutions (H3141A, N2019H, and the double
substitution H31341A/N2019H) had no major effect (average reduction, �50%) on the
yield of processed capsid protein (Fig. 2B) and no significant effect on the yield of
assembled capsids (Fig. 2D).

The quantitative effects of those substitutions on the stability of the FMDV capsid
against thermally induced dissociation (at pH 7.5) were then compared using purified
radiolabeled capsids as described above. Four independent experiments testing the
mutant capsids in parallel with the control wt capsid were performed, and the values
obtained were averaged. The results (Fig. 6) revealed that (i) the H3141A capsid is much

FIG 4 Thermal stability of purified E2011A (A), R2018A (B), and H3141A (C) mutant empty capsids containing
charged-to-neutral (Ala) substitutions at the interpentamer interfaces (filled circles) relative to that of the wt empty
capsid control (open circles). The percentages of intact capsids remaining after different incubation times in a
representative experiment at 42°C are indicated in each case. Data were fitted to exponential decay processes, and
the dissociation rate constants were obtained. The gray curve was obtained using the control wt capsid. (D) Ratios
between the rate constant obtained for each mutant (kmut) and the rate constant obtained for the wt control (kwt).
Values are averages and standard deviations obtained from 2 (E2011A and R2018A) or 4 (H3141A) independent
experiments.
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more stable than the wt (the half-life increased by �5-fold under the experimental
conditions used), and the N2019H capsid was also substantially more stable than the wt
(the half-life increased by �2.5-fold); (ii) in contrast, the H3141A/N2019H capsid was
only marginally more stable than the wt (the half-life increased by �1.3-fold only).

To sum up, the results just described show that (i) the lethal H3141A primary
substitution substantially stabilizes the FMDV capsid against heat-induced dissociation
and (ii) the compensatory N2019H substitution that, in the context of H3141A, restores

FIG 5 Thermal stability of 5 additional partially purified mutant empty capsids containing charged-to-
neutral (Ala) substitutions at the interpentamer interfaces relative to that of the wt empty capsid control.
The percentages of intact capsids remaining after different incubation times in a representative exper-
iment at 42°C are indicated in each case. For each mutant, the average value obtained from 2
independent experiments and the corresponding error bar (standard deviation) are indicated.

FIG 6 Thermal stability of purified mutant empty capsids containing the lethal charged-to-neutral
substitution H3141A and/or the viability-restoring, charge-compensating substitution N2019H relative to
that of the wt empty capsid control. (A) Percentage of intact capsids remaining after different incubation
times at 42°C in a representative experiment. Open circles, wt capsids; filled triangles, mutant H3141A;
filled inverted triangles, mutant N2019H; filled squares, mutant H3141A/N2019H. Data were fitted to
exponential decay processes, and dissociation rate constants were obtained. The gray curve was
obtained using the control wt capsids. (B) Ratios between the rate constant obtained for each mutant
and the rate constant obtained for the wt control. Values are averages and standard deviations obtained
from 3 (N2019H) or 4 (all other variants) independent experiments.
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virus viability also reverses the capsid-stabilizing effect of H3141A leading to double-
substituted H3141A/N2019H capsids with close to normal (wt) stability.

Amino acid substitutions involving charge variation thermostabilize virions
and empty capsids to different degrees. In this study, we identified several single

amino acid substitutions involving charge removal or introduction (H3141A, R2018A,
and N2019H) that thermostabilize the FMDV empty capsid. In previous studies (32, 33),
we identified other single substitutions that also involved charge variation and that
thermostabilized the infectious FMDV virion, but they were located in a different region
of each interpentamer interface (D2068N, E2086Q, D3134N, D3195N, and A2065H). We
wondered whether the effects of these mutations on thermostability, so far analyzed on
either the empty capsid or the virion, but not both, can occur irrespective of the
absence or the presence of the negatively charged viral nucleic acid.

We asked, first, whether empty capsid-thermostabilizing substitutions involving
charge variation may also stabilize the infectious RNA-filled virion. Unfortunately, the
lethal nature of the capsid-thermostabilizing H3141A substitution made it impossible to
test its effect on virion thermostability. However, the subsequent introduction of the
secondary N2019H substitution led to a viable H3141A/N2019H double mutant virion.
This fact provided the opportunity to analyze the effect on virion thermostability of the
N2019H substitution both in the absence and in the presence of H3141A.

Mutations encoding the substitutions H3141A and N2019H, alone or combined,
were introduced into a recombinant plasmid, pO1K/C-S8c1, that contains the full-
length FMDV cDNA (47). Susceptible cells were transfected in the same experiment
under the same conditions with equal quantities of wt or mutant RNA transcripts
prepared from these plasmids, and FMDV virions with a C-S8c1 capsid (wt or mutant)
were obtained (38, 48). As expected, the H3141A mutant virion was essentially not
viable (infectious titer, �0.00007 that of the wt). In contrast, the H3141A/N2019H
double mutant virion was infectious, as was the N2019H single mutant, albeit infectious
virus progeny titers were reduced compared to those for the wt (the relative infectious
titers were 0.016 � 0.006 and 0.038 � 0.004 that of the wt, respectively).

Sequencing of the entire capsid-coding region of the rescued progeny virus ge-
nomes revealed that the introduced mutations were still present and that no additional
mutations had been fixed in the initial progeny virus populations. However, after
further viral replication cycles (required to obtain sufficient amounts of purified virions
for stability assays), additional mutations were detected in a large fraction of individual
viral genomes in the populations (Q1195H was present in two independent amplifica-
tions of the H3141A/N2019H mutant, and V1015A was present in one amplification of
the N2019H mutant).

The stability of the N2019H, N2019H (�V1015A), and H3141A/N2019H (�Q1195H)
mutant virions against thermal dissociation (at pH 7.5) was then compared with that of
the wt virion. Thermal dissociation assays were conducted as described above for
empty capsids but using purified, radiolabeled virions. Two independent experiments
were carried out for each mutant virus in parallel with the control wt virus, and the
results were averaged (Fig. 7). The virions carrying the N2019H substitution (�V1015A)
but not the H3141A change showed a stability similar to that of the wt. The virion
carrying the H3141A/N2019H double substitution (�Q1195H) was even less stable than
the wt. Thus, none of the viable combinations of substitutions led to virion thermo-
stabilization. The presence of the accompanying mutations fixed during amplification
of the viral populations did not allow us to establish whether the thermostability
difference between empty capsids and virions carrying the N2019H substitution (either
alone or together with H3141A) were related to the RNA contained in the virions.

Thus, we resorted to analyzing whether virion-thermostabilizing substitutions in-
volving charge variations may also stabilize the empty capsid. We chose the A2065H
and D3195N mutants as representative examples. The corresponding mutations were
introduced into the pL1-1 plasmid, and the mutant and control wt capsids were
obtained, purified, and analyzed in parallel. Neither of these substitutions had a
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substantial effect on capsid protein expression and processing (Fig. 2B) or capsid
assembly (Fig. 2C).

The stability of the A2065H and D3195N mutant empty capsids against thermally
induced dissociation (at pH 7.5) was then determined using purified radiolabeled
capsids as described above. Experiments were carried out for each mutant capsid in
parallel with the control wt capsid. The results (Fig. 8) revealed that both A2065H and
D3195N mutant empty capsids are more stable than the wt empty capsid. Thus, both
substitutions stabilize FMDV particles irrespective of the presence or absence of the
viral RNA. However, quantitative data for mutant A2065H (compare the results shown
in Fig. 8 with those shown in reference 32) indicated that the thermostabilizing effect
of this substitution may be rather less pronounced on the empty capsid than on the
virion under similar conditions. To sum up, the presence of the viral RNA inside the
FMDV capsid may modulate (i.e., increase, in the cases tested) the thermostabilizing
effect of an amino acid substitution that involves charge variation close to the inter-
pentamer interfaces.

No effect on capsid resistance against acid-induced dissociation of capsid-
thermostabilizing substitutions. Finally, we compared, as described in Materials and
Methods, the effects of mild acidification on the stability against dissociation of partially
purified wt and mutant empty capsids carrying the capsid- and virion-thermostabilizing
substitutions A2065H, D3195N, and H3141A. The results (Fig. 9) did not reveal a
significant effect of any of these three mutations on capsid sensitivity to acid-induced
dissociation.

DISCUSSION
Charged residues at different locations along the interpentamer interfaces

preserve the high thermolability of the FMDV capsid even at neutral pH. In a
previous study (33), we identified a cluster of solvent-exposed, negatively charged
residues (D2068, E2086, D3134, D3195) that contribute to limit the thermostability of
the FMDV virion (even at neutral pH) by establishing electrostatic repulsions between

FIG 7 Thermal stability of purified mutant virions containing substitution N2019H alone (filled triangles)
or together with the H3141A change (filled squares) relative to that of the wt virion control (open circles).
The percentages of intact virions remaining after different incubation times at 42°C in a representative
experiment are indicated. Data were fitted to exponential decay processes, and dissociation rate
constants were obtained. The gray curve was obtained using the control wt capsids. The table indicates
the ratios between the rate constant obtained for each mutant and the rate constant obtained for the
wt control. Values are averages and standard deviations obtained from 2 or 3 independent experiments.
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capsid pentamers. These residues are located within a surface-exposed region between
the 3-fold and 2-fold axes. Removal of the charge of any of those residues (e.g., D3195N;
Fig. 1C) by isosteric replacement of the carboxylate by an amide group led to a large
stabilization of the virion against thermal dissociation without compromising virus
viability. Partial neutralization of the negative charge of those residues by introduction
of a positively charged residue nearby (A2065H; Fig. 1C) or charge screening by salt had
the same virion-thermostabilizing effect while preserving infectivity (32, 33).

FIG 8 Thermal stability of purified mutant empty capsids containing virion-stabilizing, neutral-to-
charged A2065H or charged-to-neutral D3195N substitutions relative to that of the wt empty capsid
control. (A, B) The percentages of intact capsids remaining after different incubation times at 42°C in a
representative experiment are indicated. Open circles, wt capsid; filled circles, A2065H mutant (A) or
D3195A mutant (B). Data were fitted to exponential decay processes, and dissociation rate constants
were obtained. The gray curve was obtained using the control wt capsids. (C) Ratios between the rate
constant obtained for each mutant and the rate constant obtained for the wt control. Values are averages
and standard deviations obtained from 2 independent experiments.

FIG 9 pH sensitivity to dissociation of mutant FMDV empty capsids containing the D3195N, A2065H, or
H3141A substitutions relative to that of the wt empty capsid control. The percentages of intact capsids
remaining after different incubation times in a representative experiment at pH 5.0 and 25°C are
indicated in each case. For each mutant, the average value obtained from 2 independent experiments
and the corresponding error bar (standard deviation) are indicated.
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As part of the present study, we found that those substitutions (namely, D3195N
and A2065H) thermostabilize not only the RNA-filled virion but also the empty capsid.
These results showed that the charge-associated thermostabilizing effects of D3195N
and A2065H (32, 33) are an intrinsic feature of the FMDV capsid. However, A2065H at
least (and probably also D3195N) had a higher thermostabilizing effect on the virion
(32, 33) than on the empty capsid under similar conditions (Fig. 7 and 8). This
observation suggests that the presence of the charged RNA molecule, in addition to
increasing FMDV thermostability, may also modulate the thermostabilizing effect of
capsid amino acid substitutions that involve a variation of the electrostatic potential
close to the interpentamer interfaces.

Many other amino acid side chains at interpentamer interfaces in the FMDV capsid
are charged at neutral pH, but the lethal effect caused by removal of the charged
groups prevented an evaluation of their roles on thermostability using virions. In the
present study, we analyzed the stability of empty capsids in which several charged
groups had been individually removed by substitution to alanine. The results revealed
that the determinant role on infectivity of 6 tested residues (all but H3141 and R2018)
is not related to any critical role in capsid assembly or thermostability. However, two
residues close to each other and to each capsid 2-fold axis, H3141 and R2018, were
found to be critical for FMDV infectivity and for limiting capsid thermostability. As
indicated in the introduction, both residues may predominantly carry positive charges
even at neutral pH and may be involved in repulsive interactions with the positively
charged ends of the �-helix dipoles near each capsid 2-fold axis (Fig. 1E).

In summary, two separate regions along the interpentamer interfaces contain
charged residues that contribute to keeping the FMDV capsid in a state of remarkably
low thermal stability even at neutral pH, most likely through the establishment of
electrostatic repulsions involving (i) a cluster of negatively charged residues (D3195 and
others) located between the capsid 3-fold and 2-fold axes and (ii) positively charged
residues (R2018, H3141) close to each 2-fold axis (Fig. 1).

Is the low intrinsic stability of the FMDV capsid required for preserving virus
infectivity? It is generally believed that genome uncoating in FMDV may require
disintegration of the virion through dissociation of its capsid into pentameric subunits.
Thus, it could be thought that increasing the intrinsic stability of the capsid against full
dissociation into pentamers would invariably have a deleterious effect on viral infec-
tivity by impairing the uncoating process. In accord with this view, in this study we
identified two amino acid substitutions (R2018A and H3141A) that both stabilize the
capsid and are lethal for the virus. However, we also identified other amino acid
substitutions (D3195N, A2065H) that equally stabilize the capsid (as well as the virion)
but that have no drastic effects on virus infectivity.

The observations made above could be taken as evidence that there may be no
relationship between capsid stabilization and impairment of the genome uncoating
process required for infection by FMDV. However, it is noteworthy that when the
capsid-stabilizing, lethal substitution H3141A was accompanied by the adjacent,
charge-restoring N2019H substitution, the latter substitution compensated for the
capsid-stabilizing effect of the H3141A substitution and also reversed its lethal effect on
the virus. This resulted in a double mutant capsid that was nearly as unstable as the wt
capsid and a double mutant virus whose infectivity approached that of the wt virus.
This remarkable correlation of effects between capsid thermostability and virus infec-
tivity by compensating mutations strongly argues for a connection between these
features.

A hypothesis that is consistent with the ensemble of results obtained here and that
is also supported by evidence provided by previous work with different picornaviruses
can be proposed. The FMDV genome may exit the virion before the latter is fully
disassembled through the transient opening of an energetically weaker region around
the 2-fold axis at the center of each interpentamer interface. This local, transient opening
could be promoted both by moderate heating in vitro or at a constant temperature by
acidification in the cell endosomes in vivo (by lowering in both cases the free energy barrier
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of the opening transition). In turn, this opening transition could be impaired by substi-
tutions (such as H3141A or R2018A) that reduce electrostatic repulsions in this partic-
ular region of the interpentamer interface, increasing the free energy barrier of the
opening transition and impairing RNA release and virus infectivity.

The evidence for this proposal can be summarized as follows: (i) in vitro acidification
of equine rhinitis A virus (ERAV), an aphthovirus closely related to FMDV (49, 50), first
led to RNA release, leaving an unstable empty capsid that was subsequently disassem-
bled into free pentamers (49). The authors suggested that for ERAV and perhaps also
for FMDV, RNA uncoating in the endosomes could proceed by a channel-mediated
mechanism, before the capsid is disassembled into pentamers.

(ii) There is strong evidence that the same uncoating mechanism occurs in other
picornaviruses, such as human rhinovirus (HRV) and poliovirus (2, 51–54). In these
viruses, the viral RNA may leave the capsid through a transient opening located at or
close to a capsid 2-fold axis (55, 56).

(iii) When subjected to moderate heating or even during storage at 4°C, FMDV loses
infectivity much faster than it is disassembled into pentamers (32). Early studies
suggested the presence of an endogenous nuclease inside the FMDV virion that could
degrade the RNA on moderate heating (57). However, different amino acid substitu-
tions in the capsid significantly alter the thermal inactivation rate of the virion (32, 58),
which indicates that inactivation depends, at least in part, on some intrinsic property of
the particle. Exit of the RNA before the capsid is fully dissociated into pentamers is
consistent with this observation.

(iv) In this scenario, the differential effects on virus infectivity of different capsid-
thermostabilizing substitutions could be consistently explained as follows: stabilizing
substitutions R2018A and H3141A (located around each capsid 2-fold axis) could
increase the global association energy between pentamers specifically by attenuating
local electrostatic repulsions around the genome exit site. In this way a higher tem-
perature would be required in vitro or a lower pH would be required in vivo to promote
the transient opening of a channel at the 2-fold axis, leading to impaired genome
uncoating and reduced virus infectivity. In contrast, stabilizing substitutions D3195N
and A2065H (located closer to the capsid 3-fold axes) would increase the global
association energy between pentamers by attenuating electrostatic repulsions only at
regions located far from the genome exit site. In this way, no higher temperature would
be required in vitro and no lower pH would be required in vivo to promote the transient
opening through which the RNA is released, preserving normal infectivity.

(v) All four capsid-stabilizing substitutions mentioned above impair the later disassem-
bly of the particle into pentamers, but this effect (though relevant for the development of
thermostable vaccines) would be irrelevant for the viral infection process, as the infectivity-
determining release of the viral genome would have occurred before the particle is
dissociated into pentamers.

This hypothesis predicts that a higher temperature in vitro or a higher acidification
in the endosomes in vivo would be required to release the viral RNA from R2018A and
H3141A mutant virions than from the wt and the D3195N and A2065H mutants. In this
regard it must be mentioned that no difference in resistance against acid-induced
dissociation into pentamers was observed between the H3141A capsid and the wt or
the A2065H capsid. However, it is important to remark that the ensemble of ionizable
groups that may account for capsid resistance against full pH-induced dissociation into
pentamers may include many groups that may not participate in the transient opening
of the 2-fold axis regions involved in genome uncoating. Thus, the observed lack of an
effect of H3141A on acid-induced capsid dissociation does not mean that this substi-
tution cannot have any effect on genome release before virion disassembly, as pre-
dicted by the proposed hypothesis. Unfortunately, the latter prediction cannot be
tested because R2018A and H3141A mutant virions cannot be obtained for testing, as
these two substitutions are lethal.

The proposed hypothesis, however, also leads to some verifiable predictions. One of
these predictions is that substitutions R2018A and H3141A, but not D3195N and
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A2065H, should reduce the equilibrium dynamics of the FMDV capsid specifically at the
2-fold axis regions in the interpentamer interfaces.

To sum up, based on the evidence mentioned above, we favor the working
hypothesis that genome uncoating in FMDV, as with other picornaviruses, may involve
exit of the viral RNA before the capsid fully disassembles into pentamers. Progression
of the reaction would eventually lead to complete capsid disassembly, but well after
the RNA has been released.

Thermal stabilization of FMDV virions and empty capsids for the development
of improved FMD vaccines. A decade ago, we provided the first proof of concept that
the FMDV virion can be engineered to become much more stable against heat-induced
dissociation, without compromising virus infectivity, genetic stability, sensitivity to
chemical inactivation, or antigenic specificity (5, 32, 33). The relevance of these results
for improving current, virion-based FMD vaccines has been acknowledged (22). How-
ever, other candidate thermostabilizing mutations may compromise virion infectivity
and/or genetic stability (32, 33). The results obtained here suggest that the thermo-
stabilization of viruses without losing infectivity (required for vaccine production) may
be guided by a better understanding of the effects of mutations on the conformational
stabilization of small regions at the interpentamer interfaces that are important during
some step of the infectious cycle (e.g., genome uncoating).

The design of stabilizing substitutions for empty capsid-based FMD vaccines is
free from constraints related to virus infectivity or genetic stability. In recent years,
FMDV empty capsids have been stabilized by introducing either a disulfide bridge
(35) or some amino acid substitutions that were predicted to be stabilizing by
all-atom molecular dynamics (MD) simulations using a small subset of capsid
residues (34, 36). In our case, the predictions of all-atom MD simulations did not
generally match the experimentally observed stabilizing effects of the mutations
tested here (A. Valbuena and M. G. Mateu, unpublished results). It is important to
consider that, in all cases, the free energy difference between the capsid-assembled
state and the disassembled state at equilibrium was calculated, whereas dissocia-
tion of the FMDV capsid is actually an irreversible process that depends on the
activation free energy (i.e., the free energy difference between the assembled state
and the transition state of the dissociation reaction) (33). Thus, the effect of amino
acid substitutions on capsid stability against irreversible dissociation could be
adequately predicted by thermodynamic calculations (such as those undertaken by
MD) only when a substitution happens to increase the free energy difference
between free and bound pentamers at equilibrium in the same proportion as it
increases the activation free energy for irreversible capsid dissociation. Despite the
limitations encountered, the ensemble of results obtained holds great promise for
the development of thermostabilized vaccines against FMD.

MATERIALS AND METHODS
Plasmids and site-directed mutagenesis. Recombinant empty capsids of FMDV serotype C strain

C-S8c1 (wt or mutants) were obtained using plasmids pL1-1 and pSKRH-3C. pL1-1 was derived from
pGEM 4Z (Promega) and contains the P1 capsid-coding region of FMDV C-S8c1 plus the first 18
nucleotides of the 2A-coding region under the control of the T7 promoter. pSKRH-3C contains the 3C
protease-coding region of FMDV serotype A10 (59). FMDV virions with a C-S8c1 capsid (wt or mutants)
were obtained using the infectious plasmid pO1K/C-S8c1 (38, 47). Point mutations were introduced into
the FMDV capsid-coding region of plasmid pL1-1 or p3242/C-S8c1 (47) using a QuikChange II XL
site-directed mutagenesis kit (Stratagene) following the manufacturer’s instructions. The mutagenized
segments in p3242/C-S8c1 were subcloned into pO1K/C-S8c1 as previously described (38, 48). The
presence of the engineered mutations (and of any other mutation in the capsid-coding region) was
determined by automated DNA sequencing.

Recombinant VV. A recombinant vaccinia virus (VV), vTF7-3, that expresses the T7 RNA polymerase
(60) was used for the production of FMDV empty capsids as described below. Titration of infectious VV
was carried out essentially as previously described (61).

Expression and processing of FMDV capsid proteins and production of empty capsids. BHK-21
cells (in P100 petri dishes at 80% to 90% confluence) were infected with the recombinant VV (61) in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with nonessential amino acids, antibi-
otics, and an antifungal and incubated for 1 h at 37°C. For cotransfection of vTF7-3-infected BHK-21
cells with plasmids pL1-1 and pSKRH-3C, a transfection mix was prepared using either mix I or mix
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II (the volumes and masses indicated are per P100 dish). Mix I was prepared by diluting 27 �l of the
FuGENE 6 reagent (Promega) in DMEM supplemented with nonessential amino acids to a final
volume of 600 �l, followed by incubation for 10 min at room temperature (rt); mix II was prepared
by diluting 288 �l of cationic liposomes (L-�-phosphatidylethanolamine dioleoyl and dimethyldioctadecyl-
ammonium bromide [Sigma], prepared as previously described [61, 62]) in Milli-Q water to a final volume of
600 �l, followed by incubation for 10 min at 4°C. Then, 18 �g of the pL1-1 plasmid and 4.5 �g of the pSKRH-3C
plasmid were added to either mix I or mix II, followed by further incubation for 15 min at rt (mix I) or 4°C
(mix II).

The infected cells were then washed twice with DMEM (3 ml). Then, DMEM (3 ml) and the transfection
mix (600 �l) were added and the cells were incubated for 4 h at 37°C. DMEM (3 ml) supplemented with
10% fetal bovine serum (FBS) was then added, and the cells were incubated for �16 h at 37°C. The
medium was then removed and the cells were washed with phosphate-buffered saline (PBS; 500 �l) and
lysed by incubation with ice-cold lysis buffer (500 �l of either 20 mM Tris-HCl, pH 8, 125 mM NaCl, 0.5%
NP-40 or 40 mM NaPO4, pH 7.6, 100 mM NaCl, 0.5% NP-40) for 3 min at 4°C.

Capsid protein expression and processing (wt and mutants) were analyzed by SDS-PAGE and Western
blotting with a virus protein VP3-specific monoclonal antibody, and the relative amounts of expressed
and processed capsid protein were estimated by densitometry. The suspension containing empty capsids
was clarified by centrifugation at 14,000 rpm for 10 min at 4°C, and the capsids were purified as described
below.

Radiolabeling of FMDV empty capsids. For production of radiolabeled empty capsids, after
incubation of the transfected cells for �16 h the medium was removed, the cells were washed twice with
DMEM (5 ml) lacking methionine (Met) and cysteine (Cys), and then DMEM (5 ml) lacking Met and Cys but
supplemented with 5% FBS was added. After incubation for 1 h at 37°C, 0.14 mCi of a [35S]Met and Cys
amino acid mixture (EasyTag Express 35S protein labeling mix; PerkinElmer) in DMEM lacking Met and
Cys (600 �l) was added, and incubation was continued for 2 h at 37°C, before the cells were lysed as
described above.

Purification of FMDV empty capsids. Crude cell extracts containing empty capsids were centri-
fuged through a 20% sucrose cushion (in either TNE buffer [50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 100 mM
NaCl] or PN buffer [40 mM sodium phosphate, pH 7.6, 100 mM NaCl) using an SW40 rotor (Beckman
Instruments) at 35,000 rpm for 5 h at 4°C. Pellets were resuspended overnight at 4°C in either TNE or PN
buffer (400 �l). Preparations of capsids obtained by centrifugation through PN buffer-sucrose cushions
were diluted in PN buffer to a final sucrose concentration ranging from 2.2% to 3% sucrose (depending
on the experiment), clarified by centrifugation at 14,000 rpm for 30 min at 4°C, and used promptly. If a
higher purity was required, partially purified capsids were centrifuged through a 7.5% to 30% sucrose
gradient (in TNE buffer) using an SW40 rotor at 37,000 rpm for 3 h at 4°C. The gradients were fractionated
into 600-�l aliquots, and fractions containing capsids (sedimentation coefficient, 75S) were pooled,
extensively dialyzed against PBS, stored at 4°C, and used promptly.

Electron microscopy. For visualization of empty capsids, samples were deposited on ionized
Formvar carbon-coated copper grids (Electron Microscopy Sciences), fixed, washed, and negatively
stained, usually with 2% sodium phosphotungstate. The grids were dried and visualized in a JEM-1010
electron microscope (JEOL), and images were recorded using a TemCam F416 camera (TVIPS).

Production of FMDV virions from infectious clones, radiolabeling, purification, titration, and
sequencing. FMDV RNA was transcribed from linearized pO1K/C-S8c1 plasmids (wt or mutant) using a
Riboprobe in vitro transcription system (Promega) and introduced into BHK-21c2 cells by electroporation
essentially as previously described (38, 48). Progeny virions were recovered at different times postelec-
troporation, generally after a complete cytopathic effect. For comparing infectious virion yields, the same
amounts of each mutant RNA and of nonmutated RNA as a control were used in parallel in each
experiment. Infectious virus titers were determined in duplicate in standard plaque assays, and the
results of 2 or 3 independent experiments were averaged. For metabolic radiolabeling of virions, a
[35S]methionine and cysteine amino acid mixture (EasyTag Express 35S protein labeling mix; PerkinElmer)
was used essentially as previously described (32).

When needed, virus populations were amplified by up to 3 passages in BHK-21 cell monolayers and
titrated again. Virions were purified at 4°C by sedimentation through a sucrose cushion followed by
sucrose gradient centrifugation as previously described (32), extensively dialyzed against PBS, and used
promptly.

The presence of mutations in progeny virus populations was detected by sequencing of at least
the entire capsid coding region. RNA derived from viral populations obtained by electroporation or
infection was extracted using the TRIzol reagent LS (Invitrogen) and precipitated with isopropanol.
The RNA was reverse transcribed to DNA and amplified by PCR as previously described (38, 48). The
DNA products were purified using centrifugal filter units (Amicon Ultra; Millipore) or a Wizard SV gel
and PCR clean-up system (Promega) and subjected to automated sequencing.

Analysis of stability of FMDV empty capsids and virions against thermally induced dissociation
at neutral pH. The stability of empty capsids and virions against thermal dissociation into pentamers
was determined essentially as previously described (32). Briefly, partially or highly purified, radiolabeled
empty capsids or virions in either PBS (pH 7.5) (for purified viral particles) or PN buffer with 2.2% to 3%
sucrose (for partially purified capsids) were incubated at 42°C for different amounts of time. Every
experiment included wt virions or empty capsids as an internal control. To stop the disassembly reaction,
samples were transferred to ice at selected time points. The amount of remaining capsids or virions at
each incubation time point was estimated by centrifugation in sucrose gradients and determination of
the radioactivity present in each fraction. For virion samples we used 7.5% to 45% sucrose gradients in
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TNE buffer at 18,000 rpm for 18 h at 4°C. For capsid samples, we used either 7.5% to 45% sucrose
gradients in TNE buffer at 18,000 rpm for 18 h at 4°C or 7.5% to 30% sucrose gradients in PN buffer at
35,000 rpm for 3.5 h at 4°C. In each experiment with either mutant capsids or virions, the wt capsids or
virions, as appropriate, were included as an internal control to compare thermal stability, in parallel,
under exactly the same conditions. The results obtained for the mutant virus particles were normalized
with respect to those obtained for the wt virus particles in the same experiment. For kinetic analysis, the
fraction of intact capsids or virions remaining was plotted against the incubation time and fitted to an
exponential decay to estimate the dissociation rate constant.

Analysis of stability of FMDV empty capsids against acid-induced dissociation. The stability of
empty capsids against acid-induced dissociation was determined essentially as previously described
(21, 58). Briefly, suspensions of partially purified radiolabeled empty capsids in PBS (pH 7.5; 150 �l)
were acidified to pH 5.0 by addition of citrate buffer (50 mM citrate at pH 5.0, 140 mM NaCl; 50 �l)
and incubated for different amounts of time at 25°C. After incubation, the pH was raised to 7.5 by
addition of 30 �l of 1 M Tris-HCl, pH 8.5. The pHs were verified by direct measurement with a
microelectrode. Then, the amount of capsids at each time point was estimated by centrifugation in
sucrose gradients (7.5% to 30% sucrose in PN buffer) at 35,000 rpm for 3.5 h at 4°C and determi-
nation of the radioactivity present in each fraction. In each experiment, the wt capsid was included
as an internal control to compare stability in parallel under exactly the same conditions. The results
obtained for each mutant capsid were normalized with respect to those for the wt capsid in the
same experiment.

Computational structural analyses. The Protein Data Bank (PDB) atomic coordinates for the crystal
structure of FMDV C-S8c1 (PDB accession number 1FMD) (37) were inspected graphically using VMD
software (63). Contact and solvent accessibility analyses were performed using WHAT IF software (64).
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