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Foot-and-mouth disease virus (FMDV) nonstructural protein 3A plays important roles in virus replication, virulence, and host
range. In other picornaviruses, homodimerization of 3A has been shown to be relevant for its biological activity. In this work,
FMDV 3A homodimerization was evidenced by an in situ protein fluorescent ligation assay. A molecular model of the FMDV 3A
protein, derived from the nuclear magnetic resonance (NMR) structure of the poliovirus 3A protein, predicted a hydrophobic
interface spanning residues 25 to 44 as the main determinant for 3A dimerization. Replacements L38E and L41E, involving
charge acquisition at residues predicted to contribute to the hydrophobic interface, reduced the dimerization signal in the pro-
tein ligation assay and prevented the detection of dimer/multimer species in both transiently expressed 3A proteins and in syn-
thetic peptides reproducing the N terminus of 3A. These replacements also led to production of infective viruses that replaced
the acidic residues introduced (E) by nonpolar amino acids, indicating that preservation of the hydrophobic interface is essential
for virus replication. Replacements that favored (Q44R) or impaired (Q44D) the polar interactions predicted between residues
Q44 and D32 did not abolish dimer formation of transiently expressed 3A, indicating that these interactions are not critical for
3A dimerization. Nevertheless, while Q44R led to recovery of viruses that maintained the mutation, Q44D resulted in selection
of infective viruses with substitution D44E with acidic charge but with structural features similar to those of the parental virus,
suggesting that Q44 is involved in functions other than 3A dimerization.

Foot-and-mouth disease virus (FMDV) is the prototypic mem-
ber of the aphthovirus genus within the family Picornaviridae

(5, 24, 52) and the etiological agent of a devastating disease of
livestock (34). The viral particle is composed of a protein capsid
that contains a positive-sense RNA molecule of about 8,500 nu-
cleotides that is infectious and encodes a single polyprotein, which
is processed in infected cells by cis- and trans-acting viral proteases
(55) to yield different polypeptide precursors and the mature viral
proteins (9, 62). The viral genome encodes four structural capsid
proteins (VP1 to VP4) and seven nonstructural (NS) proteins, the
leader Lb/ab protease, and proteins encoded in the P2 (2B and 2C)
and P3 (3A, 3B, 3C, and 3D) regions (9).

Replication of picornaviruses occurs associated to cell endo-
membranes that are recruited during viral infection (25). NS pro-
teins are involved in crucial aspects of the viral cycle and patho-
genesis, such as rearrangements of intracellular membranes
required for endomembrane recruitment and the lysis of host cells
(1, 12, 14, 18, 73). Protein 3A is an example of this multifunctional
role; in poliovirus (PV), the interaction between the RNA replica-
tion complex and intracellular membranes appears to be accom-
plished by proteins 3A and 2C, which have membrane-binding
properties (11, 60). When expressed as a recombinant protein in
transfected cells, PV 3A cofractionates with endoplasmic reticu-
lum markers (66), and its single transient expression can disrupt
the secretory apparatus (23) and decrease major histocompatibil-
ity complex (MHC) class I expression (22). On the other hand,
3AB presumably anchors 3B in intracellular membranes origi-
nated de novo during the early steps of RNA replication, where
uridylylated 3B primes the synthesis of nascent viral RNAs (2, 37,
68, 69). PV 3AB has a nonspecific RNA-binding activity and asso-
ciates with the cloverleaf structure in the 5= end of viral RNA and

with the 3CD precursor to form a ribonucleoprotein complex
required for PV RNA synthesis (32, 74, 76).

While FMDV shows considerable functional and structural
analogies with PV and other picornaviruses, some differences
have been reported, such as its resistance to the Golgi disruption
exerted by brefeldin A, the different pattern of membrane reorga-
nization induced in infected cells (39, 43), and the ability of 2B and
2BC, instead of 3A, to inhibit the secretory pathway in cultured
cells (42), likely contributing to the evasion of innate and acquired
immune responses (58). In addition, FMDV is the only picorna-
virus encoding 3 copies of 3B protein, required for both optimal
replication in cell culture (26) and for virulence in natural hosts
(50). All 3 copies have been shown to undergo uridylylation in
vitro (44). In FMDV, 3A protein has been reported to play a role
on viral host range, as a single amino acid replacement (Q44R)
conferred FMDV the ability to cause vesicular lesions in guinea
pigs (48). As 2B and 2C, FMDV nonstructural protein 3A contains
a hydrophobic domain that in other picornaviruses mediates its
targeting to intracellular membranes (19), which could be respon-
sible for the location of the replication complex within a mem-
brane context (20, 23, 27, 69). The C-terminal fragment of 3A
(from the C terminus of the hydrophobic domain) is considerably
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longer in FMDV (77 amino acids [aa]) than in other picornavi-
ruses (i.e., 7 aa for PV), and deletions and mutations in 3A are
known to contribute both to viral attenuation in cattle (8) and to
decreased replication rates in bovine epithelial cells (49). How-
ever, little is known on the interactions of 3A with other viral and
cellular proteins, and no structural data are available for this pro-
tein.

Homodimer formation has been revealed by the NMR struc-
ture determined for a soluble version lacking the trans-membrane
domain (aa 1 to 59) of PV 3A (65). Each monomer has a struc-
tured region consisting of two amphipathic �-helices (aa 23 to 29
and 32 to 41) separated by a 180° loop that forms a helical hairpin,
flanked by nonstructured N and C regions. The N terminus of 3A
from PV also contains a conserved patch of anionic residues at the
top of the dimer structure, in the loop between the two �-helices,
as well as three solvent-exposed charged residues (E38, K39, and
K40) that may be important for viral replication (65). A role for 3A
homodimer formation in both RNA replication and inhibition of
cellular protein transport has also been reported for coxsackievi-
rus (CV) B3. In this case, while the general organization of the
CVB3 dimer was similar to that of PV, the establishment of salt
bridges between residues D24 and K41 was found critical for
dimer stability; using an optimized PV 3A structure, these salt
bridges were also found in equivalent PV residues (D23 and K40)
(72).

To gain insight into the structure-function relationship of
FMDV 3A protein, we devised a molecular model for the N-ter-
minal region of this protein, using as the template the structure
reported for PV 3A. This model predicted hydrophobic interac-
tions between residues at two �-helices in each monomer as the
main homodimerization determinant. Here, we show that amino
acid replacements L38E and L41E, located at the predicted hydro-
phobic dimerization interface, and expected to contribute to
dimer stability, decrease 3A dimerization in cells transiently ex-
pressing 3A, and abolish dimer/multimer formation in peptides
reproducing the N terminus of 3A. Replacements L38E and L41E
significantly reduced the homodimerization signal detected for
transiently expressed 3A by means of an in situ proximity ligation
assay (63). In addition, replacements L38E and L41E were detri-
mental for virus growth, leading to selection of viruses that for
mutants L38E and L41E restored the hydrophobicity of the resi-
dues, suggesting that 3A dimer formation plays a relevant role in
FMDV replication. On the other hand, replacement Q44R that
favors or replacement Q44E that impairs the polar interactions
that, according to the model, Q44 could establish with residue
D32 of the opposite monomer did not abolish dimer formation of
transiently expressed 3A, indicating that these polar interactions
are not critical for 3A dimerization. Nevertheless, while Q44R led
to infectious virus recovery, Q44D resulted in the selection of
infective viruses with substitution D44E with acidic charge but

with structural features similar to those of the parental virus, sug-
gesting that residue Q44, despite not being essential for 3A
dimerization, is involved in biological functions relevant for virus
multiplication.

MATERIALS AND METHODS
Modeling procedures of FMDV 3A proteins. Three-dimensional (3D)
models of FMDV 3A protein dimer (primary UniProtKB/TrEMBL acces-
sion code Q9DJC8) and 3A mutants Q44R, Q44D, M29R, L38E, and L41E
were generated using comparative modeling procedures. As a structural
template, the soluble domain of human PV 3A protein was used, attend-
ing to its hypothetical structural similarity to the target sequence (Protein
Data Bank code 1NG7) (65). Best representative conformer in the NMR
spectroscopy ensemble was selected as a source of coordinates for the
FMDV 3A wild type and subsequent models. All models were built using
the SWISS-MODEL server (31, 51, 59), available at http://swissmodel.expasy
.org//SWISS-MODEL.html, and their structural quality was checked using
the analysis programs provided by the same server (Anolea/Gromos). Global
model quality estimation was performed in terms of QMEAN4 raw score
(10). To optimize geometries, models were energy minimized using the
GROMOS 43B1 force field implemented in DeepView (31), using 500 steps of
steepest descent minimization followed by 500 steps of conjugate-gradient
minimization. Figures were generated using the Pymol Molecular Graphics
System (Schrödinger, LLC). Structurally based sequence alignment of wild-
type model templates and other 3A proteins was refined with T-COFFEE
(46).

Peptides. The N-terminal region of 3A, spanning residues I1 to F52, as
well as four analogues with the M29R, L38E, L41E, and L38E-L41E re-
placements (N-ter peptides; see Table 1), were made in C-terminal car-
boxamide form on Rink amide ChemMatrix resin in a Prelude synthesizer
(Protein Technologies, Tucson, AZ). Standard 9-fluorenylmethoxy car-
bonyl (Fmoc) protocols at a 0.05-mmol scale were used, with 5-fold molar
amounts of Fmoc-amino acids and O-benzotriazole-N,N,N=,N=-tetram-
ethyluronium hexafluorophosphate and 10-fold molar amounts of N,N-
diisopropylethylamine, with systematic double coupling for all residues.
After deprotection and cleavage with trifluoroacetic acid-water-triisopro-
pylsilane (95:2.5:2.5 [vol/vol], 90 min, room temperature), peptides were
precipitated with chilled diethyl ether, redissolved in water, lyophilized,
and purified by preparative reverse-phase high-performance liquid chro-
matography (HPLC) to a minimum purity of 95% by analytical HPLC.
Their identities were confirmed by matrix-assisted laser desorption ion-
ization–time of flight (MALDI-TOF) mass spectrometry in a Voyager
DE-STR instrument (Applied Biosystems), using �-cyano-4-hydroxycin-
namic acid matrix and linear mode acquisition (Table 1).

For SDS-PAGE analysis, aliquots containing 1.87 �g and 0.187 �g of
each peptide were prepared from 5-mg/ml stock solutions of the lyophi-
lized peptides in Milli-Q water, mixed with Laemmli sample buffer con-
taining 2% SDS and 100 mM dithiothreitol (DTT), and incubated for 25
min at room temperature. Samples were resolved on 12% SDS-PAGE gels,
stained with Coomassie blue, transferred to nitrocellulose membranes,
and immunoblotted with 3A-specific rabbit polyclonal antibody (Ab) and
a goat anti-rabbit horseradish peroxidase-coupled secondary Ab (GE
Healthcare). Samples were subsequently developed using a chemilumi-
nescence kit (Perkin-Elmer).

TABLE 1 Synthetic peptide sequences

Wild type or mutation Amino acid sequencea Avg mol wt (calculated/found)

Wild type ISIPSQKSVLYFLIEKGQHEAAIEFFEGMVHDSIKEELRPLIQQTSFVKRAF 6,036/6,035
L38E ISIPSQKSVLYFLIEKGQHEAAIEFFEGMVHDSIKEEERPLIQQTSFVKRAF 6,051/6,052
L41E ISIPSQKSVLYFLIEKGQHEAAIEFFEGMVHDSIKEELRPEIQQTSFVKRAF 6,051/6,052
L38L41E ISIPSQKSVLYFLIEKGQHEAAIEFFEGMVHDSIKEEERPEIQQTSFVKRAF 6,068/6,069
M29R ISIPSQKSVLYFLIEKGQHEAAIEFFEGRVHDSIKEELRPLIQQTSFVKRAF 6,061/6,063
a Sequences correspond to residues 1 to 52 of the 3A protein. Bold, underlined letters refer to replacements relative to the 3A sequence of FMDV C-S8c1.

González-Magaldi et al.

11014 jvi.asm.org Journal of Virology

http://swissmodel.expasy.org//SWISS-MODEL.html
http://swissmodel.expasy.org//SWISS-MODEL.html
http://jvi.asm.org


Cells and viruses. Vero, IBRS-2, and BHK-21 cells were grown at 37°C
and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco-BRL), supplemented with 5% fetal bovine serum (Gibco-BRL), 1
�g/ml streptomycin, and 1 �g/ml penicillin. A viral stock from a type C
FMDV C-S8c1 (61) isolate was produced by amplification in BHK-21
cells. Procedures for infections and virus titration in semisolid agar me-
dium were as described previously (54).

Antibodies and reagents. Monoclonal Ab (MAb) 2C2 to nonstructural
protein 3A (21) was used in the proximity ligation assay. Rabbit polyclonal
anti-�-tubulin 196 was used in Western blot analysis (4). Anti-rabbit IgGs
secondary Ab coupled to Alexa Fluor (AF) 647, used in immunofluorescence
assays, was from Molecular Probes (Invitrogen). Polyclonal Ab 443 against
the N terminus of 3A protein was produced by immunizing two New Zealand
White rabbits with a synthetic peptide spanning 3A residues F26 to Q43 (FE
GMVHDSIKEELRPLIQ) coupled to Cys-KLH. To generate polyclonal
Ab 346 against the C terminus of 3A, plasmid pRSET-C (Invitrogen) was
used for the inducible isopropyl-�-D-thiogalactopyranoside (IPTG) ex-
pression in Escherichia coli BL21(DE3)pLysS of a His-tagged polypeptide
spanning 3A residues 81 to 153 fused to 3BBB, whose sequence was am-
plified from the pMT28 clone with primers 5=-TAGGCGCTAGCAGACA
GAAGATGGTG-3= and 5=-GCAGATCTTTACTCAGTGACAATCAA-
3=. The restriction enzymes NheI and BglII (New England Biolabs) were
used for cloning. The His-tagged protein was purified in an Ni column
(Probond resin; Invitrogen) with a pH 4.5 elution buffer, and two New
Zealand White rabbits were immunized with the purified protein. Rabbit
immunizations were as described previously (54).

Plasmids. To assess their effect on FMDV infectivity, 3A mutations
were introduced in plasmid pMT28 encoding the type C FMDV isolate
C-S8c1 full-length sequence (29). Substitutions of selected amino acids
were performed by site-directed mutagenesis (41), using the primers
shown in Table 2. To this end, a 3A-containing fragment was amplified
from pMT28 using primer 3A-F and the corresponding mutated reverse
primer (-R) or primer 3A-R and the corresponding mutated forward
primer (-F) at a 1 �M concentration, in a reaction, including the Expand
high-fidelity PCR system BioTaq (Bioline) polymerase (1.25 U), plus Pfu
(Biotools) polymerase (0.15U), 2 mM MgCl2, and 1 mM deoxynucleoside
triphosphate (dNTPs) (Roche). After amplification, each PCR fragment
was purified and an overlap extension PCR was performed using outer
primers 3A-F and 3A-R. The resulting amplicons were digested with BglII
and RsrII and cloned into pMT28 digested with the same restriction en-
zymes, as described previously (40). The correct orientation and sequence
of the resulting plasmids were confirmed by sequencing with primers
3A-F and 3A-R (Table 2), as well as primers 3A-1 and 3ABB-2 (30). For

transient expression, plasmid pRSV3Awt (30) and derivatives of pRSV/L
in which the luciferase gene was replaced by the 3A coding sequence of the
different mutants described above were used. To this end, 3A-containing
sequences were amplified from the corresponding pMT28 derivatives us-
ing oligonucleotides 3A-1 and 3A-2 (30), which included restriction sites
for cloning into pRSV (HindIII and KpnI).

RNA synthesis, transfection, and infectivity. For RNA synthesis,
plasmids were linearized with NdeI (New England BioLabs) and in vitro
transcribed using SP6 RNA polymerase (Promega). After transcription,
the reaction mixture was treated with RQ1 DNase (1U/�g RNA; Pro-
mega). Then, RNA was extracted with phenol-chloroform and precipi-
tated with ethanol. The RNA integrity and concentration were deter-
mined by electrophoresis on agarose gels. In vitro-transcribed RNAs were
transfected into BHK-21 cells using the Lipofectin reagent (Invitrogen), as
described previously (40). Cells were maintained at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM)-supplemented fetal bovine serum
(FBS). To assess RNA infectivity, at 4 h posttransfection (hpt) cells were
maintained in semisolid DMEM-0.5% agar supplemented with 5% FBS.
At 24 hpt, the viral titer was determined by plaque assay (54).

Viral RNA extraction, cDNA synthesis, and DNA sequencing. Viral
RNA was extracted from supernatants of cell cultures or tissue homoge-
nates from suckling mice (7), using TRI reagent (Sigma), as described by
the manufacturer. cDNA was synthesized by reverse transcription of viral
RNA using M-MuLV reverse transcriptase (Roche) and primers 3A-F and
3A-R. cDNA was amplified by PCR using the same primers and BioTaq
DNA polymerase (Bioline) supplemented with 10% of Expand high-fidel-
ity polymerase (Biotools) for proofreading activity. PCR products were
purified with Wizard SV gel and PCR clean-up system (Promega) and
their sequences determined by automatic DNA sequencing. DNA se-
quences, spanning the nucleotides corresponding to residues 105 of 2B to
5 of 3B2 viral proteins, were confirmed by at least two independent se-
quencing reactions using the primers indicated above. Nucleotide posi-
tions correspond to those previously described for the FMDV C-S8c1
isolate (GenBank no. AJ133357).

In vitro translation. Rabbit lysate reticulocytes (Promega) were incu-
bated with 1 �g of transcribed RNAs and 14.3 �Ci of [35S]methionine and
cysteine (Amersham) for 1 h at 30°C and treated with 50 �g of RNase A for
15 min at room temperature, as described previously (56). Translated
proteins were analyzed by 10% SDS-PAGE.

In situ PLA. Samples were processed as described by the manufacturer
(OLINK Bioscience). Briefly, IBRS cells were grown on glass coverslips
and transfected with 1 �g of pRSV3Awt and derivatives using Lipo-
fectamine (Invitrogen) as described by the manufacturer or infected with
FMDV C-S8c1 at a multiplicity of infection (MOI) of 5 PFU/cell. At 24
hpt, or 3 h postinfection (hpi), monolayers were washed with phosphate-
buffered saline (PBS), fixed in 4% paraformaldehyde for 15 min at room
temperature, blocked, and permeabilized with PBTG buffer (0.1% Triton
X-100, 1% bovine serum albumin [BSA], and 1 M glycine in PBS) for 15
min at room temperature. Primary Ab was prepared using the Probe-
maker kit (OLINK, Bioscience) by using the manufacturer’s recommen-
dations: 1 mg/ml of monoclonal Ab (IgG class) 2C2, affinity purified
through a protein G column, was independently conjugated to each of a
pair of oligonucleotides to generate plus and minus proximity ligation
assay (PLA) probes. Cells on coverslips were incubated with conjugated
primary antibodies diluted in PBS with 1% BSA for 1 h at room temper-
ature and then washed twice with buffer A (0.01 M Tris, 0.15 M NaCl, and
0.05% Tween 20) for 5 min. The signal development (ligation, amplifica-
tion, and hybridization) was performed according to the manufacturer’s
instructions in PLA Duolink II. Briefly, a ligation-ligase solution was
added to each sample, and slides were incubated in a preheated humidity
chamber for 30 min at 37°C and washed twice in buffer A for 2 min with
gentle agitation. Then, the amplification-polymerase solution, including
the fluorescent probe (�exc of 554 nm), was added and slides were incu-
bated in the preheated humidity chamber for 100 min at 37°C. Finally, the
slides were washed three times in buffer B (0.2 M Tris, 0.1 M NaCl [pH

TABLE 2 Oligonucleotides used for construction of mutants in the 3A
protein

Oligonucleotidea Sequence (5=¡3=)b Positionb

3AF GAAGATCTCCGACTCGCTCTCCAG 4199
3AR ATCGGACCGGCGTAAGGTCCCTC 5839
L38E-F CATTAAGGAGGAAGAGCGGCCCCTCATC 5397
L38E-R GATGAGGGGCCGCTCTTCCTCCTTAATG 5424
L41E-F GAACTCCGGCCCGAGATCCAACAAAC 5407
L41E-R GTTTGTTGGATCTCGGGCCGGAGTTC 5432
L38EL41E-F TTAGGAGGAAGAGCGGCCCGAGATCCAA 5398
L38EL41E-R TTGGATCTCGGGCCGCTCTTCCTCCTTA 5437
Q44R-F CCTCATCCAACGAACTTCATTTGTGAAACGT 5418
Q44R-R CACAAATGAAGTTCGTTGGATGAGGGGC 5442
Q44D-F CCTCATCCAAGATACTTCATTTGTGAAACGTG 5418
Q44D-R CACAAATGAAGTATCTTGGATGAGGGGC 5442
M29R-F CTTTGAGGGCCGAGTACACGACTCC 5373
M29R-R GGAGTCGTGTACTCGGCCCTCAAAG 5397

a Forward and reverse primers are indicated by F and R, respectively.
b Sequences in bold and nucleotide numbering correspond to those of FMDV C-S8c1
(GenBank no. AJ133357), and substituted nucleotides are in italics. Restriction sites are
indicated, and their nucleotides are underlined.
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7.5]) for 10 min with agitation and protected from light. In the case of
transiently transfected cells, samples were further incubated with primary
polyclonal Ab 346 and anti-rabbit IgG secondary antibodies coupled to
Alexa Fluor 647 (Invitrogen) to detect 3A protein. Slides were mounted
with a coverslip using a minimal volume of Duolink II mounting medium
with DAPI (4=,6-diamidino-2-phenylindole). Cells were observed with a
confocal LSM710 vertical (Bio-Rad/Zeiss) microscope. As reported for
dimerization detection by PLA (45), fluorescence was quantified using the
ImageJ software (analyze particles plug-in). The percentage of the fluo-
rescence intensity, relative to that determined for cells expressing 3Awt
protein, was plotted for each mutant protein � standard error.

Western blot analysis. Vero cells were grown on 35-mm tissue culture
plates and transfected as described above with 1 �g of different plasmids.
At 24 hpt, the cells were scraped on ice into NP-40 lysis buffer (10 mM
EGTA, 2.5 mM MgCl2, 1% NP-40, 20 mM HEPES [pH 7.4]) and soni-
cated. Equal amounts of total protein of each sample, estimated by Brad-
ford (13), were mixed with Laemmli sample buffer and boiled. Samples
were separated by 12% SDS-PAGE and transferred onto a nitrocellulose
membrane. The membrane was blocked, and proteins were detected by
incubation with the corresponding 3A-specific polyclonal rabbit Ab as
described above.

Mouse experiments. The infectivity of the FMDV 3A mutants in suck-
ling mice was tested as described previously (7). Briefly, in vitro-tran-
scribed viral RNA (from 102 to 105 ng) mixed with 20 �l of Lipofectin
(Invitrogen) in a final volume of 100 �l in PBS was inoculated intraperi-
toneally in litters (4 to 5 mice per RNA) of Swiss newborn mice. Dead
animals were scored up to 11 days after infection. Mice showing severe
signs of disease (tremors ataxia, paralysis of the hind limbs) were eutha-
nized. All animals in this study were handled in the BSL-3 facilities at
CISA-INIA (Madrid, Spain), in strict accordance with the guidelines of
the European Community 86/609/CEE. The protocol was approved by

the Committee on the Ethics of Animal Experiments of INIA (permit
number CBS 2008/016).

Data analysis. One-way analysis of variance was performed with sta-
tistical package SPSS 19.0 (SPSS, Inc.) for Windows. Data are presented as
means � standard errors.

RESULTS
Homology model of the 3A protein and dimerization interface.
To provide basic insights into the structure-function relationships
of the FMDV 3A protein, 3D structural models of its N-terminal
region (residues 1 to 94) were generated by bioinformatic proce-
dures, using the analogous structure of the soluble domain of
human poliovirus 3A protein (65) as the template. As a result,
compatible ungapped models were rendered for residues 15 to 48
of the FMDV 3A protein, in correspondence to the structured
region in solution from the experimental template. Quality
QMEAN4 raw scores for the model of wild-type protein mono-
mers in this region were 0.622 (Z score � 0.09) and 0.621 (Z
score � 0.09), respectively. These values are comprised within the
range of quality standards for accepted homology-based structure
models (10). The tertiary structure of each monomer is organized
mainly on the structural basis of two �-helices (�1, residues 25 to
33, and �2, residues 37 to 44) connected by a 3-residue loop (Fig.
1A and B), hypothetically responsible for the dimerization pro-
cess. Consensus from diverse methods of transmembrane domain
predictions (6, 33, 70) points to the region comprised between
residues 59 to 76 as putatively responsible for 3A protein anchor-
age to membrane (Fig. 1A). General inspection of a minimized 3D
structure of the wild-type FMDV 3A homodimer model showed a

FIG 1 (A) Top, structure-derived multiple sequence alignment of the soluble domain and vicinities of diverse 3A proteins of enteroviruses and FMDVs (Uniprot
IDs are given in parenthesis): 1NG7, poliovirus type 1 strain Mahoney (P03300), sequence used as the template for homology modeling procedures (65); PV1,
poliovirus type 1, CHN-Guangdong/92-2 isolate (Q9E912); CVB3 (P03313); CVA11 (Q7T7P4); CVA20 (Q7T7N8); FMDV type C, C-S8c1 isolate, (Q9E2G4);
FMDV type O (P03305); FMDV type A (P49303); FMDV type Asia 1 (Q7TDB3). Positions in the alignment are colored according to sequence conservation by
average BLOSUM 62 score (similar residues according to BLOSUM 62 score are colored as the most conserved one using standard Belvu colors: �0.50, white;
0.51 to 1.50, light gray; 1.51 to 3.00, medium blue; �3.00, cyan) (http://sonnhammer.sbc.su.se/Belvu.html) (64). Positions of D32 and Q44 residues in the
FMDV-3A modeled sequence are indicated by magenta arrows. Position of hydrophobic residues M29, L38, and L41 are marked by green arrows. (B) General
view of the 3D model of wild-type FMDV 3A protein dimer. Position of selected residues hypothetically forming the binding interface and involved in FMDV 3A
dimerization is indicated. Secondary structure elements �1 and �2 are also indicated. (C) 3D models of analyzed mutants at the dimerization binding face. From
left to right and top to bottom: M29R, L38E, L41E, and the relative positions of D32 and Q44 residues (mutants Q44D and Q44R).
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quaternary organization of the N-terminal region protein similar
to that of PV 3A protein obtained by NMR spectroscopy (65). The
dimerization interface in FMDV 3A would include all residues in
the 25-to-44 stretch of the two antiparallel monomers. As in PV
3A, a number of hydrophobic contacts between �1 and �2 helices
could provide physical stability to the dimer. Such interactions
would involve residues F25, F26, M29, V30, L38, L41, and I42, in
both monomers. Genotypes carrying mutations introducing sim-
ilar electrostatic repulsive interactions in the hydrophobic core
could be unable to be functionally competent. In addition, grada-
tions of that biological effect would be also related to the differen-
tial local accumulation of heterogeneous repulsive interactions.
Thus, mutations L38E, L41E, and M29R within the hydrophobic
core could disrupt the binding interaction in the region by creat-
ing repulsions from facing negatively (or positively) charged res-
idues (Fig. 1C). On the other hand, polar contacts such as that of
residues D32 and Q44 (Fig. 1C), flanking the C-terminal ends of
�1 and �2 helices and exposed to the solvent, could also modulate
the interactions between both monomers. Mutation Q44R, found
to mediate FMDV adaptation to the guinea pig (48), could signif-
icantly modify the electrostatic surface of the region, favoring the
formation of salt bridges between both R44 and D32 residues and
eventually increasing dimer stability.

Based on these predictions, residues at positions 29, 38, and 41,
highly conserved among FMDVs of different serotypes (16), were
selected to be replaced by a negatively charged E residue, which
would interfere in the hydrophobic interactions predicted in this
3A region. On the other hand, two replacements at residue 44 were
analyzed: Q44R and Q44D, predicted to influence dimer stability.

Substitutions at the predicted hydrophobic interface affect
3A dimerization. Identification of protein bands potentially cor-
responding to 3A dimers in FMDV-infected cells is impaired by
the presence of protein precursors from the 3ABBB region (30).
Therefore, we first addressed the effect of the substitutions se-
lected on FMDV 3A protein transiently expressed in cultured cells.
In cells transfected with plasmid pRSV3Awt, a major protein band
of the expected mobility was observed by Western blotting using a
3A-specific Ab (Fig. 2A). Additional lower-mobility bands sugges-
tive of 3A dimer/multimer formation were also observed. When
cells were transfected with pRSV derivatives expressing 3A with
mutations M29R, L38E, or L41E or double-mutant L38EL41E,
expected to destabilize dimer formation, no bands corresponding
to putative dimers were observed (Fig. 2A). Dimerization was also
observed in cells expressing mutant proteins Q44D and Q44R,
with the intensity of the dimer band in both cases slightly lower
than that of 3Awt.

To further characterize 3A homodimerization, we set up an in
situ protein ligation assay previously used to visualize protein-
protein interaction in the cell by fluorescence microscopy (3, 28,
45). The strategy, detailed in Materials and Methods and summa-
rized in Fig. 3A, is based on coupling a monoclonal Ab that rec-
ognizes a single epitope on each 3A molecule to two different
oligonucleotide probes, 	 and 
, which subsequently hybridize
to oligonucleotides included in a ligation solution. Should the pair
of antibodies locate close enough (�40 nm), their attached probes
would ligate, forming a circle; amplification of this circle upon
addition of fluorescently labeled nucleotides allows visualization
of each single interaction by fluorescence microscopy (71). The
monoclonal Ab selected for this assay was directed against an
epitope on the C-terminal region of 3A, distant from the N-ter-

minal region analyzed to avoid loss of recognition due to the mu-
tations introduced. The assay included a biological control of
noninfected or transfected cells and two technical controls lacking
one of the probes each. As shown in Fig. 3B, when cells were
FMDV infected and incubated with probes 2C2	 and 2C2
, a
dimer fluorescent signal was observed. Fluorescence was also no-
ticed in cells transfected with pRSV3Awt. Significant reductions in
the fluorescence intensity, of about 40% of that of 3Awt, were
detected in cells transfected with mutant plasmids pRSV3AL38E
and pRSV3AL41E (Fig. 3C and D). When plasmid pRSV3AL38E-
L41E bearing the two substitutions was analyzed, the signal reduc-
tion observed was higher, at about 80% (Fig. 3C). These results
support the capacity of 3A to form homodimers and suggest that
replacements L38E and L41E impaired dimer formation.

Replacements M29R, L38E, and L41E also prevent dimer for-
mation by synthetic peptides spanning the 3A dimerization in-
terface. To study the potential of the N terminus of 3A to form

FIG 2 Analysis of 3A proteins and peptides, including mutations potentially af-
fecting dimerization. (A) Expression in eukaryotic cells of 3A proteins. Immuno-
blot of lysates of Vero cells transfected with 1 �g of each of the plasmids indicated.
Proteins were resolved on an 12% SDS-PAGE gel, transferred to a membrane, and
incubated with polyclonal Ab 346 generated against the C terminus of 3A. The
protein bands whose migrations correspond to the monomeric and the dimeric
forms of 3A are indicated with arrows. Membranes were reprobed with a MAb
against �-tubulin, as a control for protein loading. (B) Analysis of synthetic pep-
tides from the N terminus of the 3A wild-type protein and L38E, L41E, L38E/L41E,
and M29R mutants. Each peptide (1.25 �g) was resolved on two 12% SDS-PAGE
parallel gels, one of which was stained with Coomassie blue. The second gel was
transferred to nitrocellulose membrane and blotted with polyclonal Ab 443 pro-
duced against the N terminus of 3A. The migrations and sizes of the molecular
weight markers are indicated on the left.
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dimers and multimers, peptides spanning residues I1 to F52
(termed N peptides) were synthesized by solid-phase procedures,
as described in Materials and Methods. The electrophoretic mo-
bility of peptide N-wt, spanning the sequence corresponding to
the parental C-S8c1 FMDV, revealed by Western blotting with an
Ab against the N terminus of 3A protein, showed a band of a size
about that corresponding to the monomeric peptide, as well as
additional bands corresponding to higher-order forms (Fig. 2B).
A pattern of bands similar to that observed by Western blotting
was revealed by mass staining; in this case, the monomeric form
was the major band, indicating that the Ab used preferentially
recognized dimer/multimeric peptide forms. The inverse rela-
tionship observed between the higher-order forms revealed by the
Ab recognition or by mass staining could be related to an increase
of Ab recognition due to epitope multimerization. On the other
hand, only monomeric bands were detected by mass staining of
mutant peptides, which showed slight differences in mobility, as
reported to occur among 48-mer peptides differing in single resi-
dues (53). In addition, the Ab staining showed a dramatic decrease
of higher-order forms, N-M29R being the only peptide for which
a faint dimeric band was observed. The poor Ab recognition of
peptide N-L38E could be explained by either an altered confor-
mation adopted by this peptide or by a possible implication of the
mutated residue in the peptide-Ab interaction.

Thus, the overall results indicate that (i) FMDV 3A protein can

form dimers and multimers, (ii) its N-terminal fragment is in-
volved in this process, and (iii) replacement of the hydrophobic
residue L at positions 38 and 41 by a charged amino acid E dimin-
ishes dimerization.

Mutations that abolish hydrophobic interactions at residues
L38 and L41 of the 3A protein are detrimental for virus infectiv-
ity. To assess the effect of replacements L38E and L41E located at
the predicted hydrophobic dimerization interface on the FMDV
life cycle, the infectivity of mutant RNAs transcribed from plas-
mids pMT28L38E and pMT28L41E carrying these substitutions
was compared with that of the corresponding parental C-S8c1
RNA derived from plasmid pMT28. To this end, plaque formation
was determined after 24 h of transfection with different amounts
of RNA (from 1 to 103 ng) of BHK-21 cell monolayers maintained
in semisolid medium. No infectious virus was recovered after
transfection of cells with up to 1 �g of RNA transcribed from
pMT28L38E or pMT28L41E (data not shown), indicating that
RNAs with these mutations showed an infectivity at least five log
lower than that of the RNA control pMT28. When transfected
cells were incubated in liquid medium, a delay in the recovery of
infectious virus, relative to transcript pMT28, was observed for
transcripts pMT28L38E and pMT28L41E (no infective virus was
found at 24 hpt, and limited titers of about 1 � 102 and 10 PFU/ml
were detected at 72 hpt, respectively) (Fig. 4). Upon two addi-
tional passages of the transfection supernatant, the viral titers re-

FIG 3 Proximity ligation assay to confirm homodimer protein complexes. (A) The scheme summarizes the procedure: (i) conjugation of primary monoclonal
Ab 2C2, with PLA probes 	 (red) and 
 (blue); (ii) incubation of the sample where dimerized proteins are represented in green and cherry, with the two
conjugates of monoclonal Ab 2C2, probes 	 and 
; (iii) hybridization and ligation reaction with oligonucleotides complementary to the PLA probes; (iv) final
rolling-circle amplification and detection of the amplified products with the nucleotide fluorescent probe (orange balls). (B) Confocal fluorescence microscopy,
from left to right: (i) PLA reaction in cells infected with FMDV (MOI of 5 PFU/ml); negative controls of infected cells incubated with (ii) 2C2-probe 	 or (iii)
2C2-probe 
; and (iv) PLA reaction in mock-infected cells with probes 	 and 
. (C) Plot of percentage of fluorescence intensity, relative to that of cells
transfected with pRSV3Awt, in cells transfected with pRSV3AL38E, pRSV3AL41E, and pRSV3AL38EL41E. Raw data were quantified using the ImageJ program,
n � 40 cells scored in the experiment. Mean values and standard errors are represented. Statistically significant differences, relative to pRSV3Awt, are indicated
by * (P � 0.05) or ** (P � 0.005). (D) PLA reaction (orange) in cells transfected with the plasmids in panel C (24 hpt) and incubated with rabbit polyclonal Ab
346 (red) detected with Alexa Fluor 647 anti-rabbit Ab. Nuclei were stained with DAPI. Scale bar, 20 �m.
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covered from transcripts pMT28L38E and pMT28 were simi-
lar, while those recovered from transcript pMT28L41E were
about 1 log lower (Fig. 4). Emergence of infectious virus was
concomitant with the imposition in the viral populations of
replacements for each of the mutant RNAs analyzed—E38V
and E41A—that restored the hydrophobicity of the residues, as
determined by sequencing of the viral RNA at the second cell
passage given to the transfection medium (Table 3). Selection
of mutant E38V was observed in the two additional transfec-
tions of RNA from pMT28L38E performed. On the other hand,
infectious virus was recovered in only one of the three addi-
tional transfections carried out with RNA from pMT28L41E, in
which replacement E41A was found imposed on the viral pop-
ulations (Table 3). These results indicate that replacement of
hydrophobic residues by charged residues at positions 38 and
41 of 3A drastically reduces viral multiplication, leading to
selection of substitutions to nonpolar V and A residues that
restore hydrophobicity and favor dimer stability.

To study whether the point mutations introduced in 3A could
alter the translation of the viral polyprotein, in vitro-transcribed
RNAs from pMT2-L38E and pMT28L41E were in vitro translated
in a rabbit reticulocytes lysate. The protein pattern obtained for
the different mutants was similar to that of pMT28 control RNA
(data not shown).

Mutation Q44D is detrimental for virus infectivity. To study
the effect of electrostatic charge acquisition at residue Q44 on
FMDV life cycle, the infectivity of mutants with replacements
Q44R and Q44D, which resulted in a slightly lower dimer detec-
tion in transiently expressed 3A mutants (Fig. 2A), was analyzed.
An infectivity of about 197 PFU/ng of RNA was determined for
transcript pMTQ44R, a value slightly higher than that observed
for the control RNA from pMT28 (data not shown). When trans-
fected cells were incubated in liquid medium, RNA from mutant
Q44R produced a cytopathic effect at a time similar to that of
pMT28, comparable viral titers were found in the culture medium
at 24 hpt and upon the two additional passages of the transfection
supernatant (Fig. 4), and the viruses recovered maintained the
substitution over 3 additional cell passages. Similar results were
obtained from two additional transfections performed with
pMTQ44R RNA. These results confirm that replacement Q44R

does not exert a detrimental effect on FMDV infectivity in cul-
tured cells.

On the contrary, an infectivity of �1 PFU/�g was found for
RNA from pMTQ44D, a delay in the recovery of infectious virus
was observed after its transfection (no infective virus was found at
24 hpt, and limited titers of about �10 PFU/ml were detected at 72
hpt), and the viral titers recovered after two passages of the super-
natant of cells transfected were about 1 log lower than those re-
covered from pMT28 RNA. Emergence of infectious virus was
associated with the imposition of replacement D44E, which was
also observed in three additional transfections of RNA from
pMT28-Q44D (Table 3).

On the other hand, in vitro translation of RNAs from
pMT28Q44R and pMT28Q44D showed a protein pattern similar
to that of pMT28 control RNA (data not shown). Thus, while
replacement Q44R leads to viruses with infectivity similar to that
of the parental C-S8c1 virus, introduction of an acidic residue at
position 44 (replacement Q44D) imposes selection of an E residue
that maintains the negative charge but acquires a structure similar
to that of the parental Q.

Mutations at residues L38, L41, and Q44 of 3A protein abol-
ish infectivity in suckling mice. To assess the effect of the muta-
tions introduced in 3A on the replication of the virus in an animal
model, RNAs transcribed from pMT28L38E, pMT28L41E,
pMT28Q44R, and pMT28Q44D were injected into suckling mice,
and the emergence of clinical signs and instances of death were
followed for 10 days. RNA from pMT28 was used as a control. An
amount of 100 ng RNA from pMT28 killed 4 of the 5 animals
injected, a lethality value similar to that reported for other FMDV
RNAs derived from full-length infectious clones (7). RNA from
pMT28-Q44R was also lethal for suckling mice, as 100 ng of RNA
killed 3 out of 4 injected animals, and sequencing of the 3A coding
region of RNA extracted from dead mice showed the presence of
replacement Q44R, confirming the capacity of the virus carrying
this mutation to infect suckling mice (47). Conversely, RNAs from
pMT28Q44D, pMT28L38E, and pMT28L41E were not lethal at
doses of RNA up to 105 ng (Table 4), suggesting that these replace-
ments allow viral replication in cultured cells, enabling selection
of revertant mutants, and abolish viral multiplication in an animal
model, such as suckling mice.

DISCUSSION

The self-association of proteins to form dimers and higher-order
oligomers is a common biological phenomenon. Recent structural

TABLE 3 Replacements selected from RNAs with mutations in 3A

Residuea Substitution introduced Sequence recoveredb

L38(CTC) E38(GAG) V38(GTG)c

L41(CTC) E41(GAG) A41(GCG)d

Q44(CAA) R44(CGA) R44(CGA)c

Q44(CAA) D44(GAT) E44(GAA)c

a Amino acid residue and position in 3A are indicated relative to the C-S8c1 sequence.
The corresponding codon is given in parenthesis.
b Replacement selected in the virus recovered upon RNA transfection of BHK-21 cells
(see Materials and Methods for details). In each case, the substitution shown was the
only mutation found in the RNA region sequenced.
c Sequence of the viral population recovered from the 3 independent experiments
performed.
d Sequence of the viral population recovered from 2 of the 4 independent experiments
performed.

FIG 4 Effect of 3A mutations on FMDV infectivity. (A) Viral titers of viruses
harboring different 3A mutations recovered after transfection, first or second
passage on BHK-21 cells, were determined at the time of complete CPE, as
follows: 24 hpt for pMT28 and pMT28Q44R or 72 hpt for pMT28L38E,
pMT28L41E, and pMT28Q44E; 24 hpi for pMT28 and pMT28Q44R or 48 hpi
for pMT28L38E, pMT28L41E, and pMT28Q44D after the first passage; 24 hpi
for all the viruses after the second passage. Data are the averages from three
independent transfections; one out of the three experiments for pMT28-L41E
RNA failed to yield infectious virus.
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and biophysical studies show that protein dimerization or oli-
gomerization is a key factor in the regulation of different protein
functions (38), including proteins relevant for virus replication
(36). In this line, dimerization/multimerization has been shown
to be relevant for the biological role of nonstructural proteins of
different picornaviruses (15, 17, 57, 77), including FMDV (67). In
this study, we describe experiments aimed to gain insight on the
structure-function relationship of FMDV 3A protein, a nonstruc-
tural protein relevant for virus replication, virulence, and host
range for which the molecular mechanisms that mediate its bio-
logical activity are poorly understood. Previous attempts to obtain
structural data from E. coli-expressed 3A and peptides corre-
sponding to the N terminus of 3A showed an aggregation ten-
dency that impaired subsequent analyses. In this work, using the
NMR structure of PV 3A as a template, a molecular model for the
N-terminal 94 residues of FMDV 3A was derived. The model
shows that 3A contains two � helices (�1, residues 25 to 33, and
�2, residues 37 to 44) and that, as in PV and CVB3 3A structures,
a number of hydrophobic contacts in helices �1 and �2 could
provide physical stability to the dimer. In addition, in FMDV 3A,
the two alpha-helices are connected by a 3-residue loop (I34, K35,
and E36) that conforms a patch of charged residues. In the equiv-
alent loop positions, a patch of negatively charged residues is pres-
ent in PV (D29 and E32) (65) and in CVB3 (D30 and E32) (72) 3A
proteins.

According to the model, the analysis of the transiently ex-
pressed FMDV 3A protein suggested that 3A forms dimers/mul-
timers as shown by Western blotting analyses (Fig. 2A). Protein
oligomerization even in the presence of SDS, has been previously
described for PV 3AB (35, 74). This homodimerization of 3A was
also evidenced by an in situ protein ligation assay designed to
visualize protein-protein interactions in the cell by fluorescence
microscopy (Fig. 3). The contribution of the N-terminal fragment
of 3A to the dimerization was detected using the N-wt synthetic
peptide, spanning residues 1 to 52 of 3A, whose mobility in SDS-
PAGE revealed by mass staining showed a major band of a size
about that corresponding to the monomeric peptide, as well as
bands corresponding to higher-order oligomers (Fig. 2B).

Based on the model and on sequence conservation among
FMDV isolates, hydrophobic interactions between residues at the
helical regions of both monomers were expected to be the main
dimerization determinant. Indeed, replacements L38E, L41E, and
M29R, involving charge acquisition at residues predicted to con-
tribute to the hydrophobic interface, abolished formation of
dimer bands in transiently expressed 3A (Fig. 2A). Moreover, the
single replacements L38E and L41E and, to a higher extent, the
double replacement L38EL41E showed a reduced fluorescence

signal in the proximity ligation assay (Fig. 2B), while expression of
3A was evidenced by conventional immunofluorescence with a
different anti-3A antibody (Ab 346). A similar decrease in the
dimerization signal in a double hybrid system has been reported
for CVB3 3A carrying a double mutation (by alanine replacement)
at residues L25 and L26 (72). On the other hand, peptides from the
N terminus of 3A with substitutions L38E, L41E, M29R, or
L38EL41E showed a dramatic reduction of the electrophoretic
bands of a size higher than that corresponding to their monomeric
forms. Overall, these results suggest that, as reported for CVB3,
preservation of a cluster of hydrophobic interactions in this region
is essential for 3A dimer stability.

When FMDV RNA with replacement L38E was transfected in
BHK-21 cells, a delay, relative to cells transfected with parental
C-S8c1 RNA, in both the emergence of cytopathic effect and the
recovery of infectious virus was observed in three independent
experiments. Viruses recovered from the second passage in cul-
tured cells of the transfection medium displayed replacement
E38V that resembled the nonpolar (L) residue of the parental
C-S8c1 virus. On the other hand, infectious virus could be recov-
ered in two of the four independent transfection experiments per-
formed with RNA carrying replacement L41E, and the sequencing
of the viral populations obtained displayed the replacement E41A,
which again restored the nonpolar nature of this position. The
lower viral titers recovered from transfections with L41E RNA,
relative to those produced by L38E RNA, as well as the lack of
recovery of infectious virus from two of the transfections with
RNA L41E, suggest that this replacement could affect FMDV rep-
lication more severely than L38E. While direct reversion to the
parental residue L at E38 and E44 residues requires at least 2 nu-
cleotide substitutions, single transversions mediate replacements
E38V (A5411T) and E41A (A5420C) (Table 3), making their se-
lection more likely. These results indicate that the presence of
nonpolar hydrophobic residues at positions 38 and 41 of 3A is
essential for virus replication and that no second-site suppressor
mutations at other 3A residues, unlike as reported for coxsacki-
evirus RNA with replacements at analogous 3A hydrophobic res-
idues (72), are frequently selected during the limited replication of
RNA mutants L38E and L41E. Thus, taken together, our results
suggest that the conservation of hydrophobic interactions at the
predicted dimerization interface is required for efficient FMDV
replication in cultured cells.

In CVB3, polar interactions, other than the hydrophobic con-
tacts such as those contributed by residues L25 and L26, have been
shown to participate in 3A dimer stability; thus, the establishment
of salt bridges between residues D24 and K41 was found critical
for dimer stability, RNA replication, and inhibition of protein
transport (72). K41 is part of a cluster of charged residues located
at the C terminus of CVB 3A �-helix 2. A similar cluster of
charged, solvent exposed residues is found in PV 3A �-helix 2, and
mutations at these residues (E38, K39, and K40) yield nonviable
viruses, indicating the biological relevance of these polar, charged
residues located at the �-helix 2 (75). In contrast, the equivalent
positions at the C terminus of FMDV 3A �-helix 2 are occupied by
a cluster of polar but not charged residues: Q43, Q44, and T45.
According to our model, residues D32 and Q44 of FMDV 3A,
located flanking the C-terminal extremes of helices �1 and �2 and
exposed to the solvent, could establish polar interactions between
both monomers. Replacement Q44R, which mediates adaptation
to the guinea pig (48), could allow formation of an intermolecular

TABLE 4 RNA infectivity in suckling mice of FMDV 3A mutants

RNA RNA dose (ng) No. of dead mice/total no. of mice

pMT28 102 4/5
103 5/5

pMT28L38E 105 0/5
pMT28L41E 105 0/5
pMT28Q44D 105 0/4

pMT28Q44R 102 3/4
103 4/4
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salt bridge with D32 with the consequent dimer stabilization.
Conversely, replacement Q44D would impair polar interactions
with D32. Despite these predictions, neither of these substitutions
produced a marked effect on the dimer formation of transiently
expressed 3A, suggesting that the polar interactions between Q44
and D32 are not critical for 3A dimerization, albeit they could
modulate dimer stability. A similar observation was reported for
CVB3 3A in which replacements to A at polar residues S28 and
Y37, predicted to establish an intermolecular hydrogen bond, did
not affect dimerization and protein transport, while only replace-
ment Y37A impaired virus replication, leading to recovery of a
second-site suppressor mutation (72).

When the effect of electrostatic charge acquisition at position
44 on the infectiveness of FMDV RNA was analyzed, transfected
RNA with replacement Q44R produced a cytopathic effect and
infectious virus in a manner similar to that of the parental RNA
pMT28, and the viruses recovered maintained the substitution
over 3 additional cell passages, indicating that this change is not
detrimental for virus replication in cultured cells. This result is
consistent with the ability of the guinea pig-adapted virus carrying
replacement Q44R to kill suckling mice and to cause acute disease
in the pig (47). On the contrary, in cells transfected with RNA
carrying the replacement Q44D, a delay in the production of in-
fectious virus was observed and the recovered virus displayed re-
placement D44E. In this case, substitution of D by E did not re-
store a polar, uncharged side chain, maintaining a milder negative
charge and structural features similar to those of the parental Q.
Direct reversion to the parental residue Q requires 2 nucleotide
substitutions, while a single transversion mediates replacement
D44E (T5430A) (Table 3). Residue Q44 is rather conserved
among FMDVs, and replacements at these residue have been
found in guinea pig-adapted isolates (16). Our results suggest that,
despite the fact that replacements at Q44 do not substantially af-
fect the capacity of transiently expressed 3A to form dimers, this
residue is relevant for virus replication. Thus, while replacement
Q44R retains infectivity in cultured cells at levels similar to that of
the parental C-S8c1, Q44D leads to the recovery of the D44E mu-
tant.

Despite the fact that replication impairment introduced by
mutations L38E, L41E, and Q44D permitted selection of revertant
mutants able to grow in cultured cells, RNAs carrying these sub-
stitutions caused no death or clinical signs when inoculated in
suckling mice, opposite to what was observed for RNA from
C-S8c1 (pMT28) and from mutant Q44R. These results indicate
that, as previously reported (7), in vivo multiplication frequently
imposes different constrains for virus replication and disease
emergence compared to those found in cultured cells.

Although further work is required to assess the contribution of
dimerization inhibition on the detrimental effect of the mutants
studied, our results suggest that, despite the unique characteristics
of FMDV 3A protein among picornaviruses, FMDV requires 3A
dimerization for efficient replication. Our data support that the
hydrophobic interactions established between the �-helices of
both monomers are the main determinant for dimerization and
its impairment is detrimental for virus multiplication. On the
other hand, mutations affecting polar interactions between resi-
dues at the �-helices can affect FMDV replication, without abol-
ishing 3A dimerization.
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