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The foot-and-mouth disease virus (FMDV) leader (L) proteinase has only two known functions: (i) auto-
catalytic removal from the N terminus of the viral polyprotein and (ii) cleavage of the p220 subunit of the
eukaryotic initiation factor 4F complex, which helps to shut off host protein synthesis. Cleavage of p220
appears to be important for picornavirus replication, since rhinoviruses and enteroviruses utilize a different
proteinase (2A) to cleave p220. To explore the role of L in FMDV replication, we generated synthetic FMDV
genomes lacking the L gene and tested their viability in cells. Genomes were constructed with the N-terminal
Gly codon of VP4 positioned directly following either the first (Lab) or second (Lb) Met codon of the L protein.
Cells transfected with synthetic RNAs lacking L and initiating with the Lab Met codon failed to produce viable
virus, but cells transfected with RNAs that utilized the second AUG to drive translation of the viral polyprotein
produced viable viruses. These leader-deleted viruses produced plaques on BHK cells that were slightly smaller
than those produced by wild-type (WT) virus, grew to slightly lower titers than WT virus in BHK cells, shut off
host protein synthesis more slowly than WT virus, and were slightly attenuated in mice. These studies indicate
that the L proteinase is not essential for FMDV replication and show that in the cells and animals tested the
L gene has a limited effect on virus replication.

The foot-and-mouth disease virus (FMDV) genome con-
tains a single open reading frame about 7,000 bases in length
that is initiated from an internal ribosome entry site (IRES)
about 1,100 bases from the 59 end of the RNA (9, 27). The viral
polyprotein is processed by three viral proteinases co- and
posttranslationally (Fig. 1). The leader (L) and 2A proteinases
appear to cleave at only a single site in the polyprotein,
whereas the 3C proteinase cleaves at multiple sites. The L gene
is positioned at the 59 end of the open reading frame and
contains two potential in-frame initiation codons (84 nucleo-
tides apart) which encode proteins defined as Lab and Lb (37),
with predicted molecular weights of 23,025 and 19,861 (for
type A12 [33]), respectively. Nucleotide sequence analyses have
revealed that these two initiation codons are present in repre-
sentatives of all seven serotypes of FMDV (13, 39), and al-
though the first AUG (at the start of Lab) is not always in a
context that should initiate efficiently (26), both Lab and Lb
have been detected in in vitro translation reactions and in
infected cells (13, 39).
The L protein autocatalytically removes itself from the N

terminus of the elongating polyprotein (41), exposing the N
terminus of the capsid precursor protein P1, permitting its
N-terminal myristoylation (12); however, L can also accom-
plish this cleavage in trans (41). The L gene product shows
sequence similarity to the papain family of proteinases (20),
and inhibitor studies (24) and site-directed mutagenesis studies
(34) have confirmed that it belongs to this class of proteinases.
The 2A proteinase of FMDV cleaves the C-terminal end of the
P1-2A product from the P1-P2 precursor, and 2A cleavage
activity can be accomplished within a foreign protein by a
segment of as few as 13 amino acid residues (38), consistent
with the fact that 2A can function only in cis. The 2A protein-

ase of enteroviruses and rhinoviruses is considerably larger,
and it cleaves the viral polyprotein between P1 and P2 (43).
The 3C proteinase has been extensively studied for all five
genera of the Picornaviridae. Several studies have noted se-
quence similarities between 3C and cellular serine proteinases
(6, 19), and this sequence similarity and use of cysteine in the
active site have been confirmed by recent structural studies on
the 3C proteinases of hepatitis A virus (1) and human rhino-
virus (29). Experiments with the FMDV 3C proteinase have
confirmed the expected requirements of this cysteine for ac-
tivity (21).
In addition to cleavage of virally encoded proteins, L and 3C

are known to cleave host cell proteins. 3C cleaves histone H3,
which could contribute to the shutoff of host cell transcription
(18, 42), and L cleaves the p220 subunit of eukaryotic initiation
factor 4F (eIF-4F) (14, 23), resulting in the shutoff of cap-
dependent host cell protein synthesis, without affecting viral
protein synthesis which can occur in the presence of cleaved
p220. Although an active L proteinase is encoded only by
viruses in the Aphthovirus genus of the Picornaviridae (16), the
2A proteinase of enteroviruses and rhinoviruses also cleaves
p220, but at a different site in the protein (40). Viruses in the
Cardiovirus genus encode an L protein that does not have any
known protease function, although removal of the L gene from
the genome of Theiler’s murine encephalomyelitis virus pro-
duces viruses with altered host range in cell culture (10, 25)
and virulence in mice (10).
Attempts to develop live-attenuated foot-and-mouth disease

(FMD) vaccines by classical methods have met with limited
success (3), and the well-known instability of the viral genome
(15) strongly suggests that viruses attenuated by mutation at a
limited number of sites could easily revert to virulence. We
have previously reported attempts to attenuate FMDV by de-
letion of the poly(C) tract near the 59 end of the genome (36),
on the basis of the successful application of this type of genetic
engineering to the production of attenuated cardioviruses (17).
Although genetically engineered FMDV with poly(C) tracts of
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only two nucleotides maintained their shortened poly(C) tracts
in cell culture and in vivo, they were virulent in mice (36).
To investigate the role of the FMDV L proteinase in viral

maturation, host cell protein synthesis shutoff, and viral patho-
genesis, and to generate leader-deleted viruses that could serve
as live-attenuated FMD vaccines, synthetic full-length RNAs
lacking the L gene were constructed and transfected into eu-
karyotic cells. In the studies reported here, we describe the
construction and characterization of a leaderless virus.

MATERIALS AND METHODS

Cell lines, viruses, and plasmids. Virus stocks were prepared and titrated by
plaque assay in baby hamster kidney (BHK) cells (strain 21, clone 13) as de-
scribed previously (36), and a bovine kidney cell line (BK-LF) was used to assay
p220 cleavage activity (24). Wild-type (WT) FMDV type A12 used in all studies
was derived from the infectious clone pRMC35 (36). Plasmid pRM-KGE, which
contains a mutation in the sequence encoding the cell binding site, has been
described elsewhere (28). RNAs transcribed from this cDNA are translated and
processed at the same efficiency as WT (pRMC35) RNA, but cells transfected
with pRM-KGE RNA produce virus particles incapable of binding to or infecting
cells (28), thus eliminating their ability to initiate a second cycle of infection in
transfection experiments. Plasmid pRM-DL (previously named pRMC35-DL),
which has an in-frame deletion of 192 nucleotides from the center of the L gene,
has been described elsewhere (33), and all plasmids used to produce the mutant
cDNAs described in this report were derivatives of pRMC35.
Construction of cDNAs lacking L-coding sequences. Plasmids harboring full-

length cDNAs containing complete L deletions were constructed by using PCR
site-directed mutagenesis protocols (22) to introduce novel restriction sites at the
junction of the IRES and the VP4 gene. Briefly, plasmids pRM-LLV1 and
pRM-LLV2 were constructed by addition of a NarI site encoding Gly-Ala (cor-

responding to the first two amino acids of VP4) to the initiation codons of Lab
or Lb, respectively, and then ligating these segments to a VP4 cDNA containing
silent mutations in the first and second codons (Gly-Ala) to produce a second
NarI site (Fig. 1). pRM-LLV11, which contains the Lab initiation codon pre-
ceded by an additional four bases (GGCC), added to produce a better context for
translation initiation (26), was created by addition of an SfiI site at the IRES/VP4
junction (Fig. 1 and 2). Following mutagenesis, all plasmid DNAs were se-
quenced through the entire amplified region by using Sequenase (Amersham,
Arlington Heights, Ill.).
Production of T7 transcripts, in vitro translation, and transfection into cells.

T7 transcripts of NotI-linearized plasmid DNA were produced by using a Me-
gaScript kit (Ambion, Inc., Austin, Tex.). Transcripts were translated in vitro by
using reticulocyte lysates as described by Vakharia et al. (44) or transfected into
BHK cells by using Lipofectin (GIBCO-BRL, Gaithersburg, Md.) (36) or elec-
troporation (28).
Radioimmunoprecipitation and gel electrophoresis. Radioimmunoprecipi-

tates were prepared from [35S]methionine (New England Nuclear [Boston,
Mass.] or Amersham)-labeled in vitro translation reaction mixtures, transfected
cells, or infected cells, using standard techniques. Immunoprecipitations were
performed with monoclonal antibody 2PD11, which recognizes conformational
determinants on the viral capsid (4, 5), or a bovine convalescent serum to
FMDV. Radiolabeled cell lysates, translation reaction mixtures, or immunopre-
cipitates were resolved by electrophoresis on 15% polyacrylamide gels containing
sodium dodecyl sulfate (SDS-PAGE) and fluorographed.

RESULTS

Construction of cDNAs lacking all or a portion of the L
gene. Plasmids containing the full-length type A12 cDNA mol-
ecules lacking all or a portion of the L gene were constructed
by standard techniques and are shown schematically in Fig. 1A
(see Materials and Methods). The exact nucleotide sequences

FIG. 1. (A) Diagram of the FMDV genome and L-deleted genomes. The viral open reading frame is boxed, and the shaded box corresponds to the 84-nucleotide
region between the two in-frame initiation codons for Lab and Lb (see text). Abbreviations: Cn, poly(C) tract; S, 59 portion of the genome or small fragment; UTR,
untranslated region. (B) Sequences of the WT and mutant RNAs surrounding the initiation codons for Lab and Lb and the cleavage site between L and VP0. Dots
indicate sequences left out for clarity; underlining indicates positions of restriction endonuclease sites in the cDNA; lowercase letters indicates nucleotides added or
changed by site-directed mutagenesis.
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surrounding the initiation codons positioned in front of the
VP4 coding regions of the three cDNA clones containing com-
plete deletions of L are shown along with WT sequences in Fig.
1B. pRM-DL has an in-frame deletion within the L gene, which
abrogates L function (33). pRM-LLV1 contains the Lab AUG
positioned in front of the codon corresponding to the N-ter-
minal Gly of VP4. pRM-LLV11 was constructed by using the
Lab AUG found in pRM-LLV1, but with modifications of the
sequence 59 of the AUG to produce a more favorable context
for translation initiation (26), and pRM-LLV2 contains the Lb
AUG positioned in front of the same Gly codon of VP4. The
genome-length cDNAs present in all of these plasmids were
derived from the infectious cDNA clone, pRMC35, and were
preceded by a synthetic T7 RNA polymerase promoter and
followed by a unique NotI site (36).
In vitro translation of RNAs lacking the L gene. T7 RNA

transcripts derived from pRM-KGE, pRM-DL, pRM-LLV1,
pRM-LLV11, and pRM-LLV2 were checked for the ability to
function as templates for protein synthesis in reticulocyte ly-
sates. Transcripts from pRM-KGE, pRM-DL, and pRM-LLV2
were translated in vitro at least 10 times more efficiently than
transcripts from pRM-LLV1 and pRM-LLV11 (results not
shown). Qualitatively, the translation products produced from
transcripts of pRM-KGE and pRM-LLV2 were identical to the
products produced by virion RNA except that the reaction
mixtures programmed with pRM-LLV2 RNA did not contain
L (Fig. 2). The translation products obtained from pRM-LLV1
and pRM-LLV11 transcripts differed dramatically from those
produced by the other transcripts. Neither P1-2A nor VP0 was
observed, and there were reduced amounts of VP3 and VP1;
instead, a product that migrated more rapidly than P1-2A was
observed (P19-2A), suggesting that its synthesis had initiated at
a site within the VP4 coding region (Fig. 2). Since 3C-mediated
cleavage of P1/2A products generated in vitro is inefficient (2,
44), exogenous Escherichia coli-produced 3C (2) was added to
help clarify the nature of the aberrant product generated in the
pRM-LLV1 or pRM-LLV11 translation reaction. These stud-
ies showed that the band that migrated more quickly than
P1-2A could be cleaved to products that comigrated with VP1,

VP3, and a third product that migrated faster than VP0 (re-
sults not shown).
Transfection of RNAs lacking the L gene into cells by using

Lipofectin. T7 RNA transcripts derived from pRMC35, pRM-
DL, pRM-LLV1, pRM-LLV11, and pRM-LLV2, were trans-
fected into monolayers of BHK cells by using Lipofectin, and
the monolayers were stained 72 h later to reveal plaques.
Under these conditions, pRM-LLV2- and pRMC35-derived
transcripts showed essentially identical specific infectivities,
whereas no plaques were detected in cells transfected with
pRM-DL, pRM-LLV1, or pRM-LLV11 RNAs (Table 1). Fur-
thermore, the pRM-LLV2 RNA produced plaques slightly
smaller than those produced by the L gene-containing RNA
from pRMC35 (Table 1).
Transfection of leaderless RNAs into cells by electropora-

tion. Five to ten micrograms of T7 RNA transcript derived
from pRM-KGE, pRM-DL, pRM-LLV1, pRM-LLV11, or
pRM-LLV2 was transfected into 1.6 3 107 BHK cells by elec-
troporation, and the cells were incubated overnight in the
presence or absence of radiolabel as described by Mason et al.
(28). Cells transfected with transcripts from pRM-KGE, pRM-
DL, and pRM-LLV2 showed cytopathic effect (CPE) in over
95% of the cells within 16 h of transfection, whereas cells
transfected with pRM-LLV1- and pRM-LLV11-derived tran-
scripts showed CPE that was indistinguishable from that of
cells electroporated in the absence of RNA. Since the viral
particles produced by pRM-KGE RNA are not infectious (28),
and hence unable to spread between cells following transfec-
tion, the extensive CPE observed in these cultures indicated
that highly efficient transfection was achieved under these con-
ditions.
Plaque assays performed with freeze-thawed lysates of trans-

fected cultures revealed high titers of virus in cells transfected
with RNA from pRM-LLV2, but no virus was detected in cells
transfected with RNAs from pRM-KGE, pRM-DL, pRM-
LLV1, or pRM-LLV11. Fresh BHK cells were incubated with
the freeze-thawed lysates of cells transfected with each of the
latter four RNAs and incubated for an additional 48 h at 378C.
The cells remained indistinguishable from uninfected cells, and
plaque assays performed on freeze-thawed lysates from these
blind passages did not reveal any virus capable of forming
plaques on BHK cells. Our inability to recover live virus from
lysates of cells transfected with the pRM-KGE RNA was ex-
pected, since the viral particles produced from this RNA can-
not bind to or infect cells (28). The inability to rescue virus
from lysates of pRM-DL RNA-transfected cells was also ex-
pected, since the truncated L proteinase cannot remove itself
from the N terminus of the P1 molecule, thus preventing cap-
sid assembly.
SDS-PAGE of immunoprecipitates prepared from radiola-

beled, transfected cells confirmed that viral proteins were

FIG. 2. In vitro translation of FMDV mutant transcripts. Transcripts from
cDNAs shown in Fig. 1 were translated in a cell-free system, and the radiolabeled
products were examined by SDS-PAGE on a 15% gel. The transcripts used are
indicated above the lanes. Equal amounts of trichloroacetic acid-precipitable
protein were loaded in each lane.

TABLE 1. Characteristics of synthetic RNAs in BHK monolayers
transfected by using Lipofectin

Source of RNA Specific infectivity
(104)a

Plaque size
(mm)

pRMC35 3.6 4–6
pRM-LLV1 ND
pRM-LLV11 ND
pRM-LLV2 3.3 2–4
pRM-DL ND
pRM-KGE ND

a PFU per microgram of synthetic RNA obtained with the indicated plasmids;
average of two preparations. ND, none detected in 250 ng.
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present in cells transfected with RNAs from pRM-KGE, pRM-
DL, and pRM-LLV2 (Fig. 3). However, no viral products were
detected in cells transfected with RNAs from pRM-LLV1 or
pRM-LLV11 (Fig. 3). Furthermore, analysis of the culture
fluid revealed that virions were efficiently released only by cells
transfected with pRM-KGE or pRM-LLV2 RNAs (data not
shown). These data strongly suggest that the major initiation
site used for production of P1-2A from the pRM-LLV2 RNA
was the Lb AUG, since only the product initiated at this site
could produce the N-terminal Gly-X-X-X-Ser/Thr consensus
sequence for myristoylation (12) (Fig. 1B), and myristoylation
is important for many steps of picornavirus assembly (8, 32).
Characterization of virus recovered from cells transfected

with the pRM-LLV2 RNA. Virus recovered from cells electro-
porated with pRM-LLV2 RNA (BHK passage 1; BHKp1) was
passaged two additional times in BHK cells and compared with
a BHKp3 virus obtained from cells transfected with the WT
infectious clone pRMC35. As expected, PCR analysis of the
genome of the BHKp3 virus recovered from pRM-LLV2-
transfected cells revealed that it lacked the L gene. Side-by-
side comparison of plaque sizes of these viruses on BHK cells
showed that the pRM-LLV2-derived virus (LLV2) formed
plaques slightly smaller than those formed by WT virus (2 mm
versus 4 mm at 40 h postinoculation), consistent with data from
Lipofectin transfection assays (Table 1; see above). Further-
more, although LLV2 clearly caused CPE on BHK and BK-LF
cells, the appearance of CPE was delayed relative to WT virus
infections (results not shown), and one-step growth curves of
WT virus- and LLV2-infected cells revealed that LLV2 was
released from cells slightly more slowly than WT virus (Fig. 4).
The ability of LLV2 to shut off host cell protein synthesis was

evaluated by radiolabeling BHK cells at various times postin-
fection and evaluating total protein synthesis by trichloroacetic

acid precipitation and specific protein synthesis by SDS-
PAGE. Evaluation of total protein synthesis showed that like
WT virus, LLV2 reduced the total amount of protein synthe-
sized by infected cells. In the experiment shown in Fig. 5, at the

FIG. 3. FMDV proteins immunoprecipitated from lysates of cells transfected
with RNA transcripts. BHK-21 cells were electroporated with mutant RNAs (as
indicated above the lanes) and radiolabeled with [35S]methionine. Cell extracts
were immunoprecipitated with bovine convalescent serum (lanes 1 to 6), while
vision proteins present in the culture fluid were precipitated with monoclonal
antibody (MAb) 2PD11 (lanes 8 to 13), and the samples were analyzed by
SDS-PAGE on a 15% gel. Lane 7 contains in vitro translation products of FMD
virion RNA.

FIG. 4. One-step growth curve of WT virus and LLV2. BHK-21 cell mono-
layers were infected with WT virus or LLV2 at a multiplicity of infection of 10
(shown at the 0-h time point), rinsed with a pH 6 buffer at 30 min postinfection
(to remove residual input virus [36]), and then incubated at 378C. The amount of
virus released into the culture fluid was determined at each time point by plaque
assay.

FIG. 5. Qualitative analysis of protein synthesis in WT virus- and LLV2-
infected cells. WT virus- or LLV2-infected BHK cells were radiolabeled with
[35S]methionine for 1 h at various times after infection (lanes 3 to 7 or 9 to 13,
respectively). Cytoplasmic extracts were prepared, protein synthesis was quanti-
tated by measuring radioactivity incorporated into trichloroacetic acid-precipi-
table material, and equal amounts of radiolabeled protein were resolved by
SDS-PAGE on a 15% gel. Lane 1 represents the in vitro translation products of
FMD virion RNA; lanes 2 and 8 contain radiolabeled mock-infected (mk) cell
extracts.
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6- to 7-h labeling period, a 61% shutoff for WT virus and a 57%
shutoff for LLV2 were observed. However, the reduction in
protein synthesis in LLV2-infected cells was delayed relative to
WT virus infection; for example, at 2 to 3 h postinfection, the
shutoff was 25% for WT virus and 6% for LLV2 infection.
Furthermore, analysis of the specific protein products pro-
duced by infected cells showed that for the WT virus, there was
a rapid increase in viral protein synthesis relative to cellular
protein synthesis, which was not as pronounced in LLV2-in-
fected cells (Fig. 5). Similar results were obtained for a second
cell line (BK-LF; results not shown).
Direct demonstration of differences in the stability of p220

in BK-LF cells infected with the WT virus and LLV2 was
evaluated by Western blot (immunoblot) assay with a p220-
specific antibody (24) (Fig. 6). These experiments showed that
in contrast to LLV2-infected cells, intact p220 rapidly disap-
peared from cells infected with WT virus, and characteristic
cleavage products were observed at 3 h postinfection (Fig. 6,
lane 2). At later times postinfection, no products that reacted
with this serum in Western blot assays were detected in WT
virus-infected cells (Fig. 6, lane 4). However, at later times
postinfection, intact p220 also disappeared from cells infected
with LLV2, suggesting that factors other than the presence of
L in infected cells altered the steady state levels of p220. The
time of loss of p220 in LLV2-infected cells correlated well with
the appearance of CPE and the shutoff of host protein synthe-
sis, although it is unclear if the apparent degradation of this
translation initiation factor resulted in these changes or was a
result of the global changes in cellular metabolism that result
from virus infection. Interestingly, the degradation of p220 in
LLV2-infected cells could be inhibited by treatment of the
culture with the cysteine proteinase inhibitor E-64d (results
not shown).

To test further the effect of L on virus biology, we compared
the virulence of WT virus and LLV2 in mice. Dilutions of WT
virus and LLV2 were inoculated into litters of suckling mice,
and the 50% lethal doses (LD50s) were established by using
standard techniques (35). In the first experiment (10-day-old
mice), LLV2 was approximately 40-fold less virulent by this
criterion (Table 2). However, we noted that LLV2 behaved
very differently from WT virus in these experiments. Specifi-
cally, the 100% lethal dose for LLV2 corresponded to over
60,000 LD50, whereas the uniformly lethal dose for WT virus
was approximately 44 LD50 (Table 2). To investigate this phe-
nomenon, a second experiment was performed with slightly
younger (7-day-old) mice. This experiment revealed nearly
identical LD50s for the two viruses, but once again the 100%
lethal dose for LLV2 was very high, corresponding to approx-
imately 10,000 LD50, whereas for WT virus it was approxi-
mately 20 LD50 (Table 2). These results are consistent with the
possibility that there was a delay in spread of the LLV2 virus,
allowing recovery in some animals, consistent with our obser-
vation that CPE and virus replication observed in LLV2-in-
fected cells in culture were delayed relative to WT virus.

DISCUSSION

Among the picornaviruses, only members of the Aphthovirus
genus contain an active leader (L) proteinase gene. The L
proteinase has only two known functions, its autocatalytic re-
moval from the N terminus of the viral polyprotein and cleav-
age of the p220 subunit of eIF-4F. Cleavage of p220 is thought
to be responsible for enhancing the translation of viral genes in
infected cells, by inhibiting translation of capped host cell
mRNAs in the presence of viral translation which occurs by a
cap-independent mechanism. Cleavage of p220 appears to be
important for picornavirus replication, since the rhinoviruses
and enteroviruses utilize a different proteinase (2A) to cleave
p220 (16). Furthermore, analysis of genetically engineered po-
liovirus genomes with mutations in the 2A gene have suggested
additional roles for this gene in poliovirus-infected cells (30,
45). However, virus-specified p220 cleavage is not essential for
picornavirus replication or host protein shutoff, since cardio-
viruses do not appear to have a proteinase that cleaves p220
(31).
To explore the role of the L proteinase in viral replication,

we have generated synthetic viral genomes lacking the L gene
and tested their viability in cells. To produce leaderless viruses,
we designed genomes that initiated translation of the VP4
protein from both of the possible leader initiation codons (see
the introduction). Interestingly, only the genome that initiated
polyprotein synthesis at the second L AUG (Lb AUG; cDNA
clone pRM-LLV2) produced a live virus. The inability to gen-
erate leaderless viruses from RNAs in which the polyprotein
was positioned behind the first AUG of L (Lab AUG; cDNA
clones pRM-LLV1 and pRM-LLV11) appears to have been
due to the greatly reduced ability of these RNAs to efficiently
initiate synthesis of the truncated viral polyprotein at the Lab
AUG. Although we did not exhaustively test all of the possible

FIG. 6. Analysis of p220 in WT virus- and LLV2-infected cells. Cytoplasmic
extracts from uninfected BK-LF cells (lane 1), WT virus-infected BK-LF cells
(lanes 2 to 4), or LLV2-infected BK-LF cells (lanes 5 to 7) at 3, 4, and 5 h
postinfection were prepared and separated by SDS-PAGE. Western blot analysis
was performed with a polyclonal serum specific for p220. The positions of p220
and p220 cleavage products (CP) are indicated.

TABLE 2. Virulence of the WT virus and LLV2 in suckling mice

Virus

Expt 1 (10-day-old mice) Expt 2 (7-day-old mice)

PFU/LD50
100% lethal
dose (PFU)

0% lethal
dose (PFU) PFU/LD50

100% lethal
dose (PFU)

0% lethal dose
(PFU)

WT 2 44 0.04 0.9 20 0.02
LLV2 76 .6 3 104 ,0.06 0.5 1.1 3 104 ,0.01
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sequences preceding the AUG for the ability to improve trans-
lation efficiency, the two sequences tested, the WT UUUAUG
(pRM-LLV1) and GCCAUG (pRM-LLV11), displayed sim-
ilar low translational efficiencies in vitro, and synthetic RNAs
with either sequence failed to produce viable viruses.
Our finding that viable viruses could be generated only when

the polyprotein was initiated from the second AUG (Lb) is
consistent with the finding that this site is the primary one used
in infected cells (see the introduction) and argues against the
suggestion of Belsham (7) that the Lb AUG is only slightly
favored over the Lab AUG. Further support for our finding
that a leaderless virus could be constructed only by utilizing the
Lb AUG comes from recent work by Cao et al., showing that
genetically engineered viruses with mutations in the Lb AUG
were not viable whereas viruses with mutations in the Lab
AUG were (11). Taken together, our results and those of Cao
et al. (11) suggest that the RNA sequence between the two
AUGs is required for efficient translational initiation at the
second (Lb) AUG in the FMDV genome (e.g., this region
could function as part of the IRES).
Characterization of the leaderless virus, LLV2, demon-

strated that the L proteinase is not required for shutoff of host
protein synthesis. Specifically, the leaderless virus formed clear
plaques nearly as large as those formed by WT virus and grew
nearly as well as WT virus in liquid culture. LLV2 also caused
CPE in infected cells and shut off host protein synthesis, albeit
more slowly and less completely than WT virus. Interestingly,
late in infection, p220 was degraded in LLV2-infected cells,
probably by a cellular cysteine proteinase since degradation
was prevented by the inhibitor E-64d. Although LLV2 dis-
played different properties in mice, it was not dramatically
attenuated relative to WT virus. However, since the disease
caused by FMDV in baby mice does not resemble FMD, it is
possible that LLV2 differs in virulence and pathogenicity rel-
ative to WT virus in livestock. Furthermore, studies in a nat-
ural host may help reveal why FMDV has maintained a gene
that is apparently not needed for growth in tissue culture.
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