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The presence of a leader peptide in picornaviruses is restricted to the Cardiovirus and Aphthovirus genera.
However, the leader peptides of these two genera are structurally and functionally unrelated. The aphthovirus
leader is a protease involved in viral polyprotein processing and host cell translation shutoff. The function of
the cardiovirus leader peptide is still unknown. To gain an insight into the function of the cardiovirus leader
peptide, a mengovirus leader peptide deletion mutant was constructed. The deletion mutant was able to grow
at a reduced rate in baby hamster kidney cells (BHK-21). Mutant virus production in mouse fibroblasts (L929
cells), however, could be demonstrated only after inoculation of BHK-21 cells with the transfected L929 cells.
Analysis of cellular and viral protein synthesis in mutant virus-infected cells showed a delayed inhibition of
host cell protein synthesis and a reduced production of viral proteins. In a single-cycle infection, mutant virus
produced only 1% of wild-type virus yield at 8 h postinfection. Host cell translation shutoff in L929 cells infected
with mutant virus was restored by the addition of the kinase inhibitor 2-aminopurine. Mutant virus production
in 2-aminopurine-treated L929 cells was increased to 60% of wild-type virus yield at 8 h postinfection. Our
results suggest that the cardiovirus leader peptide is involved in the inhibition of host cell protein synthesis.

The picornavirus family can be subdivided into five different
genera, the enteroviruses, rhinoviruses, cardioviruses, aphtho-
viruses, and hepatoviruses. They all possess a single-stranded
RNA genome of approximately 7.5 kb with positive polarity
which contains an unusual long 59 nontranslated region (59
NTR), a 39 NTR at their 39 end, and a genetically encoded
poly(A) tract. The RNA genome is functionally equivalent to
cellular mRNA and encodes a single polyprotein of approxi-
mately 220 kDa, which is subsequently processed by virus-
encoded proteases into the structural and nonstructural viral
proteins (12). The polyprotein comprises the P1 region con-
taining the structural proteins that form the viral capsid and
the P2 and P3 regions that deliver the nonstructural proteins
involved in virus translation and replication. Poliovirus is the
best studied of the picornaviruses, but the specific protein
functions seem to be similar in all genera within this family
with the notable exception of the 2A proteins and the leader
peptides. The enteroviruses and rhinoviruses contain a 2A
protein of 16 kDa which possesses proteolytic activity (8). In
contrast, the aphthovirus 2A peptide consists of 19 amino acid
residues that are involved in the nonenzymatic cleavage of the
virus polyprotein at the 2A-2B junction (13). Aphthoviruses
contain a leader peptide located upstream of the P1 region,
while the enteroviruses and rhinoviruses lack the leader pep-
tide. Cardioviruses, on the other hand, contain both leader and
2A proteins.
The 2A protease (2Apro) of the enteroviruses and rhinovi-

ruses and the leader protease (Lpro) of aphthoviruses exhibit
similar activities. 2Apro cleaves at its N terminus at the VP1-2A
junction while Lpro cleaves at its C terminus at the L-VP4
junction. The enterovirus and rhinovirus 2Apro is a zinc-bind-
ing protein which also causes the proteolytic degradation of the

220-kDa subunit of the eukaryotic translation initiation factor
4 (eIF-4G) (8, 17). The leader protease (Lpro) of aphthoviruses
exhibits similar activity (5). As a consequence of eIF-4G deg-
radation, translational initiation of cellular, 59-capped mRNAs
will be inhibited whereas initiation of viral translation is me-
diated by an internal ribosome entry site within the 59 NTR,
independent of a 59-cap structure (2). 2Apro and Lpro are also
probably involved in the interaction between one or several
cellular factors and the 59 NTR of the viral RNA to enhance
viral translation initiation (3, 22). In contrast to the other
picornaviruses, no degradation of eIF-4G occurs during car-
diovirus infection. Recently, Chen et al. demonstrated that,
like enterovirus and rhinovirus 2Apro, the Theiler’s encepha-
lomyelitis virus (TMEV) L peptide contains a zinc-binding
motif (1, 17), the presence of which might indicate that the L
peptide possesses nucleic acid binding properties. However,
the biological function of the cardiovirus leader is still un-
known. Kong et al. recently constructed a series of TMEV DA
strain deletion mutants lacking parts of the leader peptide-
encoding region and showed that, whereas the leader peptide
is dispensable for TMEV growth in baby hamster kidney
(BHK-21) cells, growth in mouse fibroblasts (L929 cells) was
dependent on a functional L peptide, suggesting that host cell
restriction of virus growth was due to the production of inter-
feron by L929 cells (6).
In this paper, we describe a deletion mutant of mengovirus,

which lacks leader peptide activity. Cellular and viral protein
syntheses were studied in both BHK-21 and L929 cells in the
presence or absence of fibroblast interferon and the kinase
inhibitor 2-aminopurine (18, 23). We found that deletion of
the leader peptide resulted in host cell-restricted virus growth.
Host cell protein synthesis shutoff was delayed in cells infected
with mutant virus. The presence of 2-aminopurine in mutant
virus-infected L929 cells resulted in restored shutoff of host
cell protein synthesis whereas production of mutant virus was
increased. The results reported here suggest that the cardiovi-

* Corresponding author. Mailing address: Department of Medical
Microbiology, University of Nijmegen, P.O. Box 9101, 6500 HB Nij-
megen, The Netherlands. Phone: (31) 24 361 63 79. Fax: (31) 24 354 02
16. Electronic mail address: kunazag3@caos.kun.nl.

4948



rus leader protein is involved in the inhibition of host cell
protein synthesis.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells and L929 cells were used for RNA transfec-
tions, virus propagation, and plaque assays. Production of virus stocks and virus
titrations were performed in BHK-21 cells. Virus titers were determined with
eight replicates by titrating decimal dilutions in 96-well microtiter plates (16).
Fifty percent tissue culture infective doses (TCID50) were calculated according
to the method of Reed and Muench (11).
Construction of the L deletion mutant. The infectious mengovirus cDNA

clone pM16.1 (2) was kindly provided by A. Palmenberg (University of Wiscon-
sin). Site-directed mutagenesis was performed with the Altered Sites in vitro
mutagenesis system according to the instructions of the manufacturer (Pro-
mega). To achieve mutagenesis, the EcoRV-SmaI fragment (nucleotides 45 to
3847) from pM16.1 was first cloned into the SmaI site of pALTER-1, which
resulted in the clone pALTER-ML. Then, unique XhoI cleavage sites were
introduced into the L-encoding region at positions 749 and 870 with the mu-
tagenesis oligonucleotides 59-GCA TTC TTC AAA GGT CAT GGC TCG AGC
ACA AAT CTC TTG TTC-39 and 59-CAA ATC AGG ATC GAA CAC TCG
AGC TTC ACC ATC AGT CAA CGA-39 (Isogen, Amsterdam, The Nether-
lands).
The BlnI-BglII fragment (nucleotides 296 to 3814) of the original pM16.1

cDNA clone was replaced by the BlnI-BglII fragment of the mutated pAL
TER-ML constructs. The deletion mutant was created by XhoI digestion and
subsequent self-ligation. The construct was verified by sequence analysis using
the Ampli Cycle sequencing kit according to the manufacturer’s instructions
(Perkin-Elmer). The mutant mengovirus cDNA clone pM16.1DL(12-52), which
lacks the region which encodes amino acids 12 to 52 of the leader peptide, was
obtained with this procedure.
In vitro transcription and transfection. BHK-21 and L929 cells were trans-

fected with 2 to 4 mg of in vitro-transcribed RNA by the DEAE-dextran method
(19) with some modifications. Briefly, copy RNA in a volume of 20 ml was mixed
with 150 ml of HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)-
buffered saline solution (containing 20 mM HEPES [pH 7.05], 137 mM NaCl, 5
mM KCl, 0.7 mM NaH2PO4, and 5.5 mM glucose) and 150 ml of 1-mg/ml
DEAE-dextran in HEPES-buffered saline solution and incubated on ice for 30
min. BHK-21 or L929 cells grown in 25-cm2 flasks were washed three times with
phosphate-buffered saline (PBS) (pH 7.4) and incubated with the RNA–DEAE-
dextran mixture at room temperature for 30 min. Monolayers were washed three
times with PBS and subsequently incubated at 368C in the appropriate cell
culture medium. Transfected cells were maintained for up to 5 days or until
complete cytopathic effect due to virus growth was observed and subjected to
three cycles of freezing and thawing. Lysates of cells transfected with mutant
RNA were used to inoculate fresh cells when described. Aliquots of virus stocks
were stored at 2808C.
Plaque assay. Plaque assays of both wild-type and deletion mutant virus were

performed with 100% confluent monolayers of BHK-21 and L929 cells on 10-cm2

dishes. Cells were infected with various virus dilutions and incubated at room
temperature for 30 min. After removal of the inoculum, L929 cells were overlaid
with 5 ml of medium containing 1% plaque agarose (Servo) and neutral red and

grown for 3 to 5 days. Because of the irregular structure of BHK-21 monolayers,
a modified procedure for the plaque assay on these cells was used. Briefly,
BHK-21 cells were overlaid with 5 ml of medium containing 1% methylcellulose.
To visualize the plaques generated on BHK-21 cells, the methylcellulose overlay
was removed 3 days after infection and the cells were washed three times with
PBS. The cells were fixed with 100% methanol and stained by Giemsa. The
plaque assays were performed at 33, 36, and 398C.
Single-cycle growth curves. Monolayers (25 cm2) of BHK-21 and L929 cells

were inoculated with vM16.1 and vM16.1DL(12-52) at a multiplicity of infection
(MOI) of 1 TCID50 per cell. Virus suspensions were replaced by fresh culture
medium after 30 min of absorption at 368C. At specific times postinfection as
indicated in the text, cells were disrupted by three cycles of freezing and thawing.
Virus titers were determined by titration of the supernatants on BHK-21 cells.
Analysis of protein synthesis in vivo. Monolayers of BHK-21 and L929 cells

were inoculated with vM16.1 and vM16.1DL(12-52) at an MOI of 50 TCID50 per
cell. Virus suspensions were replaced by fresh medium after 30 min of absorption
at 368C. At various times postinfection, monolayers were washed three times
with PBS (pH 7.2). Cells were incubated for 1 h with methionine-free medium
containing 10 mCi of [35S]Met per ml (ICN). Cellular extracts were prepared by
lysis with a buffer containing 0.5 M Tris-HCl (pH 8.0), 0.15 M sodium chloride,
1% Nonidet P-40, 0.05% sodium dodecyl sulfate (SDS), and 0.1 mM phenyl-
methylsulfonyl fluoride. Protein synthesis was further analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography.
Treatment of L929 cells with interferon and 2-aminopurine. Monolayers of

L929 cells were treated 2 h preinfection with 100 U of mouse fibroblast inter-
feron per ml (Sigma). 2-Aminopurine (Sigma) was dissolved to a final concen-
tration of 150 mM in PBS containing 0.5% acetic acid. Aliquots of this stock
solution were stored at 2808C. Cells were treated with 2-aminopurine at a
concentration of 10 mM 2 h preinfection.

RESULTS

Construction of the leader peptide deletion mutant. At first
instance, we deleted the complete L peptide-encoding region
from the infectious cDNA clone of mengovirus pM16.1 (2).
However, in vitro translation of the mutant copy RNA re-
vealed that viral protein synthesis was markedly reduced (data
not shown). It has indeed been reported that translation initi-
ation efficiency of encephalomyocarditis virus depends on the
nucleotide sequence just downstream from the start codon (4).
Therefore, to avoid problems in translation initiation not re-
lated to L activity, unique XhoI sites were introduced at posi-
tions 749 and 870 on pM16.1. Digestion with XhoI and subse-
quent self-ligation of the mutated cDNA resulted in the
construct pM16.1DL(12-52), in which amino acids 12 to 52 of
the L peptide were deleted.
Characterization of the leader peptide deletion mutant. In

vitro-transcribed RNA of both pM16.1 wild-type and mutated
cDNA was used for transfection of BHK-21 cells and L929
cells. Transfection of both these cell lines with wild-type copy
RNA resulted in complete cell lysis within 24 h. Transfection
of BHK-21 cells with pM16.1DL(12-52) copy RNA resulted in
a cytopathic effect within 3 days. No cytopathic effect was
observed after transfection of L929 cells with pM16.1DL(12-
52) copy RNA. Inoculation of BHK-21 with the lysate of trans-
fected L929 cells, however, resulted in a cytopathic effect
within 3 days. Subsequent virus characterizations were per-
formed with mutant virus vM16.1DL(12-52) stocks produced in
BHK-21 cells. Titration of mutant virus with L929 cells re-
vealed that a cytopathic effect could be observed only after
infection at an MOI of at least 10. On the other hand, infection
of BHK-21 cells with mutant virus at an MOI of 1024 resulted
in complete cytopathic effect within 3 days. Viral growth ki-
netics were measured by single-cycle growth curves (Fig. 1).
Mutant virus yields in both cell types at 8 h after infection were
approximately 1% of those of the wild-type virus. Plaque assays
were performed in BHK-21 cells and L929 cells. Plaques of 2
to 3 mm were obtained with wild-type virus in L929 cells at 5
days postinfection. However, no plaques were observed when
vM16.1DL(12-52) was inoculated on L929 cells (Fig. 2). Be-
cause of the irregular structure of the cellular monolayer,
BHK-21 cells cannot be maintained for more than 3 days after

FIG. 1. Single-cycle growth curves in BHK-21 cells of vM16.1 (h) and
vM16.1DL(12-52) (p) and in L929 cells of vM16.1 (1) and vM16.1DL(12-52) (å).
Cells were infected with virus at an MOI of 1. Cultures were incubated at 368C
and harvested at 4, 6, and 8 h postinfection. Virus titers were determined by
titration on BHK-21 cells at 368C.
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infection. Therefore, inoculation of BHK-21 monolayers with
vM16.1 resulted in 1- to 1.5-mm plaques. Small plaques of 0.2
to 0.4 mm were obtained with vM16.1DL(12-52) inoculated on
BHK-21 cells (Fig. 2).
Analysis of viral protein synthesis in vivo. Viral protein

synthesis was studied by pulse-labeling of infected BHK-21 and
L929 cells with [35S]methionine. Infection of BHK-21 cells
with wild-type virus resulted in a decrease of host protein
synthesis until 5 h after infection, after which viral protein
synthesis increased and continued until at least 8 h after infec-
tion (Fig. 3A). Infection of L929 cells with wild-type virus
resulted in complete inhibition of host cell protein synthesis
within 5 h after infection (Fig. 3B). Viral protein synthesis
continued until 7 to 8 h after infection. However, when
BHK-21 and L929 cells were infected with vM16.1DL(12-52),
host cell protein synthesis still continued in both cell types until

at least 7 to 8 h after infection, whereas only minor amounts of
viral products were produced (Fig. 3).
Influence of fibroblast interferon on virus growth. Kong et

al. suggested that the restricted mutant virus growth in L929
cells is caused by the interferon production by infected L929
cells (6). In order to determine further the effect of interferon
on virus growth, L929 cells were treated with mouse fibroblast
interferon prior to infection. Figure 4 illustrates that infection
with wild-type virus of L929 cells treated with interferon re-
sulted in a decreased virus titer which is similar to that ob-
tained with mutant virus infection of untreated L929 cells.
When pretreated L929 cells were infected with mutant virus,
virus yields were not further affected.
Influence of 2-aminopurine on mutant virus growth. In or-

der to prevent the antiviral action of interferon produced by
infected L929 cells, virus growth was measured in L929 cells
pretreated with the kinase inhibitor 2-aminopurine. The kinase
inhibitor interferes with the interferon-induced signal trans-
duction pathway. Infection with vM16.1DL(12-52) of L929
cells treated with 2-aminopurine resulted in mutant virus pro-
duction of 60% of wild-type virus yield (Fig. 4). Protein syn-
thesis of infected L929 cells after treatment with 2-aminopu-
rine was determined by pulse-labeling at 2 and 7 h after
infection (Fig. 5). Infection with vM16.1DL(12-52) of L929
cells treated with 2-aminopurine resulted in a complete shutoff
of host cell protein synthesis at 7 h after infection, while viral
protein synthesis was clearly visible.

DISCUSSION

In order to gain an insight into the function of the cardio-
virus L peptide, we characterized a mutant in which the major
part of the L-encoding region of mengovirus was deleted. Pro-
duction of L deletion cardiovirus mutant was dependent on the
host cells used for infection. Virus growth in BHK-21 cells
infected with mutant virus was reduced but finally resulted in
complete cell lysis. Production of mutant virus in L929 cells
appeared to be hampered. Kong et al. recently described a
similar host cell-restricted necessity for the leader peptide in
TMEV (6). Any deletion within the TMEV L-encoding region
abolished virus growth in L929 cells, while wild-type growth
characteristics were found in BHK-21 cells (6). It is unclear

FIG. 2. Plaque phenotype of vM16.1 and vM16.1DL(12-52). Assays were
performed in BHK-21 and L929 cells.

FIG. 3. Protein synthesis in vM16.1- and vM16.1DL(12-52)-infected BHK-21 (A) and L929 (B) cells. Cells were infected at an MOI of 50 and grown at 368C. At
the times (in hours) indicated above the lanes, culture medium was replaced by methionine-free and serum-free medium supplemented with [35S]methionine as
described in Materials and Methods. Labeled proteins were analyzed by SDS-polyacrylamide gel electrophoresis.
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what causes this contradiction between the TMEV L deletion
mutants and our mengovirus L deletion mutant in growth
characteristics in BHK-21 cells. Kong et al. suggested that the
observed host cell-restricted growth characteristics of the
TMEV mutants were caused by the production of interferon in
infected L929 cells (6). Indeed, analysis of L929 cells treated
with interferon and infected with wild-type mengovirus shows
that virus production was abrogated. We found that wild-type
virus production in interferon-treated cells was comparable
with mutant virus production in untreated cells. The influence
of interferon on cardiovirus infections in L929 cells has been
described previously by Muñoz and Carrasco (9), who showed
that L929 cells additionally treated with fibroblast interferon
could survive wild-type mengovirus infection. Our results with
L929 cells infected with the wild-type virus in the presence of
interferon are consistent with those reported by Muñoz and
Carrasco (9).
L929 cells infected with the L deletion mutant displayed a

delay of host cell protein synthesis shutoff. Total protein syn-
thesis decreases from 5 h postinfection, although host cell
protein expression continues for at least 8 h postinfection. This
is consistent with the finding that, although virus production is
abrogated, the host cell protein synthesis continues in infected
cells pretreated with interferon (9). Because host cell protein
synthesis is not completely shut off after infection with the L
deletion mutant, L929 cells will still produce interferon. A
minority of cells will be infected after infection at a low MOI,
and the interferon produced by the cells infected with mutant
virus may therefore protect the adjacent uninfected cells in the
monolayer. It was indeed observed in L929 cells after infection
with mutant virus at an MOI of less than 1 TCID50 per cell. In
parts of the monolayer, lysed cells were visible 24 h after
infection with the L deletion mutant. These regions were, how-
ever, overgrown by L929 cells, and the cellular monolayer was
completely restored 3 days postinfection. This phenomenon
confirmed the observation by Kong et al. (6) that TMEV L
deletion mutant-infected L929 cells resulted in a cytopathic
effect for a limited number of cells. However, the cellular
monolayer was restored completely within a few days (6).
The interaction between interferon and cells results in an

intracellular signal transduction which is regulated by a cas-

cade of phosphorylation and dephosphorylation reactions and
will finally result in the transcription of specific genes (14). The
process of signal transduction and subsequent transcription
triggered by interferon can be influenced by kinase inhibitors.
The kinase inhibitor 2-aminopurine has been described as a
selective inhibitor of gene expression induced by interferons
and double-stranded RNA (18). However, it was also sug-
gested that 2-aminopurine may interfere more generally with
host cell transcription or translation (23). Hence, 2-aminopu-
rine may be able to complement the mutant virus with respect
to the inhibition of host cell protein synthesis. Treatment of
L929 cells with 2-aminopurine and subsequent infection with
the mengovirus L deletion mutant indeed resulted in mutant
virus production increasing from 1 to approximately 60% of
wild-type yield. Analysis of protein synthesis showed that, after
treatment of L929 cells with 2-aminopurine, host cell transla-
tion was completely inhibited after mutant virus infection
whereas viral translation was not affected. In a study of the
function of poliovirus 2A, a viable mutant which did not cleave
eIF-4G was constructed (10). Similar to the mengovirus L
deletion mutant, this 2A mutant was incapable of inhibiting
host cell translation completely and viral protein synthesis was
reduced. As for the effect of 2-aminopurine in L deletion
mutant mengovirus-infected L929 cells, treatment of cells with
2-aminopurine before infection with the poliovirus 2A mutant
resulted in the rescue of poliovirus protein synthesis and in the
complete host cell translation shutoff (10).
Recently, Chen et al. reported that the cardiovirus leader

peptide contains a zinc binding motif (1). Although the signif-
icance of this motif is unclear, it was suggested that the leader
peptide possesses RNA binding capacities. Remarkably, hu-
man rhinovirus 2A, which is equivalent to enterovirus 2A, is a
zinc-containing enzyme as well, and 2A activity fully depends
on zinc binding (17). Enhancement of viral translation by po-
liovirus 2A and aphthovirus L has also been described else-
where (3, 22). Recently, Ziegler et al. demonstrated that en-
hancement of viral translation by enterovirus and rhinovirus
2Apro depends on the 2Apro-mediated cleavage of cellular pro-
teins like eIF-4G (21). In conjunction with the result of the
work of O’Neill and Racaniello (10) described above, it seems
that enhancement of viral translation and inhibition of host cell
protein synthesis are two features of the same process. Al-

FIG. 4. Effect of fibroblast interferon and 2-aminopurine on vM16.1 and
vM16.1DL(12-52) production. L929 cells were treated with either 100 U of
mouse fibroblast interferon per ml or 10 mM 2-aminopurine at 2 h preinfection.
Untreated and treated cells were infected at an MOI of 1 and grown at 368C.
Cells were harvested at 8 h postinfection. Virus titers were determined by
titration on BHK-21 cells. Virus production is expressed as the percentage of
vM16.1 production in untreated cells.

FIG. 5. Protein synthesis in 2-aminopurine (2-AP)-treated cells. L929 cells
were treated with 10 mM 2-aminopurine at 2 h preinfection. Cells were infected
at an MOI of 50 and grown at 368C. At 2 and 7 h postinfection, [35S]methionine
labeling was performed as described for Fig. 3.
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though the mechanism of enhancement of translation is still
unknown, binding of the 2A protein to the viral RNA may be
essential in this process. A number of translation initiation
factors and other cellular proteins, like the polypyrimidine-
binding protein and the La autoantigen, are involved in the
translation initiation of the picornaviral RNA (7, 20). Viral
peptides may be necessary to recruit these cellular factors or
mediate binding of the cellular proteins to the viral RNA. The
function of the cardiovirus leader peptide may be similar to the
function of the enterovirus 2A and the aphthovirus L proteins.
Binding of the cardiovirus leader peptide to the viral RNAmay
be necessary for the recruitment of one or more cellular factors
involved in viral translation. The affinity of cellular translation
initiation factors for the cardiovirus internal ribosome entry
site may be enhanced by the leader peptide. This enhancement
may be essential especially when a restricted host factor is
involved. Scheper et al. indeed reported that inhibition of host
cell translation in cardiovirus-infected cells depends partly on
competition between viral RNA and cellular mRNA for re-
stricted host factors, like eIF-2B (15). Early in infection, only
minor amounts of viral RNA are present. So, leader peptide-
mediated binding may be essential if host cell translation is to
be shut off. The cardiovirus leader peptide seems to be in-
volved in this inhibition of host cell protein synthesis, but the
way in which the protein acts still remains to be elucidated.
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