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In our studies on the biological function of the mengovirus leader protein, we identified a casein kinase II
(CK-2) phosphorylation site in the protein. Here we report that the mengovirus leader protein can be
phosphorylated by CK-2 in vitro. Expression of a recombinant leader protein in which the consensus CK-2
sequence around threonine 47 was disturbed resulted in a mutant protein that could no longer be phosphor-
ylated. The CK-2 consensus sequence was modified by site-directed mutagenesis and subsequently introduced
into a mengovirus cDNA clone to investigate the effect of the phosphorylation of the leader protein on virus
replication and on the host cell response. Modifications by which the CK-2 consensus sequence was disturbed
resulted in mutant viruses with reduced growth kinetics. We demonstrated that the integrity of the CK-2
phosphorylation site of the mengovirus leader protein was specifically related to the suppression of NF-�B
activation and subsequent suppression of alpha/beta interferon production in infected cells. We also found that
the integrity of the CK-2 phosphorylation site of the leader protein coincided with an increase of ferritin
expression in the infected cell. These data indicate that the leader protein suppresses the iron-mediated
activation of NF-�B and thereby inhibits alpha/beta interferon expression in the infected cell.

The genus Cardiovirus belongs to the picornavirus family
and includes the members mengovirus, encephalomyocarditis
virus (EMCV), and Theiler’s murine encephalomyelitis virus
(TMEV). Its genome consists of a 7.8-kb single-stranded RNA
molecule of positive polarity and contains a large 5� untrans-
lated region. The 5� untranslated region contains an internal
ribosome entry site from which viral translation is initiated in
a cap-independent manner. The genome is functionally equiv-
alent to cellular mRNA and encodes a single polyprotein that
is processed by virus-encoded proteases (20, 24). The polypro-
tein is subdivided into three regions, P1, P2, and P3. Proteins
encoded by the P2 and P3 regions are involved mainly in the
replication of the viral RNA genome, whereas the P1 region
encodes the capsid proteins. In contrast with most other picor-
naviruses, the cardiovirus polyprotein also contains an N-ter-
minal leader peptide in which a zinc-binding domain and a
C-terminal acidic region are found (6, 11). The function of the
cardiovirus leader protein is still obscure.

Previous research indicates that the cardiovirus leader pro-
tein may interfere with the antiviral host cell response. We
showed that a mengovirus mutant in which the leader protein-
encoding region was largely deleted was no longer able to
replicate in mouse fibroblasts. This leader deletion mutant
could be rescued by 2-aminopurine, an inhibitor of the alpha/
beta interferon-related pathways (33). Recently, Van Pesch et
al. (27) found that the leader protein of TMEV is specifically
involved in the repression of the antiviral immediate-early host

cell response. Especially the beta interferon production in
TMEV-infected cells was abolished due to leader peptide ac-
tivity (27). The alpha/beta interferons are important factors
that contribute to the immediate-early responses against virus
infections. For these innate immune responses, the transcrip-
tional activator nuclear factor �B (NF-�B) plays a crucial role.
In most cell types, NF-�B is held in the cytoplasm by the
association with its inhibitor protein, I�B. Upon exposure of
cells to a wide variety of stimuli, including viruses, the I�B
protein is phosphorylated. This phosphorylation event triggers
I�B for degradation by the ubiquitin-related proteasome path-
way. Degradation of I�B leads to the exposure of a nuclear
localization signal on NF-�B that results in the translocation of
this transcription factor to the nucleus. In combination with
other transcription factors such as interferon regulatory factors
(IRFs) and CBP/p300, NF-�B is involved in the transcription
of immunoregulatory factors such as alpha/beta interferon and
interleukin-6 (28).

Reports on the activation of NF-�B by cytokines and other
extracellular stimuli show that disturbance of the redox state of
the cell due to production of reactive oxygen species (ROS) is
involved in this activation process (26). One of the mediators in
the regulation of the cellular redox state is intracellular iron
and the iron-binding protein ferritin (14, 15). It was shown that
the cytokine tumor necrosis factor alpha induces the synthesis
of ferritin mediated by the transcription factor NF-�B (14). It
was reported by Mulvey et al. (18) that cardiovirus infections
result in an increase of ferritin expression. Enhanced ferritin
synthesis in the infected cell may correlate with the suppres-
sion of the antiviral host cell response.

Recently, Dvorak et al. showed that a tyrosine residue of the
EMCV leader protein is phosphorylated during infection by an
unknown kinase (11). The function of this phosphorylation
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event is still unknown. In this study, we investigated the pos-
sible phosphorylation of the mengovirus leader protein in con-
nection with the immediate-early antiviral host cell response.
Here, we identified a functional casein kinase II (CK-2) phos-
phorylation site in the mengovirus leader protein. Further ex-
periments were performed to gain insight into the biological
significance of mengovirus leader protein phosphorylation in
the virus-mediated suppression of the immediate-early host
cell response. We found that the integrity of the CK-2 phos-
phorylation site in the mengovirus leader is specifically corre-
lated with the increase of ferritin expression and the suppres-
sion of NF-�B activation and subsequent inhibition of alpha/
beta interferon synthesis.

MATERIALS AND METHODS

Cells and viruses. Virus propagation and viral RNA transfections were per-
formed with mouse fibroblasts (L929 cells) and HeLa cells. The cells were grown
in minimal essential medium (MEM) supplemented with 10% fetal bovine se-
rum. After infection, cells were fed with MEM containing 3% serum, and after
transfection, MEM containing 10% serum was added. Serial 10-fold dilutions
were tested with eight replicates in 96-well plates containing baby hamster kidney
cell (BHK-21) monolayers (25). Fifty percent tissue culture infective doses
(TCID50) were calculated as described by to Reed and Muench (23). Wild-type
mengovirus vM16.1 was obtained upon transfection of in vitro-transcribed RNA
from the mengovirus cDNA pM16.1 (10). pM16.1 was a generous gift from A.
Palmenberg. The recombinant mengovirus vM16.1�L(12-52), in which the major
part of leader protein-encoding region is deleted, and the recombinant mengo-
virus vM16.1�2A, in which the 2A-encoding region is deleted, were described
previously (33, 34).

Construction of mengovirus mutants. Site-directed mutagenesis was per-
formed as described previously (33). Mutants in which the potential phosphor-
ylation sites were disturbed were constructed by the replacement of single amino
acid codons within the leader-encoding region. The following oligonucleotides
were used: for replacement of threonine at position 3 by alanine, 5�-CTC TTG
TTC CAT GGT GGC AGC CAT ATT ATT GTC-3�; for replacement of thre-
onine at position 15 by alanine, 5�-GCA TTT TGG GCA TTC TTC GAA TGC
CAT GGA ATG AGC ACA-3�; for replacement of threonine at position 47 by
alanine, 5�-ATC ATC TTC ACC ATC TGC CAA CGA CTC CTC AGG-3�; for
replacement of glutamic acid at position 50 by alanine, 5�-ATC GAA CAC ATC
ATC GGC GCC ATC AGT CAA CGA CTC-3�; and for insertion of a glycine
at position 49, 5�-GGA CAC ATC ATC TTC ACC ACC ATC AGT TAA CGA
CTC CTC AGG GTA-3�. The mutated fragments were cloned into pM16.1, and
the nucleotide sequences of the mutant cDNAs were verified as described pre-
viously (33).

Expression of recombinant proteins. The prokaryotic expression plasmids
pGEX4T-ML (mengovirus leader protein), pGEX4T-ML(T3A), pGEX4T-
ML(T15A), and pGEX4T-ML(T47A) were constructed by PCR amplification
and cloning of the mengovirus leader protein-encoding region into the prokary-
otic expression vector pGEX-4T1 (Amersham Pharmacia Biotech). The mengo-
virus cDNA pM16.1 and the mengovirus mutant cDNAs were used as templates
for PCR. The oligonucleotide 5�-TGG TTT TCC GGA TCC ATG GCT ACA
ACC ATG-3� was used as the forward primer and contained a BamHI restriction
site (underlined). The oligonucleotide 5�-TGG TTT TCC GGA TCC ATG GCT
GCC ACC ATG-3� was used as the forward primer for the amplification of the
T3A leader mutant. The oligonucleotide 5�-GGA TGA GGT GAA TTC TTA
TTG TGT CTC GAA CAC-3� was used as the reverse primer and contained an
EcoRI restriction site. Amplification was performed with ULTma DNA poly-
merase according the instructions of the manufacturer (Perkin-Elmer Cetus).
The PCR product was digested with BamHI and EcoRI and ligated into pGEX-
4T1. The inserted fragment was confirmed by sequence analysis. Recombinant
proteins were expressed from the pGEX-4T-ML constructs as N-terminal fusion
proteins with glutathione S-transferase. The fusion proteins were expressed in
Escherichia coli BL21 (Novagen) and purified with the affinity matrix glutathio-
ne-Sepharose (Amersham Pharmacia Biotech). The mengovirus leader proteins
were released from the bound glutathione S-transferase by digestion with bio-
tinylated thrombin (Novagen). The resulting proteins were purified from the
biotinylated thrombin with streptavidin-agarose (Novagen). Purified recombi-
nant wild-type leader protein was used to immunize a rabbit to raise leader
protein-specific antiserum.

In vitro phosphorylation assay. In vitro phosphorylation of recombinant men-
govirus leader proteins was tested with either CK-2 (Promega) or rabbit reticu-
locyte lysate (Promega). The CK-2 assay was performed in a reaction mixture of
50 �l containing 0.2 �g of leader protein, 5 U of CK-2 in 25 mM Tris-HCl (pH
7.4), 200 mM NaCl, 10 mM MgCl2, 0.1 mM ATP, and 5 �Ci of [�-32P]ATP
(Amersham Pharmacia Biotech). Phosphorylation in a reticulocyte lysate was
performed in a reaction mixture of 50 �l containing 0.2 �g of leader protein, 35
�l of rabbit reticulocyte lysate, 0.1 mM ATP, and 5 �Ci of [�-32P]ATP. Reactions
were performed at 37°C for 1 to 5 min, after which 10-�l samples were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

In vivo phosphorylation assay. In vivo phosphorylation of the mengovirus
leader protein during infection was tested in L929 cells labeled with inorganic
[32P]phosphate. L929 cells were grown for 3 h in phosphate-free MEM (Life
Technologies) supplemented with 10% phosphate-free fetal bovine serum and 1
mCi of [32P]orthophosphate (Amersham Biosciences) per ml. Monolayers of
L929 cells were inoculated with virus at a multiplicity of infection (MOI) of 50
TCID50 per cell. Virus suspensions were replaced by fresh medium after 30 min
of adsorption at 36°C. 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% SDS, and 0.1 mM phenylmethylsulfonyl fluoride. Immunoprecipitation of
the leader protein was performed with rabbit antiserum raised against the re-
combinant wild-type mengovirus leader protein and an amount of in vivo 32P-
labeled cellular lysate corresponding to 106 cells. The assay was performed by
standard procedures as described previously (2).

Transfection of cells with RNA transcripts. pM16.1 (recombinant) plasmids
were linearized by digestion with SalI and transcribed in vitro with T7 RNA
polymerase as described previously (33). Cells were transfected in duplicate with
4 �g of RNA by the DEAE-dextran method (33).

Single-cycle growth analysis. Confluent L929 cell monolayers were infected
with virus at an MOI of 1 TCID50 per cell and grown at 36°C for 2, 4, 6, and 8 h
(33). Viruses were released by three successive cycles of freezing and thawing
and titrated at 36°C.

In vivo labeling of virus-infected cells. Monolayers of L929 cells were inocu-
lated with virus at an MOI of 50 TCID50 per cell. Virus suspensions were
replaced by fresh medium after 30 min of adsorption at 36°C. Monolayers were
washed three times with phosphate-buffered saline (pH 7.2) at different times
after infection, as indicated, and incubated for 30 min with methionine-free
medium containing 10 �Ci of L-[35S]methionine (Amersham Pharmacia Biotech)
per ml. 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% SDS, and
0.1 mM phenylmethylsulfonyl fluoride. Protein synthesis was further analyzed by
immunoprecipitation, Western blotting, or SDS-PAGE and autoradiography.

Alpha/beta interferon assay. The production of alpha/beta interferon by in-
fected L929 cells was determined according to the method of Chinsangaram et
al. (7) with some modifications. L929 cells were infected with wild-type and
mutant mengoviruses for 48 h at an MOI of 0.2 TCID50 per cell. In order to
inactivate virus, cell culture supernatants of infected L929 cells were brought to
pH 2 by the addition of 2 M HCl and stored at 4°C for 24 h, after which the pH
was restored to 7 by the addition of 2 M NaOH. Virus inactivation was checked
on BHK-21 cells. Interferon production was checked by treatment of L929 cells
with a 1:10 dilution of virus-inactivated cell culture supernatant 24 h prior to
infection with serial dilutions of wild-type mengovirus. As a control, L929 cells
were treated with various amounts of mouse alpha/beta interferon (Sigma). Beta
interferon levels in cell culture supernatants of infected HeLa cells were quan-
tified by using a beta interferon-specific enzyme-linked immunosorbent assay
according to the instructions of the manufacturer (Biosource).

iNOS assay. Inducible nitric oxide synthase (iNOS) activity was determined by
measurement of NO production in infected cells by using Griess reagent (31).
Briefly, 100 �l of cell culture supernatant was mixed with 100 �l of Griess reagent
(1% sulfanilamide and 0.1% naphthylethylenediamine in 5% phosphoric acid).
The optical density at 550 nm was measured in a Bio-Rad microplate reader. The
production of iNOS in cells was determined by Western blotting with polyclonal
rabbit antibodies against iNOS (Santa Cruz Biotechnology).

Ferritin assay. L929 cells were labeled in vivo with L-[35S]methionine as
described above. Immunoprecipitation of ferritin was performed with rabbit
anti-human ferritin antibodies (Dako) and an amount of in vivo-labeled cellular
lysate corresponding to 106 cells. The assay was performed by standard proce-
dures as described previously (2).

NF-�B activation assay. Activation of NF-�B was tested by the transfection of
L929 cells with the plasmid pNFkB-Luc (Clontech) by using the transfecting
reagent Fugene-6 (Roche) according to the manufacturer’s instructions. At 48 h
after transfection, cells were infected with wild-type and mutant mengoviruses
for 6 h at an MOI of 10 TCID50 per cell. Luciferase activity was measured in
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cellular lysates by using the Luciferase Assay System (Promega) according to the
instructions of the manufacturer.

RESULTS

Threonine 47 of the recombinant mengovirus leader protein
is phosphorylated by CK-2. Regulation of various cellular pro-
cesses is often modulated by phosphorylation of involved pro-
tein factors. To study the role of protein phosphorylation in
leader protein activity, we screened this protein for potential
phosphorylation sites. Only three potential CK-2 sites were
found in the leader protein. CK-2 is a ubiquitous, highly con-
served serine/threonine protein kinase found in eukaryotic
cells. The enzyme recognizes a broad range of substrates with
the consensus amino acid sequence (S, T) X X (D, E), in which
the serine or threonine residue is the phosphate acceptor (22).
The presence of an aspartic acid or glutamic acid residue at
position �3, relative to the phosphate acceptor is essential for
phosphorylation. The presence of additional acidic amino acid
residues at positions �1, �1, �2, �4, and �5 will improve the
CK-2-mediated phosphorylation. The three potential CK-2
phosphorylation sites in the mengovirus leader protein that
were identified were at a threonine residue at position 3 (T3)
(AT*TMEQE), a threonine residue at position 15 (T15)
(MT*FEECP), and a threonine residue at position 47 (T47)
(LT*DGEDD) (the phosphate acceptor is indicated by an as-
terisk).

The wild-type leader protein was expressed to investigate
whether the protein could be phosphorylated by CK-2. Figure
1A shows that the recombinant mengovirus leader protein was
efficiently phosphorylated by CK-2 in vitro. To investigate
whether the leader protein could be phosphorylated in a rabbit
reticulocyte lysate, the recombinant leader protein was added
to a reticulocyte lysate in the presence of 32P-labeled ATP. As
shown in Fig. 1A, the wild-type leader protein was rapidly
phosphorylated, with a maximum incorporation of radioactive
phosphate reached within 1 min.

In order to identify CK-2 sites in the leader protein, recom-
binant leader mutant proteins in which the threonine residue
at position 3, 15, or 47 was replaced by alanine were expressed.
The mutant recombinant leader proteins T3A, T15A, and T47A
were subsequently analyzed in the CK-2 phosphorylation as-
say. Both the T3A and the T15A leader proteins were efficiently
phosphorylated by CK-2 (Fig. 1B). However, the T47A leader
protein could no longer be phosphorylated by CK-2 (Fig. 1B).
These results show that the threonine at position 47 of the
mengovirus leader is the substrate for CK-2. The same results
were found when the recombinant proteins were analyzed for
phosphorylation in a reticulocyte lysate (data not shown).
These results strongly argue for the presence of a functional
CK-2 phosphorylation site at threonine 47.

Phenotypic characterization of the T47A mengovirus mu-
tant. To examine the functional importance of the CK-2 phos-
phorylation site for virus replication, the T47A mutation was
introduced into the mengovirus cDNA clone pM16.1. A cyto-
pathic effect was observed upon transfection of the RNA into
L929 cells. The mutated virus vM16(T47A) was further char-
acterized by single-cycle growth analysis (Fig. 2). The mutation
T47A in the mengovirus leader protein resulted in a disabled
virus with a virus yield of about 10% of that of the wild type
(Fig. 2). These results suggest that phosphorylation of the
leader protein is important for efficient virus growth.

In order to demonstrate the in vivo phosphorylation of the
leader protein, L929 cells were labeled with [32P]orthophos-
phate for 3 h preinfection. In this 3-h period the major portion
of intracellular ATP will be radioactively labeled. Phosphory-
lation of the leader protein was tested by immunoprecipitation
of lysates obtained from [32P]ATP-labeled cells either mock
infected or infected with wild-type mengovirus, vM16.1�L(12-
52), vM16.1�2A, or vM16T47A. We were not able to detect the
phosphorylated leader protein in samples taken at 3 and 5 h
postinfection. This is probably due to the unstable character of
the leader protein, as described previously for the EMCV
leader protein (11).

To investigate the possibility that threonine 47 is involved in
leader protein activity other than as a phosphate acceptor, two
additional mutants in which the CK-2 consensus sequence
flanking the threonine 47 residue was disturbed were con-
structed. A mutant was made in which the glutamic acid resi-
due at position 50 was replaced by alanine, creating the se-
quence LT*DGADD. Another mutant was made by insertion
of a glycine at position 49, thereby creating the sequence
LT*DGGEDD. Upon transfection, two mutant viruses,
vM16E50A and vM16insG49, were obtained. Both of these
mutant viruses exhibited growth characteristics similar to those
of vM16T47A (Fig. 2). These results support the idea that the
disabled phenotype of the vM16T47A mutant is caused by a
disturbed CK-2 consensus sequence, rather than by another
function of the threonine residue, and that the integrity of the
phosphorylation site of the leader protein is important for its
function.

Protein synthesis in infected cells was studied by in vivo
labeling experiments. L929 cells were infected with wild-type
mengovirus, a mutant [vM16.1�L(12-52)] in which the leader
protein was deleted (33), and mutant viruses vM16T47A,
vM16E50A, and vM16insG49 and were pulse-labeled at 3, 4,
and 5 h after infection. At the latest time point, wild-type

FIG. 1. In vitro phosphorylation of the mengovirus leader protein
by CK-2. (A) Time course of the phosphorylation of recombinant
wild-type leader protein. Reactions were performed as described in
Materials and Methods. Reactions were done in the absence of leader
protein for 5 min (lane 1) or in the presence of 200 ng of leader protein
for 1, 2, 3, 4, and 5 min (lanes 2, 3, 4, 5, and 6, respectively). Reactions
were performed with CK-2 (upper panel) or in rabbit reticulocyte
lysate (RRL) (lower panel). Reactions were analyzed by SDS-PAGE.
(B) In vitro phosphorylation of recombinant leader proteins for 5 min
by CK-2. Reactions were performed with 200 ng of recombinant wild-
type (WT) leader protein or mutant (T3A, T15A, or T47A) leader
protein or in the absence of leader protein. Reactions were analyzed by
SDS-PAGE.
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mengovirus-infected cells produce exclusively viral proteins
and host cell protein synthesis is inhibited (Fig. 3A) (33). The
recombinant mengovirus vM16.1�L(12-52) showed a de-
creased inhibition of host cell protein synthesis and a de-
creased production of viral proteins compared to wild-type
virus, as was previously shown (33) (Fig. 2 and 3B). However,
host cell protein synthesis shutoff and viral translation were not
seriously affected by mutations which disturbed the leader pro-
tein phosphorylation site (Fig. 3C, D, and E).

The presence of the CK-2 phosphorylation site of the men-
govirus leader protein is essential for suppression of the an-
tiviral host cell response. Recently, it was reported that the
TMEV leader protein inhibits alpha/beta interferon produc-
tion (27). The effect of mengovirus leader protein phosphory-
lation on the immediate-early production of alpha/beta inter-
feron was tested in L929 cells that were either mock infected
or infected with wild-type mengovirus, vM16.1�L(12-52), or
the phosphorylation mutants vM16T47A, vM16E50A, and
vM16insG49. As a control, interferon production was also ex-
amined in cells infected with the mengovirus mutant
vM16.1�2A, in which the 2A-encoding region was deleted
(34). This mutant virus also exhibits reduced growth in L929
cells, but the leader protein is still fully intact. Supernatants
were collected and used to prime uninfected L929 cells 24 h
before infection with serial dilutions of wild-type mengovirus.
For comparison, a standard curve of serial dilutions of mouse
alpha/beta interferon was made. Protection against mengovi-
rus infection was already observed at an interferon concentra-
tion of 0.01 U/ml. At higher interferon concentrations, increas-
ing amounts of virus were necessary to cause a cytopathic
effect. By using the standard curve, alpha/beta interferon con-
centrations in cell culture supernatants of infected cells could
be estimated. Figure 4A summarizes the results of three inde-
pendent experiments. Detectable amounts of alpha/beta inter-
feron were not found in mock-infected L929 cells or cells

infected with wild-type mengovirus or vM16.1�2A. In cells
infected with vM16.1�L(12-52), vM16T47A, vM16E50A, or
vM16insG49, alpha/beta interferon was produced (Fig. 4A).
Beta interferon production was measured in mock-infected
HeLa cells or cells infected with wild-type mengovirus or mu-
tant viruses. The beta interferon levels produced in HeLa cells
were similar to the levels of alpha/beta interferon found in
L929 cells (Fig. 4B). From these results we concluded that the
mengovirus leader protein is directly involved in the suppres-
sion of alpha/beta interferon production and that this activity
depends on the integrity of a CK-2 phosphorylation site at
threonine 47.

The integrity of the CK-2 phosphorylation site of the men-
govirus leader protein is essential for apoferritin synthesis in
mengovirus-infected cells. It has been reported that within the
first 5 h after mengovirus infection, the synthesis of both light-
and heavy-chain apoferritin is increased approximately three-
fold, while the overall cellular protein synthesis is severely
decreased (4, 17, 18). This induction of apoferritin appears to
be a cardiovirus-specific event, since enhanced apoferritin ex-
pression was observed in human HeLa cells after infection with
mengovirus and TMEV but not after infection with poliovirus
(18).

Immediate-early host cell responses, such as the production
of nitric oxide and cytokine-mediated processes, are related to
intracellular iron homeostasis (8, 9, 26). For this reason, the
possible relationship between the leader protein function and
ferritin production in mengovirus-infected cells was examined.
Mock-infected L929 cells or cells infected with wild-type virus,
vM16�L(12-52), or vM16T47A were pulse-labeled with
[35S]methionine at various time points after infection, after
which the ferritin production was assayed by immunoprecipi-
tation. Figure 3 shows a typical example of the ferritin assay.
Figure 3A shows that the ferritin expression was significantly
increased already at 3 h postinfection in wild-type mengovirus-

FIG. 2. Single-cycle growth curves of wild-type virus vM16 (�), vM16�L(12-64) (■ ), vM16T47A (Œ), vM16E50A (E), and vM16insG49 (F).
L929 cells were infected at an MOI of 1 and harvested at 2, 4, 6, and 8 h postinfection. Virus titers were determined by titration (23).
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infected L929 cells. However, no increase of ferritin was ob-
served in vM16�L(12-52)-infected cells (Fig. 3B). Notably, in
L929 cells infected with vM16�L(12-52) the overall protein
synthesis was decreased without enhancement of ferritin syn-
thesis (Fig. 3B). These data suggest that induction of ferritin
synthesis is indeed a virus-related phenomenon and is caused

not by the inhibition of protein synthesis in general but directly
by the activity of the leader protein. Disturbance of the CK-2
phosphorylation site in mutant viruses vM16T47A, vM16E50A,
and vM16insG49 also did not result in an increase of ferritin.
The lower ferritin levels in mutant virus-infected cells com-
pared to the ferritin production in mock-infected cells may be

FIG. 3. Protein synthesis in infected L929 cells. Cells were mock infected (A) or infected with wild-type mengovirus (A), vM16�L(12-52) (B),
vM16T47A (C), vM16E50A (D), vM16insG49 (E), or vM16�2A (F) as indicated at an MOI of 50 TCID50/cell. At the time points indicated above
the lanes (in hours postinfection), cells were pulse-labeled with [35S]methionine for 30 min. Cells were lysed and directly analyzed by SDS-PAGE
on 12.5% polyacrylamide gels (upper panels) or used for immunoprecipitation of ferritin (lower panels). Viral proteins and heavy (H) and light
(L) ferritin chains are indicated.
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caused by the inhibition of host cell translation in mutant
virus-infected cells, while ferritin production is not upregulated
as it is in wild-type-infected cells. These results illustrate that
the presence of the CK-2 phosphorylation site in the mengo-
virus leader protein is required for the biological effect of the
leader protein on ferritin expression (Fig. 3C, D, and E).

Ferritin production was examined in cells infected with the
mengovirus mutant vM16.1�2A, in which the 2A-encoding
region is deleted but the leader protein is still intact (34).
Infection of L929 cells with vM16.1�2A resulted in an increase
of ferritin synthesis similar to that found in wild-type mengo-
virus-infected cells (Fig. 3F). These results point to the specific
role of the mengovirus leader protein in the induction of fer-
ritin expression.

Apoferritin expression is not related to iNOS induction.
Increased concentrations of free iron in the cytoplasm give rise
to the formation of ROS such as nitric oxide, hydroxyl radicals,
and hydrogen peroxide. The synthesis of nitric oxide in in-
fected cells is directly associated with intracellular iron ho-
meostasis (9). Therefore, the effect of mengovirus leader pro-
tein mutations on the production of nitric oxide and the
synthesis of iNOS was examined. L929 cells were either mock
infected or infected with wild-type mengovirus, vM16.1�L(12-
52), vM16T47A, vM16E50A, or vM16insG49. At between 1 and
9 h postinfection, cell culture supernatants were tested at 1-h
intervals for the presence of nitric oxide by using Griess re-
agent (31). At the same time points, lysates of infected L929
cells were made and tested by Western blotting for the pres-
ence of iNOS. Neither production of nitric oxide nor a change
in intracellular levels of iNOS was found in mock- and virus-
infected cells (Fig. 5).

Integrity of the CK-2 phosphorylation site of the mengovi-
rus leader protein is essential for the suppression of NF-�B

activation in mengovirus-infected cells. Induction of alpha/
beta interferon expression depends on the activation of the
transcription factor NF-�B. Increased concentrations of free
iron in the cytoplasm give rise to the formation of ROS other
than nitric oxide, which are thought to be involved in the
activation of NF-�B (26, 30). For this reason, the activation of
NF-�B in mengovirus-infected cells was examined. L929 cells
were transfected with the reporter plasmid pNF�B-Luc, in
which luciferase gene expression is placed under control of
four tandem copies of the NF-�B consensus sequence. Trans-
fected cells were mock infected or infected with wild-type
virus, vM16�L(12-52), vM16T47A, vM16E50A, vM16insG49, or
vM16�2A. As a control, transfected cells were treated with
lipopolysaccharide.

Figure 6 shows the NF-�B activation under the various con-
ditions. Wild-type mengovirus infection resulted in a small
reduction in luciferase activity compared to the situation found
in mock-infected cells. In contrast, with cells infected with
wild-type virus, luciferase activity in cells infected with leader
peptide mengovirus mutants is increased compared to that in
mock-infected cells. Although levels of reporter gene induction
in cells infected with leader peptide mutants are relatively
modest, an increase of luciferase activity was found in mutant
virus-infected cells compared to mock-infected cells and cells
infected with wild-type mengovirus or vM16�2A. The lucif-
erase activity in cells infected with vM16T47A, vM16E50A, and
vM16insG49 was especially increased. The limited increase of
luciferase activity in vM16�L(12-52)-infected cells might be
caused by the overall inhibition of translation as shown in Fig.
3B. Luciferase activity in cells infected with vM16�2A was
similar to that in wild-type virus-infected cells, indicating that
reduced virus growth is not a determinant for NF-�B activa-
tion. The experiment was performed three times with the same
results. These results demonstrate that the mengovirus leader
activity is directly involved in the suppression of NF-�B acti-
vation. Moreover, reduction of NF-�B-dependent transcrip-
tion depends on the integrity of the phosphorylation site at
threonine 47.

DISCUSSION

In this report we showed that the mengovirus leader protein
is a suppressor of the antiviral host cell response, possibly
through the production of ferritin in infected cells. We also
showed that the integrity of a CK-2 phosphorylation site at
threonine 47 of the leader protein is required for the suppres-
sion of alpha/beta interferon production as well as for the
production of ferritin.

Recently, Dvorak et al. described the presence of a tyrosine
phosphorylation site in the leader protein of EMCV (11). They
described the presence of a phosphorylated form of the leader
protein in HeLa cells infected with the wild-type virus. How-
ever, the signals that they obtained were very weak due to the
labile character of the leader protein after it is released from
the polyprotein and became visible only after immunoprecipi-
tation followed by Western blotting with phosphotyrosine-spe-
cific antibodies (11). In our experiments, we found no signal in
the in vivo phosphorylation assay at the position of the leader
protein. Apart from the differences in labeling procedures (in-
cubation of cells with [�-32P]ATP previously versus

FIG. 3—Continued.
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[32P]orthophosphate in our experiments), the contrasting re-
sults might be explained by an increased instability of the
leader protein in L929 cells compared to HeLa cells. Never-
theless, phenotypic characterization showed that the amino
acid composition in the threonine 47 region is essential for
proper leader protein function. Any modification of the poten-
tial CK-2 site is detrimental for virus-induced ferritin induction
and inhibition of the antiviral host cell response. However,

since phosphorylation could not be directly demonstrated in
vivo, because of the short half-life of the protein, structural
effects other than phosphorylation in the region of potential
CK-2 sites may in principle cause the effects of the leader
protein on the suppression of alpha/beta interferon by inhibi-
tion of the iron/ferritin-mediated activation of NF-�B as well.

Our results are in agreement with the finding of Van Pesch
et al. (27), who recently showed that the homologous leader
protein of TMEV inhibits immediate-early alpha/beta inter-
feron production (27). We previously reported that a mengo-
virus mutant with a deletion of the leader protein showed
disabled virus growth (33). Notably, the mutant virus could be
rescued by 2-aminopurine, an inhibitor of alpha/beta interfer-
on-related signaling pathways (32, 33). These results support
the idea that the mengovirus leader protein interferes with the
antiviral host cell response. Van Pesch et al. showed that the
TMEV leader peptide specifically inhibits the transcription of
the immediate-early alpha/beta interferon genes but not tran-
scription of other, late alpha interferon genes. For this reason,
they postulated that the TMEV leader protein would interact

FIG. 4. (A) Production of alpha/beta interferon in infected L929 cells. Cells were infected with the virus indicated at an MOI of 0.2 TCID50/ml
for 48 h. Cell culture supernatants were treated for 24 h at pH 2, neutralized, and used for priming of fresh L929 cells. Interferon concentrations
were calculated by using a standard curve of serial dilutions of alpha/beta interferon. (B) Production of beta interferon in infected HeLa cells. Cells
were infected with the virus indicated at an MOI of 0.2 TCID50/ml for 48 h. Beta interferon production in cell culture supernatants was measured
by enzyme-linked immunosorbent assay. Means and standard deviations from three independent experiments are indicated.

FIG. 5. Synthesis of iNOS in infected L929 cells. Cells were mock
infected (lane 1) or infected with wild-type mengovirus (lane 2),
vM16�L(12-52) (lane 3), vM16T47A (lane 4), vM16E50A (lane 5),
vM16insG49 (lane 6), or vM16�2A (lane 7) at an MOI of 50 TCID50/
cell. At 5 h postinfection, cells were lysed and analyzed by Western
blotting with antibodies against iNOS.
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with IRF-3. Expression of immediate-early and late interferon
genes depends on factors such as IRF-3, IRF-7, and NF-�B. In
addition to a possible inhibition of IRF-3, our results indicate
that in wild-type mengovirus-infected cells NF-�B activation is
suppressed and correlates with the suppression of beta inter-
feron.

Interestingly, despite the effect of virus replication on host
cell translation shutoff, it was found previously that mengovirus
infection causes an enhancement of the translation of both
heavy- and light-chain ferritin mRNAs in L929 cells (4, 17, 18).
In those studies, it was suggested that the ferritin particles
produced in infected cells might play a role in the inhibition of
host cell translation. In this report, we show that the mengo-
virus leader protein is responsible for the induction of ferritin
in infected cells. However, since the leader protein phosphor-
ylation mutants were capable to inhibit host cell translation
without the enhancement of ferritin expression, it is obvious
that the induction of ferritin cannot be associated alone with
the inhibition of host cell translation as previously suggested
(4, 18, 18).

As a consequence of electron transfer reactions in mitochon-
dria and other organelles, small amounts of ROS are produced
in normal respiring cells. ROS include nitric oxide, hydroxyl
radicals, superoxide, and peroxides. ROS are capable of caus-
ing oxidative damage to macromolecules. Therefore, ROS are
scavenged by cellular antioxidant proteins such as glutathione.
High doses of ROS generated by environmental stress are
cytotoxic and are referred to as oxidative stress. Recent reports
suggest that ROS may act as a mediator in signal transduction
pathways in which cells react to the surplus of intracellular
ROS with the induction of gene expression of proteins in-
volved in the regulation of the cellular redox state. The tran-
scription factor NF-�B plays an important role in stress re-

sponses. Based on the finding that antioxidant proteins inhibit
NF-�B activation, it was suggested that NF-�B activity is reg-
ulated by intracellular ROS levels (30). An important compo-
nent that participates in ROS formation via the Fenton reac-
tion is free intracellular iron (13). Since intracellular iron
homeostasis is regulated by ferritin (1), it was suggested that
ferritin might serve as a cytoprotective protein, minimizing
oxygen free radical formation by sequestering intracellular
iron. This idea is supported by the finding that exposure of cells
to inducers of ROS such as hydrogen peroxide and tumor
necrosis factor alpha results in the induction of ferritin synthe-
sis (1, 5, 12, 14, 19, 21, 29).

The observation that the mengovirus leader protein inter-
feres with both the cellular iron homeostasis and the activation
of NF-�B provides an explanation for the mechanism by which
the leader protein downregulates the antiviral host cell re-
sponse (Fig. 7). Induction of ferritin expression in mengovirus-
infected cells will limit the availability of iron for the produc-
tion of free hydroxyl radicals (16). As a consequence, NF-�B
activation and thereby alpha/beta interferon expression are
suppressed in mengovirus-infected cells. Experiments to deter-
mine the relationship between ferritin and iron concentrations
and the suppression of host cell defense mechanisms are in
progress.

In general, picornavirus infections provoke a cellular antivi-
ral response. An essential step in this antiviral response is the
activation of the double-stranded-RNA-dependent protein ki-
nase PKR and subsequent activation of NF-�B-mediated ex-
pression of genes such as that for beta interferon (28). Picor-
naviruses have developed mechanisms to prevent or diminish
the effects of the host cell antiviral response, such as the pro-
teolytic degradation of PKR by enterovirus 2A proteinase (3).
Until now, such a mechanism has not been found for cardio-

FIG. 6. Activation of NF-�B in infected L929 cells. Cellular monolayers were transfected with an expression plasmid for luciferase under
control of four repeats of the NF-�B binding site. At 48 h posttransfection, cells were mock infected or infected with wild-type mengovirus,
vM16�L(12-52), vM16�2A, vM16T47A, vM16E50A, or vM16insG49 at an MOI of 10 TCID50/ml. As a control, cells were treated with 100 �g of
lipopolysaccharide per ml. At 6 h postinfection, cellular lysates were tested for luciferase activity. Error bars indicate standard deviations.
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viruses. Our data described in this paper show that the men-
govirus leader protein interrupts the antiviral host cell re-
sponse by suppression of NF-�B activation, possibly via
interaction with cellular iron metabolism.
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FIG. 7. Role of ferritin and iron in the oxidative stress response.
Various environmental factors, such as virus infections, cytokines, and
UV radiation, enzymatically generate peroxides. Under the influence
of iron ions, the peroxides are further reduced to hydroxyl radicals and
other ROS that are capable of activating NF-�B. Ferritin forms an
antioxidant system that traps free iron and thereby reduces the host
cell response.
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