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ABSTRACT

Mx proteins belong to the dynamin superfamily of
high molecular weight GTPases and interfere with
multiplication of a wide variety of viruses. Earlier
studies show that nuclear mouse Mx1 and human
MxA designed to be localized in the nucleus inhibit
the transcription step of the in¯uenza virus genome.
Here we set a transient in¯uenza virus transcription
system using luciferase as a reporter gene and cells
expressing the three RNA polymerase subunits,
PB1, PB2 and PA, and NP. We used this reporter
assay system and nuclear-localized MxA proteins to
get clues for elucidating the anti-in¯uenza virus
activity of MxA. Nuclear-localized VP16-MxA and
MxA-TAg NLS strongly interfered with the in¯uenza
virus transcription. Over-expression of PB2 led to a
slight resumption of the transcription inhibition by
nuclear MxA, whereas over-expression of PB1 and
PA did not affect the MxA activity. Of interest is that
the inhibitory activity of the nuclear MxA was
markedly neutralized by over-expression of NP. An
NP devoid of its C-terminal region, but containing
the N-terminal RNA binding domain, also neutral-
ized the VP16-MxA activity in a dose-dependent
manner, whereas an NP lacking the N-terminal
region did not affect the VP16-MxA activity. Further,
not only VP16-MxA but also the wild-type MxA was
found to interact with NP in in¯uenza virus-infected
cells. This indicates that the nuclear MxA
suppresses the in¯uenza virus transcription by
interacting with not only PB2 but also NP.

INTRODUCTION

Mx proteins are interferon-inducible and have antiviral
activity against a wide variety of viruses (1±7). Studies on
Mx proteins started with identi®cation of murine Mx1 in a
mouse strain, A2G, resistant to in¯uenza virus infection (8).
Mx1 accumulates in the nucleus and inhibits the in¯uenza
virus transcription (9), thereby inhibiting in¯uenza virus
multiplication. Thereafter, a number of Mx proteins were
identi®ed in higher eukaryotes including ®sh, birds and
mammals as a homolog of murine Mx1 (10±16).

MxA, a human homolog of Mx1, accumulates in the
cytoplasm and interferes with multiplication of orthomyxo-
viruses (2,17,18), paramyxoviruses (19), bunyaviruses (3) and
togavirus (4). When cells expressing MxA are infected with
in¯uenza virus, mRNA synthesis by primary transcription
with virion-associated RNA polymerases is undergone at the
same level as in MxA-negative cells (17). In contrast, viral
protein synthesis and genome ampli®cation are strongly
inhibited (17). However, the molecular function and exact
target(s) of MxA in in¯uenza virus-infected cells remain
unknown. In Thogoto virus-infected cells, MxA interacts with
viral nucleocapsids and inhibits transport of viral nucle-
ocapsids into the nucleus (20,21). Recently it has been
revealed that MxA inhibits multiplication of hepatitis B virus,
a DNA virus (6). In HBV-infected cells, export of viral mRNA
from the nucleus is blocked by MxA. These two cases suggest
that MxA may interfere with translocation of viral components
between the nucleus and the cytoplasm.

To approach the molecular mechanism of the anti-in¯uenza
virus activity of MxA, two lines of evidence by earlier studies
could be useful clues: MxA designed to be present in the
nucleus inhibits the transcription of the in¯uenza virus
genome as Mx1 (22), and the anti-in¯uenza virus activity of
Mx1 is suppressed by over-expression of PB2 (23,24). In order
to get more clues for the anti-in¯uenza virus action of MxA
and to look for a candidate(s) for a viral target molecule(s) of
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MxA, we tried to design experiments based on the above two
facts. We set a reporter assay system, which utilized plasmids
used for the DNA transfection-mediated virus-like particle
generation system (25). We constructed a host cell RNA
polymerase I (Pol I)-based plasmid, from which an engineered
in¯uenza virus genome containing a reporter gene of negative
sense is generated. When the plasmid is introduced into cells
expressing the viral RNA polymerase and NP, the engineered
viral RNA generated by Pol I is transcribed. With this system,
we found that nuclear MxA interferes with expression of the
reporter gene. This inhibition was neutralized by over-
expression of PB2 but not by that of PB1 or PA.
Interestingly, over-expression of NP led to a signi®cant
suppression of the inhibitory activity of nuclear MxA.
Immunoprecipitation assays revealed that nuclear MxA and
NP form a complex under certain conditions. These results
suggest that nuclear MxA proteins interfere with the viral
transcription directly or indirectly through NP. Further, we
found that NP is also immunoprecipitated with the wild-type
MxA when lysates prepared from in¯uenza virus-infected
cells were used. A possible function of MxA in the context of
its interaction with NP is also discussed.

MATERIALS AND METHODS

Construction of plasmid vectors

A plasmid vector, from which an arti®cial in¯uenza virus
genome containing luciferase gene of negative polarity as a
reporter is synthesized in cells by the mouse DNA-dependent
Pol I, was constructed as follows. The mouse Pol I promoter
region was ampli®ed by PCR with primers, 5¢-TAA-
TACGACTCACTATA-3¢ and 5¢-GTCGGTACCTATCTC-
CAGGTCCA-3¢ using pMrBKSP11 (a gift from Dr K.
Yamamoto) (26) as a template. PCR products were phos-
phorylated with T4 polynucleotide kinase (TOYOBO) and
digested with KpnI (TaKaRa). This fragment was cloned into
pHH21 containing the promoter region of human ribosomal
RNA gene (a gift from Dr Y. Kawaoka) (25,27), which had
been digested with BssHII followed by treatment with Klenow
fragment (TaKaRa) and subsequent digestion with KpnI.
Thus, the treatment described above removed the human
promoter in pHH21 and then replaced it with the mouse
promoter. The resultant plasmid was designated pHMP1.
Next, a fragment containing luciferase gene sandwiched by 5¢-
and 3¢-terminal sequences of in¯uenza A virus (WSN/33)
segment 8 encoding non-structural protein (NS) was ampli®ed
by PCR with primers, 5¢-GTAGTAGAAACAAGGGTG-
TTTTTTACTCGAGATCTTACAATTTGGACTTTCCGCC-
CTT-3¢ and 5¢-GATCCGTCTCCGGGAGCAAAAGCAG-
GGTGACAAAGACATAATGCATATGGAAGACGCCAA-
AAACATAAAGAAAGG-3¢ using pGV-B (TOYO Ink) as a
template. pHMP1 was digested with KpnI, blunted with T4
DNA polymerase (TOYOBO) and de-phosphorylated with
calf intestine alkaline phosphatase (TaKaRa). The ampli®ed
PCR product was phosphorylated with T4 polynucleotide
kinase and cloned into pHMP1 treated as above, resulting in
construction of pHMP1-pre-vNS-Luc. Then, pHMP1-pre-
vNS-Luc was digested with BsmB1 and re-ligated to produce
pHMP1-vNS-Luc, in which the luciferase gene of reverse
orientation sandwiched with 23 and 26 nucleotide-long 5¢- and

3¢-terminal sequences of the in¯uenza virus segment 8 is
placed under the control of mouse Pol I promoter (Fig. 1A).

A plasmid encoding the wild-type MxA protein was
constructed by subcloning of the full-length MxA fragment
into a eukaryotic expression vector, pCAGGS (28). The MxA
fragment prepared by digestion of pET3a-MxA (a gift from
Dr Staeheli) with NdeI (BioLabs) and BamHI (TOYOBO) was
once cloned into NdeI- and BamHI-digested pET14b
(Novagen). The MxA fragment derived from pET14b-MxA
by digestion with XbaI (TOYOBO) and EcoRV (TOYOBO)
and blunted with Klenow fragment. Resultant DNA fragment
was cloned into pCAGGS digested by XhoI (TOYOBO) and
blunted with Klenow fragment. To construct a plasmid for
expression of MxA fused to the trans-activation domain of
herpes simplex virus VP16, pVP16 (Clontech), a plasmid for
mammalian two-hybrid system was used. A fragment con-
taining MxA gene was prepared from pET14b-MxA by
digestion with NdeI followed by treatment with Klenow
fragment and digestion with BamHI. The puri®ed MxA
fragment was cloned into pVP16 that had been digested with
EcoRI (TOYOBO) and blunted with Klenow fragment
followed by BamHI digestion. For expression of MxA tagged
with the nuclear localization signal (NLS) sequence of SV40 T
antigen, pHMG-TMxA was used (a gift from Dr Staeheli).

In order to construct pCHA-Mx1 encoding HA-tagged
mouse Mx1, Mx1 cDNA was cloned into pCHA (29). The
Mx1 cDNA portion was ampli®ed by using KOD-plus
(TOYOBO) with a previously constructed plasmid containing
Mx1 cDNA (30) as a template and speci®c primers, 5¢-TAG-
GCTAGCATGGATTCTGTGAATAATCTGTGC-3¢ and
5¢-TGAGCTAGCTTAATCGGAGAATTTGGCAAGCTT-3¢.
The PCR-ampli®ed Mx1 fragment was digested with NheI
(TOYOBO) and cloned into pCHA digested with NheI.
pCHA-Mx1DC plasmid expressing Mx1 lacking its C-ter-
minal (between amino acid positions 563 and 631) was
spontaneously generated during the construction of pCHA-
Mx1.

Plasmids encoding NP (pCAGGS-NP) and three subunits of
the in¯uenza virus RNA polymerase, PB1, PB2 and PA
(pcDNA-PB1, pcDNA-PB2 and pcDNA-PA) were gifts
from Dr Y. Kawaoka (25). In order to construct pCAGGS-
NP-Myc for expression of Myc epitope-tagged NP, DNA
fragments were ampli®ed by PCR with primers, 5¢-
CCGAATTCCATGGCGTCTCAAGGCACCAAA-3¢ and 5¢-
CGCGCCATGGCATTATCGTATTCCTCTGCA-3¢ and a
plasmid containing the NP gene as a template. The ampli®ed
fragment was digested with NcoI and ligated into NcoI-
digested pBluescript II vector (Stratagene) containing a Myc
tag sequence. Subsequently, a DNA fragment containing Myc-
tagged NP sequence was excised from the pBluescript II and
inserted into pCAGGS that had been digested with EcoRI and
blunted with Klenow fragment. pSEAP2-control (Clontech)
containing a secreted alkaline phosphatase (SEAP) gene under
the control of the SV40 early promoter was used as a control
for normalization of transfection. The nucleotide sequence of
each plasmid was con®rmed by DNA sequencing.

Cells and transfection

Swiss mouse 3T3 cell lines, Swiss3T3-Neo (Swiss3T3) and
Swiss3T3-MxA cells (31), were kindly provided by Dr Haller.
Either mouse Swiss3T3 cells or Clone 76 cells [a gift from
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Dr Nakata (28)] derived from mouse C127 cells were used as
host cells for transfection experiments. Clone 76 cells contain
PB2, PB1, PA and NP genes under the control of MMTV-
LTR. The cells were maintained at 37°C in Dulbecco's
modi®ed minimal essential medium containing 10% fetal calf
serum. For transfection experiments, cells were grown in
24-well plates (up to 1 3 104 cells/well) or f6 cm dishes (up to
5 3 104 cells/dish). DNA was transfected into cells using
TransIT-LT1 transfection reagent (Mirus) according to the
manufacturer's instructions. The expression of in¯uenza viral
RNA polymerase subunits and NP in Clone 76 cells was
induced by the addition of dexamethazone at the ®nal
concentration of 1 mM at 20 h post-transfection. In the case
of Swiss3T3 cells, plasmids encoding three RNA polymerase
subunits and NP were co-transfected with the reporter
plasmid. At 48 h after either addition of dexamethazone or
transfection, cells were harvested and their lysates were
subjected to the luciferase assay or immunoprecipitation
analyses.

Luciferase assay

The luciferase activity was determined using commercially
available reagents (Promega) according to the manufacturer's

protocol. The relative luminescence intensity was measured
with a luminometer for 20 s. The SEAP activity was
determined according to the manufacturer's instructions
(TOYOBO). The luciferase activity was normalized as that
relative to the SEAP activity/the amount of protein.

Preparation of antibodies, immunoprecipitation and
western blot analysis

Detailed methods for preparation of mouse monoclonal anti-
MxA antibodies will be described elsewhere. Brie¯y,
recombinant MxA protein encoded on pET3a-MxA was
expressed in Escherichia coli. MxA recovered in an insoluble
fraction was puri®ed by extensive washes with 6 M urea. The
®nal insoluble fraction was dissolved in an SDS±PAGE
sample buffer and subjected to SDS±PAGE. A protein band
corresponding to MxA was excized, and MxA was eluted from
the gel piece. MxA thus puri®ed was used for immunization of
mice (Balb/c). Preparation and selection of monoclonal cell
lines were carried out essentially as described (29). Four
monoclonal cell lines (KM1124, IgG1; KM1126, IgG1;
KM1132, IgG2a and KM1135, IgG1) producing antibodies
against MxA were established. It is reported that the antibody
is useful in the measurement of MxA in virus-infected patients
(32).

Swiss3T3-MxA stably expressing MxA or Swiss3T3 cells
transfected with plasmid vectors of interest were infected with
in¯uenza A/PR/8/34 at m.o.i. of 5±10. After 8 h infection, the
cells were harvested and lysed in buffer A containing 50 mM
Tris±HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA and 0.1%
NP-40. The cell lysates were cleared by centrifugation at 4°C
for 5 min at 10 000 g. After adding 1 ml of monoclonal mouse
anti-MxA (a mixture of KM1132 and KM1126) or mouse anti-
Myc (MBL), the lysates (200 ml) were incubated on ice for 2 h.
Antibody±antigen complexes were mixed with protein A
Sepharose beads (Pharmacia) and rotated at 4°C for a further
2 h. Protein A Sepharose beads were recovered by centrifug-
ation and washed three times with buffer A. Beads were
then suspended in an SDS-sample buffer and proteins were
separated by electrophoresis through an 8% polyacrylamide
gel in the presence of 0.1% SDS. Proteins were transferred to a
polyvinylidene di¯uoride (PVDF) membrane. The membrane
was exposed ®rst to a speci®c primary antibody (monoclonal
mouse anti-MxA, monoclonal mouse anti-Myc or anti-NP
polyclonal rabbit antisera) and then to a horseradish
peroxidase-conjugated second antibody against species-spe-
ci®c immunogloblin. Proteins were visualized with ECL
detection kit (Amersham Life Science).

RESULTS

Construction of a reporter assay system for in¯uenza
virus transcription using an arti®cial in¯uenza virus
genome

Transient transfection assay systems using reporter genes such
as chloramphenicol acetyltransferase (33) and luciferase (34)
genes have been contributing to studies on fundamental and
regulatory mechanisms of DNA transcription. Assay systems
similar to those were developed and used for analysis of the
mechanism of RNA synthesis of the negative-sense RNA
genome (35). Recently, Neumann et al. established a plasmid

Figure 1. Transient transfection assays. (A) A reporter assay system for the
in¯uenza virus transcription based on an engineered in¯uenza virus genome.
For details, see the text. (B) Localization of MxA proteins. Swiss3T3 cells
were grown on a glass coverslip in a 24-well plate and transfected with
0.5 mg of pVP16-MxA or pHMG-TMxA as described in Materials and
Methods. At 48 h post-transfection, cells were ®xed with 3% paraformalde-
hyde solution, permeabilized with 0.1% NP-40, washed twice with PBS,
and then treated with 1% skim milk. The cells were incubated with mouse
anti-MxA (KM1132) at 1:500 dilutions in 1% skim milk for 60 min and
washed twice with 0.1% NP-40 and once with PBS. Cells were then stained
with FITC-conjugated goat anti-mouse IgG at 1:500 dilutions in 1% skim
milk. The coverslip was washed with 0.1% NP-40 and mounted in 0.1%
p-phenylendiamine and 80% glycerol. MxA in cells expressing VP16-MxA
(left) or MxA-TAg NLS (right) was visualized under a ¯uorescence
microscope.
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DNA transfection-mediated in¯uenza virus-like particle
(VLP) generation system (25). In the system, in¯uenza virus
genome RNAs of exact size and orientation are synthesized by
the cellular DNA-dependent RNA Pol I from plasmid DNAs
encoding viral cDNAs cloned between the Pol I-promoter and
terminator. Viral proteins are supplied from viral protein
expression vectors cloned under the control of the cellular
DNA-dependent RNA polymerase II promoter. The minimal
requirement for production of infectious recombinant in¯u-
enza viruses is a set of Pol I plasmids corresponding to eight
viral RNA segments and four plasmids encoding the viral
RNA polymerase subunits, PB2, PB1, and PA, and NP (25),
suggesting that these four proteins are enough and suf®cient
for primary transcription of the viral genome within cells.
Based on these observations, we have set a transient
transfection system using a viral genome, in which the coding
region for a viral gene is replaced with a reporter gene,
luciferase, while cis-acting regulatory regions (36) remain
intact (Fig. 1A, also see Materials and Methods). Pol I
produces a negative-sense luciferase RNA sandwiched with
viral terminal sequences. Luciferase mRNA is synthesized by
transcription of the negative-sense RNA with the viral RNA
polymerase and NP. The synthesized mRNA is subjected to
translation. This system should be useful to study the
mechanism of transcription of the in¯uenza viral genome.
Here we have examined the effect of nuclear MxA proteins on
this system.

The effect of nuclear MxA on the transient transcription
system

First, we tested whether the reporter plasmid, pHMP1-vNS-
Luc (Fig. 1A), is active in mouse Clone 76 cells. Clone 76
cells contain PB2, PB1, PA and NP genes under the control of
MMTV-LTR, so that these genes are expressed by the addition
of dexamethazone (37). pHMP1-vNS-Luc contains the
luciferase gene of reverse orientation sandwiched with 5¢-
and 3¢-terminal sequences of in¯uenza virus (A/WSN/33)
segment 8, and vNS-luc RNA is synthesized under the control
of the mouse Pol I promoter (Fig. 1A). As expected, the
luciferase activity was detected in dexamethazone-treated
Clone 76 cells transfected with pHMP1-vNS-Luc (data not
shown).

We then tried to use the system in order to con®rm that
nuclear MxA proteins inhibit the viral transcription and to get
a cue for the function of MxA. To this end, two plasmids
encoding either MxA tagged with the NLS sequence of SV40
T antigen (MxA-TAg NLS) (22) or MxA fused to the
transactivation domain of HSV VP16 (VP16-MxA) were
constructed. Both MxA-TAg NLS and VP16-MxA derived
from these plasmids were strictly localized in the nucleus
(Fig. 1B). When clone 76 cells were co-transfected with
pHMP1-vNS-Luc and plasmids expressing nuclear MxA and
treated with dexamethazone for expression of the viral RNA
polymerase and NP at 20 h post-transfection, the reporter
luciferase activity was markedly reduced (Fig. 2A). Parental
vector plasmids, one of which contains the VP16 portion, did
not have any effect (data not shown). These results con®rm
that nuclear MxA inhibits viral transcription.

Next, we modi®ed the system so that the viral RNA
polymerase and NP are transiently supplied by transfection of
plasmids encoding these components. Swiss3T3 cells (a kind

gift from Dr Haller) were used in place of Clone 76 cells,
because Swiss3T3 cells have been used for detailed analyses
of MxA function. This assay would be meritorious, because
the ratio of these proteins can be manipulated (see below). We
could detect the luciferase expression in Swiss3T3 cells co-
transfected with pHMP1-vNS-Luc and plasmids encoding the
viral RNA polymerase and NP. Luciferase expression was
totally dependent on the RNA polymerase and NP (data not
shown). In agreement with earlier studies (9,17), luciferase
expression was inhibited with a wild-type nuclear Mx1 in a
dose-dependent manner but not with a mutant Mx1 (Mx1DC)
devoid of its C-terminal region corresponding to the amino
acid positions between 563 and 631 (Fig. 2B). These results
indicate that the transient transfection assay system can be
used for further analyses. Next, we tested the effect of wild-
type and nuclear MxA proteins on luciferase expression in this

Figure 2. The effect of Mx proteins on expression of the reporter gene.
(A) The effect of nuclear MxA proteins. Clone 76 cells were grown to
50±60% con¯uence in 24-well plates and transfected with pHMP1-vNS-Luc
(0.2 mg), pSEAP2-control (0.1 mg) and either parental vector, pVP16-MxA
or pHMG-TMxA (0.3 mg) encoding nuclear MxA. The expression of
in¯uenza virus RNA polymerase subunits and NP was induced by treatment
of cells with dexamethazone at 1 mM at the ®nal concentration. At 48 h
post-transfection, cells were harvested and assayed for luciferase activity.
The expression level of SEAP was determined as described in Materials and
Methods and used to standardize the ef®ciency of transfection. The
luciferase activity was normalized as that relative to the SEAP activity/the
amount of protein. (B) The effect of wild-type Mx1 and C-terminal deletion
Mx1 mutant (Mx1DC) in Swiss3T3 cells. The cells were transfected with
pHMP1-vNS-Luc (0.2 mg), pSEAP2-control (0.1 mg), plasmids encoding
three RNA polymerase subunits and NP (0.1 mg of each plasmid), parental
vector (0.3 mg), and either pCHA-Mx1 or pCHA-Mx1DC (0.01±0.3 mg
each). The luciferase activity was determined as described above and in
Materials and Methods. Error bars represent standard deviation (n = 3).
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system (Fig. 3). Nuclear MxA proteins, VP16-MxA and MxA-
TAg NLS (Fig. 1B), inhibited the luciferase expression in
Swiss3T3 cells (Fig. 3A) as effectively as in Clone 76 cells
(Fig. 2A). The inhibition was dependent on increasing
amounts of nuclear VP16-MxA (Fig. 3B). In contrast, the
cytoplasmic wild-type MxA was less effective in inhibition of
luciferase expression (Fig. 3B). C-terminal and internal
deletion VP16-MxA mutants gave a limited level of inhibi-
tion, suggesting that these regions are important for the
inhibition activity of MxA (Fig. 3C).

Rescue of nuclear MxA-mediated transcription
inhibition by over-expression of in¯uenza virus
components involved in viral RNA synthesis

Since MxA, when present in the nucleus, has an inhibitory
effect on the viral transcription, it is quite possible that a

component(s) involved in viral RNA synthesis is a target of
MxA. To test this, each one of the components was over-
expressed and the inhibitory effect of VP16-MxA was
analyzed. The amount of one of the expression plasmids for
PB1, PB2, PA or NP was increased from 0.05 to 0.35 mg, the
amount for the other plasmids being kept at 0.05 mg (Fig. 4A
and B). When each plasmid was used at the amount of 0.05 mg,
VP16-MxA inhibited expression of the luciferase. The MxA-
mediated inhibition of the viral transcription was partially
suppressed by over-expression of PB2, whereas over-expres-
sion of PB1 and PA had no remarkable effect (Fig. 4A).
However, it is noted that over-expression of NP signi®cantly
rescued the luciferase expression (Fig. 4B). The effect of
increasing amounts of NP on the reporter assay system was
examined in the absence of MxA. It is shown that luciferase
activity is not stimulated but rather slightly inhibited in
Swiss3T3 cells transfected with additional amounts of the NP
expressing plasmid. To further investigate the effect of NP
over-expression, the plasmid expressing NP was increased
from 0.1 to 0.5 mg in addition to the basal amount (0.15 mg),
while the amount of plasmids expressing three RNA
polymerase subunits was kept at 0.05 mg. The expression
plasmids for NP and VP16-MxA were co-transfected at the
various ratios into the Swiss3T3 cells (Fig. 4B). The MxA
inhibitory activity was completely neutralized by over-
expression of NP when cells were transfected with the low
amount (0.1 mg) of pVP16-MxA. The luciferase expression
remained inhibited at the high amount (0.5 mg) of pVP16-
MxA even when increasing amounts of NP were supplied.
Titration experiments of the plasmid encoding NP in the
presence of 0.1 or 0.3 mg of pVP16-MxA were carried out
(Fig. 4C). The amount of the plasmid for NP required for the
rescue in the presence of 0.3 mg of pVP16-MxA was not

Figure 3. The effect of transiently expressed nuclear MxA proteins. (A) The
effect of nuclear MxA proteins in Swiss3T3 cells. The cells were transfected
with pHMP1-vNS-Luc (0.2 mg), pSEAP2-control (0.1 mg), plasmids
encoding three RNA polymerase subunits and NP (0.05 mg of each plasmid)
and either parental vector, pVP16-MxA or pHMG-TMxA (0.3 mg each).
Luciferase activity was determined and shown as described in Materials and
Methods. Error bars represent standard deviation (n = 3). (B) Dose-
dependent effect of wild-type MxA and VP16-MxA. The same procedure
for (A) was carried out in the presence of increasing amounts of wild-type
MxA or VP16-MxA. Error bars represent standard deviation (n = 3). (C)
The effect of C-terminal (MxADC) and internal (MxADM) deletion VP16-
MxA mutant proteins on reporter gene expression. The same procedure for
(A) was carried out with mutant MxA proteins. To generate a VP16-MxA
deletion mutant (MxADC) for expression of MxA lacking its C-terminal
region (362±662), we ampli®ed a fragment by PCR with speci®c primers,
5¢-GGCATCCATATGGTTGTTTCCGAAGTGGACATCGCA-3¢ and 5¢-
CGCGGATCCTTAACCATACTTTTGTAGCTCCTCTGT-3¢ and pVP16-
MxA as template. To generate a VP16-MxA deletion mutant (MxADM)
lacking its internal region (362±573), a fragment was ampli®ed by PCR
with primers, 5¢-GGCATCCATATGGTTGTTTCCGAAGTGGACATC-
GCA-3¢ and 5¢-CGCGGATCCTTAACCGGGGAACTGGGCAAGCCGGCG-
3¢ and pCHA-MxADM plasmid as a template. pCHA-MxADM was derived
from previously constructed plasmid, pCHA-MxA by removal of an internal
part of MxA by digestion with SalI (TOYOBO) and NcoI (TOYOBO)
restriction enzymes. The main part of the plasmid was blunted with Klenow
fragment and self-ligated. MxA fragments thus prepared were digested with
NdeI, blunted with Klenow fragment and then digested with BamHI. These
fragments were cloned into pVP16 plasmid digested with EcoRI followed by
Klenow treatment and subsequent digestion with BamHI. Error bars
represent standard deviation (n = 3).
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exactly three times more but two to two-and-a-half times more
than that in the presence of 0.1 mg of pVP16-MxA. Thus, more
NP is needed for rescue from the inhibitory effect of
more VP16-MxA. Next, we investigated the effect of C- and
N-terminal deletion NP mutant proteins. The C-terminal
deletion NP mutant that contains an RNA binding domain
neutralized the MxA-mediated inhibition in cells transfected
with 0.1 mg of pVP16-MxA although less effectively than the
full-sized NP. In contrast, N-terminal deletion NP mutant did
not show remarkable neutralizing activity (Fig. 4D). These
results suggest that nuclear MxA proteins interfere with the
viral transcription by directly or indirectly interacting with
PB2 and/or NP. Further, the N-terminal domain of NP is
involved in the inhibitory function of MxA.

Physiological interaction of MxA with NP

To test whether MxA interacts with NP, immunoprecipitation
assays were performed using lysates prepared from Swiss3T3
cells transfected with expression vectors for both VP16-MxA
and NP tagged with the Myc epitope (NP-Myc). Proteins
immunoprecipitated with either anti-MxA or anti-Myc anti-
body were separated by SDS±PAGE, transferred onto a PVDF
®lter, and visualized with a mixture of anti-MxA and anti-Myc
antibodies. Figure 5A shows no signi®cant interaction
between MxA and NP in lysates prepared under the conditions
described in Materials and Methods. Considering the

Figure 4. Rescue of the inhibitory activity of MxA proteins by over-
expression of in¯uenza RNA polymerase subunits and NP. (A) Effect of
over-expression of viral RNA polymerase subunits. Swiss3T3 cells were
transfected with pHMP1-vNS-Luc (0.2 mg), pSEAP (0.1 mg), pVP16-MxA
(0 or 0.1 mg indicated ± or +, respectively), and three RNA polymerase
subunits and NP (0.05 mg each). The additional amount (0.3 mg) of a
plasmid encoding either PB1, PB2 or PA was added as indicated. The
luciferase activity was determined and shown as described in Materials and
Methods. Error bars represent standard deviation (n = 3). (B) Effect of over-
expression of NP. Swiss3T3 cells were transfected with pHMP1-vNS-Luc
(0.2 mg), pSEAP (0.1 mg), pVP16-MxA (0, 0.1 or 0.5 mg), and three RNA
polymerase subunits (0.05 mg each) and NP (0.15 mg). The additional
amounts of the plasmid encoding NP were added as indicated. The
luciferase activity was determined and shown as described in Materials and
Methods. The result is shown as the average of two independent
experiments. (C) Titration of plasmid encoding NP. Swiss3T3 cells were
transfected with pHMP1-vNS-Luc (0.2 mg), pSEAP (0.1 mg), three RNA
polymerase subunits (0.05 mg each) and NP (0.1, 0.3 or 0.5 mg) in the
absence or presence of pVP16-MxA. The relative luciferase activity in the
presence of MxA (0.1 mg, open circle; 0.3 mg, closed circle) was normalized
with that in the absence of MxA, and plotted as a function of increasing
amounts of NP. The result is shown as the average of two independent
experiments. (D) Titration of VP16-MxA, and C-terminal (NPDC) and
N-terminal (NPDN) deletion mutants of NP. The same procedure for (B) was
carried out with mutant NPs. For expression of NP proteins lacking its
C-terminal region (NPDC) corresponding amino acid positions between 182
and 498 (where amino acid position 1 is set the ®rst amino acid of the wild-
type NP) and its N-terminal region (NPDN) corresponding amino acid
positions between 1 and 190, pCAGGS-NPDC and pCAGGS-NPDN
plasmids were constructed as follows: portions of NP fragments were
ampli®ed by PCR with pCAGGS-NP as a template and a set of primers, 5¢-
TTGAATTCGCCACCATGGCGACCAAAGGCACC-3¢ and 5¢-TTGAATT-
CTTAAGCACCTGCGGCCCCAGACC-3¢ for NPDC and a set of primers,
5¢-TTGAATTCGCCACCATGGAATTGATCAGAATG-3¢ and 5¢-GGGA-
ATTCTTAATTGTCGTACTCCTCTGCA-3¢ for NPDN. Synthesized NP
fragments were digested with EcoRI and cloned into pCHA that had been
digested with the same restriction enzyme. The additional amounts of the
plasmid encoding deletion mutants of NP were transfected as indicated. The
result is shown as the average of two independent experiments.
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possibility that viral RNA was needed for MxA to interact
with NP, pHMP1-vNS-Luc was co-transfected. Co-expression
of vNS-Luc RNA with NP and VP16-MxA did not affect the
result. Further, we could not detect any interaction of VP16-
MxA with NP in lysates prepared from cells transfected with
VP16-MxA and super-infected with in¯uenza virus A/PR/8/34
(data not shown).

Considering the possibility that the interaction between NP
and MxA, if any, is weak or/and transient, we carried out
immunoprecipitation assays with lysates that had been treated
with reversible cross-linking reagent dithiobis(succinimidyl
propionate) prior to immunoprecipitation. Lysates were
prepared from Swiss3T3 cells transfected with VP16-MxA
and super-infected with in¯uenza viruses (Fig. 5B).
Immunoprecipitation assays (Fig. 5B) with cross-linked
lysates revealed that VP16-MxA is associated with NP
expressed in infected cells. In order to analyze the interaction

between NP and the wild-type MxA, lysates were prepared
from Swiss3T3-MxA cells infected with in¯uenza viruses.
After cross-linking, lysates were subjected to immunopreci-
pitation assay. Figure 5C showed that the wild-type MxA is
associated with NP. Since we could not rule out the indirect
interaction between MxA and NP, it is possible that MxA and
NP are included in a putative complex through a molecule(s)
bridging the two proteins. Viral M1 and PB1 proteins are not
detected in the immunoprecipitates under the conditions
employed here.

DISCUSSION

Human MxA is a cytoplasmic Mx and a structural and
functional homolog of nuclear mouse Mx1. Mx1 is found to
inhibit in¯uenza virus transcription (9,17). It is suggested that
PB2, a subunit of the in¯uenza viral RNA polymerase, is a
putative target of Mx1 (23,24), although there is no evidence
showing a direct interaction between MxA and the viral RNA
polymerase. Since a MxA mutant localized in the nucleus
apparently functions as Mx1 (22), we tried to get a cue to
know the function and a target(s) of MxA using nuclear type
MxA and a system that allows us to monitor in¯uenza virus
transcription based on expression of a reporter gene. Systems

Figure 5. Immunoprecipitation analyses for interaction between MxA and
NP. (A) Immunoprecipitation without cross-linking. Swiss3T3 cells were
grown in f6 cm dishes and transfected with plasmids encoding VP16-MxA
(2.5 mg) and NP-Myc (2.5 mg) in the presence or absence of pHMP1-vNS-
Luc (1 mg). At 48 h post-transfection, cells were lysed in buffer A. One
microliter of 1 mg/ml monoclonal mouse anti-MxA (a mixture of KM1132
and KM1126), or anti-Myc was added to 200 ml of lysates and antibody±
antigen complexes were precipitated as described in Materials and Methods.
Immunoprecipitated proteins were denatured in 30 ml of SDS sample buffer
containing 0.58 M b-mercaptethanol and separated through an 8%
polyacrylamide gel. Proteins were transferred to a PVDF membrane, probed
with mouse anti-MxA and anti-Myc antibodies mixture, and then visualized
with ECL detection kit (Amersham Life Science). Lane 1 contains non-
transfected Swiss3T3 cell lysates and lanes 2 and 3 contain 10% of the
input of transfected Swiss3T3 lysates used for experiments in lanes 4±7.
(B) Immunoprecipitation with cross-linking. Swiss3T3 cells transfected with
pVP16-MxA and infected with in¯uenza A/PR/8/34 was washed twice with
PBS. The cells (2 3 106 equivalent) were collected into a 1.5 ml tube and
resuspended in 495 ml of PBS. Proteins were cross-linked by addition of
0.1 M dithiobis(succinimidyl propionate) at a ®nal concentration of 1 mM
followed by incubation at 4°C for 60 min. The cross-linking reaction was
stopped by addition of 25 ml of 1 M glycine. Cells were collected by
centrifugation and lysed in 300 ml of buffer A. The cell lysates were
centrifuged at 4°C for 5 min at 10 000 g and cleared lysates were
transferred into a new tube. MxA and NP proteins in lysates were
immunoprecipitated by using either mouse anti-MxA (a mixture of KM1132
and KM1126 mixture, lane 3) or anti-TAF-I (lane 2) (29), the antibody for
nuclear TAF-I distinct from MxA as mentioned above. After being
dissolved in an SDS sample buffer, proteins were separated through an 8%
polyacrylamide gel and detected by western blotting using speci®c
antibodies for MxA or NP. Lane 1 contains 5% of the input of lysates used
for experiments in lanes 2 and 3 (C) Immunoprecipitation using lysates
prepared from Swiss3T3-MxA cells infected with in¯uenza A/PR/8/34
under the cross-linking condition. The same procedure for (B) was carried
out for immunoprecipitation, except that in¯uenza virus-infected Swiss3T3-
MxA cells were used instead of VP16-MxA-transfected and in¯uenza virus-
infected Swiss3T3 cells. Proteins were visualized by western blotting with
antibodies speci®c for MxA, TAF-I, NP, M1 and PB1. The antibody against
PB1 was a gift from Dr Toyoda. Details for preparation of rabbit polyclonal
anti-M1 and anti-NP antibodies with puri®ed M1 (61) and NP (62) will be
described elsewhere.
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for reverse-genetics of in¯uenza virus have been developed
(35). Transient transfection assay systems using a reporter
gene have been developed and used for functional analyses on
cis- and trans-acting factors involved in viral RNA synthesis
of the in¯uenza virus genome (for example 38). Our system
described in this study is exactly the same as one that Fodor
et al. used for analysis of PA subunit, except that our Pol I
system is for mouse cells (39).

Several kinds of reporter assay system have been used for
analyses of the MxA function. The multiplication of SFV, a
positive-strand RNA virus, was inhibited by MxA at early
steps in its replication cycle (4). The anti-SFV mechanism by
MxA was examined using a transfected replicon system.
Landis et al. established an SFV-based replicon system, in
which a recombinant SFV genome containing SFV replicase
and a reporter gene in place of viral structural protein genes is
produced with in vitro transcription and transfected into cells
(4). Using this system, viral structural proteins of SFV are
found not to be required for the inhibition of SFV replication
by MxA. Vaccinia virus-based transient expression systems
were developed and used to study the mechanism of
transcription and replication of orthomyxoviruses such as
Thogoto virus (40) and in¯uenza virus (41). In these systems,
an arti®cial virus genome containing a reporter gene is
reconstituted in vivo with the RNA polymerase and NP
supplied by virus infection or T7 RNA polymerase provided
by a recombinant vaccinia virus. Mx1 suppresses expression
of a reporter gene from an in¯uenza virus-like RNA in the
vaccinia virus-based system (23). It was shown by using a
reporter mini-replicon derived from a recombinant vaccinia
virus that both wild-type cytoplasmic and nuclear forms of
MxA signi®cantly suppress Thogoto virus transcription (42).
In this system, however, the effect of vaccinia virus infection
could not be completely ruled out.

Using our transient transfection assay system, we found that
nuclear MxA strongly interferes with in¯uenza virus tran-
scription (Figures 2 and 3). It has been reported that nuclear
mouse Mx1 and human MxA-TAg NLS inhibit primary
transcription in infected cells (9,17,22). Nuclear localization
of Mx1 is necessary for inhibition of in¯uenza virus
transcription (43). The C-terminal deleted Mx1, which is
localized in the cytoplasm (43 and data not shown), did not
show an inhibitory effect on our reporter assay system
(Fig. 2B). Thus, our results obtained by the transient
transfection assay for in¯uenza virus transcription are in
good agreement with previous reports. Mx1 accumulates in
the nucleus and inhibits in¯uenza virus multiplication.
Further, over-expression of PB2 neutralizes the anti-in¯uenza
virus activity of mouse Mx1 protein, but that of PB1, PA or NP
does not (23,24). In our system, we examined the effect of
over-expression of PB1, PB2, PA or NP on the transcription
inhibitory activity of nuclear MxA. Over-expression of PB2
and NP neutralized the VP16-MxA activity at different levels,
while PB1 and PA did not affect the MxA activity. The
suppression of the VP16-MxA inhibitory activity by over-
expression of PB2 may be due to the putative mechanism
similar to that for Mx1. Since it is described that direct
interaction of Mx1 with PB2 is not detected (23,24), the PB2
over-expression-mediated rescue is possibly interpreted as
PB2 and Mx1 competing with each other for interaction with a
common target molecule(s). However, the suppression level

by PB2 against MxA in our system is quite low, so that the
mode of interaction between MxA and its putative target and/
or a target itself may be different from those of Mx1.

Of importance is that over-expression of NP is found to be
much more effective than that of PB2 to rescue viral
transcription activity from the VP16-MxA inhibitory activity
(Fig. 4). The neutralization effect with NP on MxA was
cancelled by increased amounts of MxA. These results suggest
that MxA inhibits an NP and/or NP-related function(s)
involved in in¯uenza virus transcription. NP is thought to be
an essential factor for elongation of RNA chain (44). Thus,
nuclear MxA might inhibit the elongation step of viral RNA
synthesis. Immunoprecipitation assays revealed a physio-
logical interaction of MxA with NP. However, this interaction
was found only under a cross-linking condition, suggesting
that the interaction is weak and/or transient. Alternatively, the
interaction may be bridged by one or more mediator
molecules, so that a chain interaction among NP, MxA and
putative mediators may be negatively cooperated, even if the
af®nity between each two molecules is reasonable. It is
interesting to speculate that MxA titrates out not only a free
form of NP but also a molecule that associates and allows NP
to be active or to be placed appropriately in the transcription
machinery, since several proteins that interact with NP are
identi®ed (45,46).

Studies using transgenic mice and transfected cells express-
ing MxA indicate that MxA has an antiviral effect against a
broad range of RNA viruses (1,3±5,47). Different kinds of
inhibitory mechanism are postulated for the anti-virus
mechanism of MxA. In Thogoto virus-infected cells, MxA
interacts with viral nucleocapsids and blocks nuclear import of
the viral genome (20,21). MxA suppresses multiplication of
HBV by inhibiting nuclear export of viral mRNA (6). These
suggest two possible MxA functions: MxA may interact with
viral RNA possibly associated with NP- or RNP-binding
proteins and MxA may function in the mechanism of
intracellular protein/RNA translocation. Indeed, MxA is a
member of the dynamin superfamily of proteins, which are
involved in intracellular vesicle/protein-sorting (48±51). In
this respect, it is shown that a part of MxA is localized to the
endoplasmic reticulum (ER) and tubulated lipid (52).

An important question is raised of whether native MxA also
affect the NP and/or NP-related function during the course of
in¯uenza virus infection in the cytoplasm. To analyze the
MxA function in inhibition of Thogoto virus multiplication,
two kinds of DNA-based transcription/replication system
were used (42). In the vaccinia virus-based system, MxA
effectively inhibits the reporter gene expression. In contrast,
no signi®cant inhibitory effect of MxA is observed in the Pol I-
based system. It is worthwhile to note that vRNP is formed in
the cytoplasm in the vaccinia virus system, whereas vRNP
formation in the Pol I-based system is in the nucleus. These
suggest that the intracellular distribution of MxA and the
intracellular compartment for vRNP formation are critical for
the MxA function. We showed that the nuclear VP16-MxA is
co-immunoprecipitaed with NP (Fig. 5B). Further, we
examined interaction of cytoplasmic MxA and NP using
lysates prepared from Swiss3T3-MxA infected with in¯uenza
virus. Swiss3T3 cells (a gift from Dr Haller) constitutively
express MxA that confers anti-in¯uenza virus activity (31).
Under cross-linked conditions employed here, NP was shown
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to be immunoprecipitated with MxA when lysates prepared
from infected cells were used (Fig. 5C). With this result, it
would be worthwhile to extend discussion on the function of
MxA, in particular, that is mediated through the interaction
between MxA and NP in the cytoplasm. One of the
cytoplasmic forms of NP must be associated to incoming
(infecting) or progeny RNP complexes, so that MxA may
interact with in¯uenza virus RNP complexes as it does with
viral RNP complexes in Thogoto virus-infected cells (20).
However, this may not be the case. Pavlovic et al. concluded
MxA does not block nuclear import of incoming in¯uenza
virus RNP complexes (17), since primary transcription is not
inhibited in cells expressing MxA. Alternatively, nuclear
export of newly formed vRNP may be blocked by MxA at the
cytoplasmic face as MxA inhibits nuclear export of viral
mRNAs in HBV-infected cells (6). Newly synthesized NP is
the other cytoplasmic form of NP. Since a portion of NP is
associated with importin-a (45), MxA may affect this
interaction. It is also possible that MxA interacts with nascent
NP or a molecule(s) associated with nascent NP on ER. On
this line, we have shown that expression of MxA affects
cellular functions including translation and cell death not
only in in¯uenza virus-infected cells but also in uninfected
cells (53). Thus, it is presumed that MxA inhibits virus
multiplication indirectly by affecting host cellular functions.

It appears that MxA gives its antiviral activity through a
variety of virus multiplication steps and cellular pathways
(1,3,4,6,17,19,20,22,54±56). The COP9 (constitutive photo-
morphogenesis 9) complex termed signalosome consists of
multi-components. The components interact with a wide
variety of proteins including transcription factors, translation
factors, signal transducers, intracellular modi®ers and prote-
osome subunits and regulate those functions as a sort of buffer
(57). MxA exists in cells as a giant complex possibly with or
without other molecules (58±60). It is assumed that a MxA
complex as a multi-valent complex may interact with a variety
of host and viral factors. Thus, systematic identi®cation of
factors that interact with MxA is an important issue.
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