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Mx1 is a GTPase that is part of the antiviral response induced by type I and type III interferons in the infected host. It inhibits
influenza virus infection by blocking viral transcription and replication, but the molecular mechanism is not known. Polymerase
basic protein 2 (PB2) and nucleoprotein (NP) were suggested to be the possible target of Mx1, but a direct interaction between
Mx1 and any of the viral proteins has not been reported. We investigated the interplay between Mx1, NP, and PB2 to identify the
mechanism of Mx1’s antiviral activity. We found that Mx1 inhibits the PB2-NP interaction, and the strength of this inhibition
correlated with a decrease in viral polymerase activity. Inhibition of the PB2-NP interaction is an active process requiring enzy-
matically active Mx1. We also demonstrate that Mx1 interacts with the viral proteins NP and PB2, which indicates that Mx1 pro-
tein has a direct effect on the viral ribonucleoprotein complex. In a minireplicon system, avian-like NP from swine virus isolates
was more sensitive to inhibition by murine Mx1 than NP from human influenza A virus isolates. Likewise, murine Mx1 dis-
placed avian NP from the viral ribonucleoprotein complex more easily than human NP. The stronger resistance of the A/H1N1
pandemic 2009 virus against Mx1 also correlated with reduced inhibition of the PB2-NP interaction. Our findings support a
model in which Mx1 interacts with the influenza ribonucleoprotein complex and interferes with its assembly by disturbing the
PB2-NP interaction.

Almost 50 years ago, the interferon-induced Mx1 gene was dis-
covered in the mouse as a potent restriction factor of influ-

enza virus. Mice carrying a functional Mx1 locus are resistant to
influenza A virus infection. However, most inbred laboratory
mouse strains have a deletion of three exons or a nonsense muta-
tion in the Mx1 locus and are susceptible to this virus (20, 30, 31,
46). Mx genes were subsequently identified in other vertebrates,
where they are usually represented by one to three isoforms. Many
of these Mx proteins, including the human homolog, MxA, have
antiviral activity against a wide range of RNA viruses and some
DNA viruses (13, 14, 28). This activity seems to depend on the
subcellular localization of the protein. Nuclear forms (e.g., mouse
Mx1) protect against viruses that replicate in the cell nucleus, such
as influenza and Thogoto viruses (7, 12), whereas cytoplasmic
forms (e.g., mouse Mx2) inhibit replication of vesicular stomatitis
virus (VSV) and some other viruses that replicate in the cytoplasm
(23, 54). Remarkably, the human MxA protein is localized in the
cytoplasm yet has a broad antiviral spectrum irrespective of the
virus’s subcellular replication site (38; reviewed in reference 13).

How Mx proteins exert their antiviral activity at the molecular
level remains poorly understood. Mx proteins are part of a family
of large GTPases that also includes dynamin, and GTP binding is
important for the antiviral activity of Mx proteins. This was dem-
onstrated by studying mouse Mx1 and human MxA variants with
targeted mutations in one of the three consensus elements that
comprise the GTP-binding domain. Mutations leading to loss of
GTP binding impaired the antiviral activity against influenza and
VSV (33, 40). GTP binding and GTPase activity are closely related.
However, because Mx1 or MxA mutants lacking only one of these
two functions have not yet been described, it is difficult to deter-
mine the relative contributions of GTPase activity and GTP bind-
ing to the antiviral activity of Mx1 or MxA.

Influenza A virus has a segmented, negative-stranded RNA ge-

nome (vRNA). Each genome segment is complexed with nucleo-
protein (NP) molecules and with one RNA-dependent RNA poly-
merase (RdRp) complex (containing polymerase basic protein 1
[PB1], PB2, and polymerase acidic protein [PA]), forming a viral
ribonucleoprotein complex (vRNP). These vRNPs are the mini-
mal functional units for influenza virus replication (vRNA pro-
duction) and transcription (viral mRNA production). Following
virus endocytosis and hemagglutinin-mediated fusion of the viral
and host cell membranes, the vRNPs are liberated in the cyto-
plasm and then transported to the nucleus, where transcription
and replication take place (reviewed in references 8 and 27). The
incoming vRNPs first produce viral mRNA (primary transcrip-
tion), which involves cap snatching from cellular mRNAs medi-
ated by PB2 (cap binding) and PA (cap cleavage). The viral mRNA
is transported to the cytoplasm and translated. After entry of
newly produced proteins into the nucleus, replication of the viral
genome can start. Eventually, the progeny vRNAs exit the nucleus
in the form of vRNPs that are ready for packaging and budding
from the host membrane as new virions (8).

The effect of Mx1 expression on the different steps of influenza
virus replication has been studied extensively, sometimes with
conflicting results. Mx1 does not appear to affect uncoating of the
virus or transport of the vRNPs into the nucleus (3, 19, 34).
Rather, inhibition of primary transcription (26) and of viral
mRNA translation (34) has been described for Mx1-expressing
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cells after interferon (IFN) stimulation and influenza virus infec-
tion. Pavlovic and colleagues (37) used a stable Mx1-expressing
cell line to confirm that Mx1 suppresses primary viral transcrip-
tion and thereby excluded other IFN-dependent effects. In later
studies, reconstituted vRNPs in viral minireplicon systems have
also been used to study the effect of Mx1 on viral transcription and
replication. These minireplicon systems consist of a virus-like
minigenome containing a reporter gene, e.g., firefly luciferase, and
the viral proteins PB1, PB2, PA, and NP. Mx1 can inhibit the
polymerase activity of such a system, which means that it targets at
least one of its components (6, 21, 53). In vivo studies also dem-
onstrated the importance of Mx1 expression for the protection
against influenza A virus infection. Mice expressing Mx1 show
lower virus titers and pathology in the infected organs. These
studies demonstrate a clear protection by Mx1, even against the
highly pathogenic human H5N1 and pandemic 1918 virus
strains (42, 49).

Overall, there is strong evidence that Mx1 inhibits the activity
of the viral polymerase, which is probably present in ribonucleo-
protein complexes, even though the detailed molecular mecha-
nism of this inhibition remains unsolved. Huang and coworkers
(21) showed that vaccinia-mediated expression of PB2 was neces-
sary and sufficient to outcompete the anti-influenza virus activity
of Mx1 in a minireplicon system. In line with this report, Stranden
et al. (47), demonstrated that A2G Mx1�/� cells become sensitive
to influenza A virus infection if they overexpress PB2. These re-
sults suggest that Mx1 directly or indirectly targets PB2. However,
a direct interaction between PB2 and Mx1 has not been reported
(21, 47).

More recent reports suggest that NP also modulates the an-
tiviral activity of the Mx1 protein. Influenza A virus strains vary
in their sensitivity to the antiviral effect of the Mx1 protein.
Human strains (e.g., A/Panama/2007/99) are more resistant,
whereas avian strains (e.g., fowl plague virus) are more suscep-
tible to the effect of murine Mx1. This difference in sensitivity
was attributed to the identity of the NP (6). The importance of
NP for resistance against Mx1 was confirmed by Zimmermann
et al., who compared the more resistant A/H1N1 pandemic
(pdm) 2009 strain (A/Hamburg/4/09) with a more sensitive
highly pathogenic avian H5N1 isolate [A/Thailand/1(KAN1)/
04] (53). These studies point to a relationship between resis-
tance against Mx1 activity and the origin (avian or mamma-
lian) of the NP protein.

How Mx1 mechanistically perturbs the biological function of
PB2 and NP is not clear. Here, we focused on the molecular inter-
play between Mx1, NP, and PB2 to identify key events involved in
the antiviral activity of Mx1. We demonstrate that Mx1 disturbs
the interaction between NP and PB2 by a mechanism that depends
on GTP binding and/or GTPase activity. Furthermore, the degree
to which Mx1 inhibits this interaction correlates with the suscep-
tibility of NP variants in the minireplicon system. We further
demonstrate that the Mx1 protein can interact with the viral NP
and PB2 proteins. In contrast to the antiviral activity of Mx1, this
interaction is not dependent on the GTPase activity of Mx1. We
therefore propose that the antiviral mechanism is a two-step pro-
cess: Mx1 binds the influenza ribonucleoprotein complexes and
subsequently disrupts the PB2-NP interaction by a process requir-
ing the GTPase activity of Mx1.

MATERIALS AND METHODS
Cells and viruses. HEK293T cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 2
mM L-glutamine, 0.4 mM Na-pyruvate, nonessential amino acids, 100
U/ml penicillin, and 0.1 mg/ml streptomycin. MDCK cells were main-
tained in DMEM supplemented with 10% fetal calf serum, 2 mM L-glu-
tamine, nonessential amino acids, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin.

We used the following virus strains: A/PR/8/34 (H1N1), A/Swine/
Ontario/42729A/01 (H3N3) (24), A/New Caledonia/20/99 (H1N1),
A/Swine/Iowa/4/1976 (H1N1), mouse-adapted A/Swine/Belgium/1/98
(H1N1), A/Panama/2007/99 (H3N2), and a primary A/H1N1pdm 2009
influenza virus isolate. Influenza viruses were grown on MDCK cells and
purified from the culture supernatant by centrifugation at 25,000 � g for
16 h at 4°C. A/Swine/Iowa/4/1976 was grown on 10-day-old embryonated
eggs and purified from the allantois fluid by centrifugation at 25,000 � g
for 16 h at 4°C. Virions were resuspended in phosphate-buffered saline
containing 20% glycerol.

Plasmids. The mammalian expression plasmids pCAXL-PB1, -PB2,
-PA, and -NP were generated by cloning the coding sequences from plas-
mids pHW191-PB2, pHW192-PB1, pHW193-PA, and pHW195-NP (de-
rived from A/PR/8/34 [H1N1] [18]). The sequences were cloned in
pCAXL (derived from pCAGGS, in which we had generated new restric-
tion sites). A V5 tag (GKPIPNPLLGLDST) was added to the C terminus of
PB2 to obtain pCAXL-PB2V5. pHW-NSLuc was constructed by placing
the firefly luciferase cDNA in a negative-sense orientation between the
noncoding regions of the NS segment (3= 23 nucleotides and 5= 26 nucle-
otides) of PHW198-NS (18), followed by removal of the polymerase II
promoter sequence using the SnaBI and HpaI restriction sites. The pRL-
CMV plasmid (catalog no. E2261; Promega), which contains a Renilla
luciferase gene under the control of a cytomegalovirus (CMV) promoter,
was used to normalize for transfection efficiency. The mouse Mx1 cDNA
(A2G Mx1 sequence, GenBank accession number NP_034976.1) was
cloned in pCAXL. Mx1 mutants K49A (40) and T69A (see below) were
derived from pCAXL-Mx1 by site-specific mutagenesis using the fusion
PCR method.

RNA was purified from virions of the different influenza strains to
generate cDNAs, which were used to clone the NP variants into pCAXL.
The NP variants were derived from A/Swine/Ontario/42729A/01 (H3N3),
A/New Caledonia/20/99 (H1N1), A/Swine/Iowa/4/1976 (H1N1), mouse-
adapted A/Swine/Belgium/1/98 (H1N1), A/Panama/2007/99 (H3N2),
and a primary A/H1N1pdm 2009 pandemic influenza virus isolate. The
cloned NP sequence of the pandemic influenza isolate is the same as that
of strain A/Mexico/InDRE4487/2009, except for amino acid positions
A6V, K83R, and T379I.

Influenza A virus minireplicon system. HEK293T cells (seeded at 5 �
104 cells per well in 24-well plates) were transfected in triplicate with
the expression plasmids pCAXL-PB1, -PB2, -PA, and -NP (25 ng each),
luciferase reporter pHW-NSLuc (100 ng), and pRL-CMV (25 ng) using
the calcium phosphate precipitation method. For titration experiments,
increasing amounts of the plasmids encoding PB1, PB2, PA, and NP were
used (125 ng, 250 ng, or 625 ng). To assess the effect of Mx1 in the mini-
replicon system, pCAXL, pCAXL-Mx1, pCAXL-Mx1K49A, or pCAXL-
Mx1T69A was cotransfected in the amounts mentioned in the figure
legends. Cells were lysed 48 h later with luciferase lysis buffer (25 mM
Tris-phosphate, 2 mM dithiothreitol [DTT], 2 mM trans-1,2-cyclo-
hexanediaminetetraacetic acid (CDTA), 10% glycerol, and 1% Triton
X-100). Luciferase activity was measured with the Dual-Luciferase re-
porter assay system (catalog no. E-1960; Promega) according to the man-
ufacturer’s instructions, using a GloMax 96 microplate luminometer
(Promega). The normalized luciferase activity was calculated as the ratio
between the activities of firefly and Renilla luciferase (firefly/Renilla lucif-
erase � 1,000).

Chemical reagents and antibodies. N-Ethylmaleimide was obtained
from Sigma (catalog no. E-3876), and protease inhibitor cocktail tables
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were from Roche (catalog no. 11 873 580 001). A polyclonal antiserum
against mouse Mx1 was generated by immunizing New Zealand White
rabbits three times subcutaneously with 100 �g of the synthetic, high-
performance liquid chromatography-purified peptide CKKFLKRRLLRL
DEARQKLAKFSD (C terminus of Mx1) combined with the water-in-oil
adjuvant Montanide ISA-720 (SEPPIC SA, Paris, France). The serum IgG
fraction was enriched by 50% ammonium sulfate precipitation followed
by affinity chromatography with a protein A column (GE Healthcare).
Monoclonal anti-V5-horseradish peroxidase (HRP)-conjugated anti-
body was purchased from Invitrogen (catalog no. R96125). The following
reagents were obtained from the NIH Biodefense and Emerging Infec-
tions Research Resources Repository, NIAID, NIH: monoclonal anti-in-
fluenza A virus nucleoprotein (NP) antibody, clones A1 and A3 (ascites
blend, mouse) and NR-4282, and polyclonal anti-influenza virus RNP
antibody, A/Scotland/840/74 (H3N2), (antiserum, goat), NR-3133. The
monoclonal anti-influenza A virus PB2 antibody (clone 170-3D5) was
kindly provided by J. Yewdell, NIH, Bethesda, MD. Monoclonal mouse
antiactin antibody was purchased from MP Biomedicals Europe N.V.
(catalog no. 691002). Fluorescently labeled Alexa Fluor 488 donkey anti-
rabbit IgG (catalog no. A-21206), Alexa Fluor 488 donkey anti-mouse IgG
(catalog no. A-21202), and Alexa Fluor 555 donkey anti-goat IgG (catalog
no. A21432) were purchased from Life Technologies Europe B.V.

Coimmunoprecipitation. HEK293T cells (seeded at 1.2 � 106 cells
per 9-cm dish) were transfected by the calcium phosphate method with
equal amounts of the expression plasmids pCAXL-PB1, -PB2V5, -PA,
-NP, and pHW-NSLuc: 1 �g of each of these plasmids was transfected to
assess a dose response of increasing amounts of cotransfected pCAXL-
Mx1 (0 �g, 0.5 �g, 1 �g, 2 �g, or 5 �g). To compare the effects of different
Mx1 mutants, HEK293T cells were transfected with 0.5 �g each of
pCAXL-PB1, -PB2V5, -PA, -NP, and pHW-NSLuc together with an
empty control plasmid or expression vectors of the different Mx1 mutants
(2 �g of pCAXL, 1 �g of pCAXL-Mx1WT [expressing wild-type Mx1], 2
�g of pCAXL-Mx1K49A, or 1 �g of pCAXL-Mx1T69A). Total lysates
were prepared 24 h after transfection in low-salt lysis buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, and a protease
inhibitor cocktail without [to analyze PB2-NP association] or with [for
Mx1 association with PB2 or NP] 25 mM N-ethylmaleimide). The cells
were lysed for 20 min on ice and centrifuged for 3 min at 16,000 � g to
remove insoluble proteins. PB2V5 and NP were immunoprecipitated
from the cleared lysates with anti-V5-HRP and monoclonal anti-NP an-
tibodies, respectively, for 3 h at 4°C. Immune complexes were collected by
incubation for 1 h at 4°C in the presence of protein G Sepharose beads
(catalog no. 17-0618-01; GE Healthcare) followed by centrifugation. Im-
munoprecipitates were washed 4 times with high-salt lysis buffer (50 mM
Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM EDTA, and 1% NP-40). Proteins
were eluted from the beads by boiling at 99°C for 13 min in 2� Laemmli
buffer. The samples were separated by SDS-PAGE (8%), and the relevant
bands were visualized by Western blotting with antibodies directed
against the V5 tag, NP (polyclonal goat anti-RNP antibody), or Mx1.

Coimmunoprecipitation from mixed lysates. HEK293T cells were
seeded at 1.2 � 106 cells per 9-cm dish and transfected with 2.5 �g
pCAXL-Mx1 (Mx1 lysates), 2.5 �g pCAXL (lysates with no vRNPs), or 1
�g each of pCAXL-PB1, -PB2V5, -PA, and -NP and 1 �g of pHW-NSLuc
(lysates with transfected vRNPs). Lysates from transfected cells were pre-
pared 30 h after transfection. To obtain lysates containing vRNPs from
infected cells, HEK293T cells were infected with A/PR/8/34 (multiplicity
of infection [MOI] of 10). The virus was allowed to attach to the cells for
1 h at 4°C, and the cells with the inoculum virus in place were subse-
quently incubated at 37°C for 4 h. Transfected and infected cells were
lysed for 20 min on ice in low-salt lysis buffer containing NEM (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 25 mM N-
ethylmaleimide, and a protease inhibitor cocktail). The lysates were centri-
fuged for 3 min at 16,000 � g to remove insoluble proteins. vRNPs were
isolated from A/PR/8/34 virions (6.25 � 108 PFU/ml lysis buffer) in low-salt
lysis buffer containing N-ethylmaleimide to release the vRNPs. The lysates

were centrifuged for 3 min at 16,000 � g to remove insoluble proteins. Lysates
were then mixed (Mx1 plus vRNPs) and immediately used for immunopre-
cipitation with monoclonal anti-NP antibody for 17 h at 4°C. Immune com-
plexes were collected by incubation for 1 h at 4°C in the presence of protein G
Sepharose beads (catalog no. 17-0618-01; GE Healthcare) followed by cen-
trifugation. Immunoprecipitates were isolated and washed as described above
and visualized by Western blotting using antibodies directed against NP
(polyclonal goat anti-RNP antibody) or Mx1.

FLIM. HEK293T cells (seeded at 2 � 104 cells per well of a Lab-Tek
chambered coverglass with 8 wells) were transfected with 25 ng each of
pCAXL-PB1, -PB2V5, -PA, -NP, and pHW-NSLuc using the calcium
phosphate method. In addition, 125 ng of pCAXL or pCAXL-Mx1 was
cotransfected. After 24 h, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and stained to reveal PB2V5 (with
anti-V5-HRP antibody diluted 1/1,500 and Alexa Fluor 488-labeled don-
key anti-mouse IgG diluted 1/600 as donor) and NP (with polyclonal
anti-RNP antibody diluted 1/4,000 and Alexa Fluor 555-labeled donkey
anti-goat IgG diluted 1/600 as acceptor). In the control setting without
acceptor, the Alexa Fluor 555-labeled secondary antibody was left out of
the staining. Fluorescence lifetime-imaging microscopy (FLIM) measure-
ments were performed with a confocal microscope (Fluoview 1000 Olym-
pus) equipped with a FLIM module (Picoquant, Berlin, Germany). This
module consists of a pulsed diode laser, PDL-800-B 440 nm, a single-
photon avalanche diode with a time resolution of 10 ps, and a time-
correlated single-photon counting unit, PicoHarp 200. The software that
controls the FLIM module and synchronizes it with the confocal micro-
scope is Symphotime (Picoquant). To detect the fluorescence of Alexa
Fluor 488, a 520/35-25 bandpass filter was positioned in front of the FLIM
detector. The cells were visualized with a 60�/1.2 UplanSapo water im-
mersion objective. For each setting, 8 to 12 fields of 64 by 64 pixels were
measured, covering approximately 30 cells per experimental setup. The
mean fluorescent lifetime for each field was calculated, and the averages of
different conditions were compared. Statistical analysis was done by per-
forming a Kruskal-Wallis test.

Mx1 immunofluorescence. HEK293T cells (5 � 104 cells per well in
24-well plates seeded on glass coverslips) were transfected using the cal-
cium phosphate method with 50 ng of pCAXL-Mx1WT, -Mx1K49A, or
-Mx1T69A. After 24 h, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and stained for Mx1 with anti-
Mx1 antibody (diluted 1/1,000) and Alexa Fluor 488-labeled donkey anti-
rabbit IgG (diluted 1/600). Cell nuclei were visualized with Hoechst stain
(diluted 1/1,000, catalog no. H21492; Invitrogen). Images were recorded
with a confocal microscope (Leica Sp5 AOBS confocal system) using a
63� HCX PL Apo 1.4 oil immersion objective. A 510-to-555-nm band-
pass filter was positioned before the detector to measure the fluorescence
of Alexa 488 after excitation with an Argon 488-nm laser.

RESULTS
PB2 and NP counteract Mx1 activity in an influenza minirepli-
con system. To quantify the inhibition of the influenza A virus
polymerase complex by mouse Mx1 protein, we used a minirep-
licon system based on reconstituted vRNPs from A/PR/8/34.
HEK293T cells were transfected with expression plasmids encod-
ing the components of the vRNP complex (PB1, PB2, PA, and NP,
as well as a firefly luciferase vRNA-like reporter) in combination
with either an Mx1 expression plasmid or a control plasmid. As
expected, coexpressed Mx1 strongly reduced the luciferase re-
porter activity in this assay (Fig. 1A and B; compare lanes 1). To
investigate which components of the vRNP complex are involved
in the Mx1-mediated repression of vRNP activity, increasing
amounts of each polymerase subunit or NP were introduced into
the minireplicon system in the absence (Fig. 1A) or presence (Fig.
1B) of Mx1. In the absence of Mx1, increasing amounts of PB1,
PB2, or NP increased the polymerase activity, whereas increasing

Mx1 Interferes with the PB2-NP Interaction in vRNPs

December 2012 Volume 86 Number 24 jvi.asm.org 13447

http://jvi.asm.org


amounts of PA lowered the polymerase activity (Fig. 1A). This
inhibitory effect of PA has been described before and is probably
due to the expression of the PA-X protein (16, 22, 43, 44). Coex-
pression of increasing amounts of PB2 and, to some extent, of NP
counteracted the inhibition of viral polymerase activity by Mx1
(Fig. 1B). This observation is in line with previous results and
suggests that PB2 and NP are directly involved in Mx1-dependent
inhibition of influenza A virus replication (6, 21, 47, 53).

Mx1 inhibits the interaction between PB2 and NP. Interac-
tion between PB2 and NP is essential for the formation of an
enzymatically active influenza RNA-dependent RNA polymerase
(RdRp) in ribonucleoprotein complexes (1). Therefore, we ana-
lyzed the PB2-NP interaction in the presence or absence of Mx1 by
coimmunoprecipitation after transfection of all the components
of the minireplicon system in HEK293T cells. We were unable to
pull down unmodified PB2 from the complex using a monoclonal
anti-PB2 antibody (monoclonal antibody 170-3D5; kindly pro-
vided by J. Yewdell, NIH, Bethesda, MD), presumably because the
N-terminal 170-3D5 epitope in PB2 was shielded by interaction
with PB1 or PA (17, 39, 48). Therefore, we used V5-tagged PB2
(PB2V5) and unmodified NP to assess whether they coexist in one
complex. The V5 tag of PB2V5 did not affect its polymerase activ-
ity in the minireplicon system or its sensitivity to Mx1-mediated
inhibition (Fig. 2A). We performed pulldown experiments in
both directions, i.e., (i) pull down of PB2V5 followed by analysis
of coimmunoprecipitated NP and (ii) pull down of NP followed
by analysis of coimmunoprecipitated PB2V5. Analysis of these
immunoprecipitates revealed that PB2V5 and NP reside in the
same complex, most likely the functional ribonucleoprotein com-
plex (Fig. 2B, lane 1). We found that this interaction was inhibited
by Mx1 in a dose-dependent manner (Fig. 2B, lanes 2 to 5). The
degree of inhibition of the PB2-NP interaction by Mx1 correlated
with the antiviral activity of Mx1, as determined by minireplicon-
driven reporter gene activity (Fig. 2C). Taken together, these data
suggest that Mx1 can reduce influenza A virus polymerase activity
by inhibiting the PB2-NP interaction.

We also studied the PB2-NP interaction by an alternative
method, called fluorescence lifetime-imaging microscopy
(FLIM). This technique is based on the energy transfer (fluores-
cence resonance energy transfer [FRET]) between two fluoro-
phores that are close together (�10 nm). PB2V5 and NP were
labeled in situ with antibodies, each carrying a different fluoro-
phore but with overlapping spectra. If both antibodies are suffi-
ciently close together, excitation of the donor fluorophore (cou-
pled to PB2) emits fluorescence that can excite the acceptor
fluorophore (coupled to NP). This energy transfer results in a
shortening of the lifetime of the donor fluorophore, the charac-
teristic that is measured in FLIM (15). The advantage of FLIM
over conventional FRET analysis is that the fluorescence lifetime
does not depend on the concentration or brightness of the fluo-
rophores. We transfected cells with expression vectors for PB1,
PB2V5, PA, and NP and the vRNA-like reporter to reconstitute
the viral ribonucleoprotein complexes, either together with or
without pCAXL-Mx1. We labeled the proteins PB2V5 and NP
with the fluorophores Alexa Fluor 488 (donor) and Alexa Fluor
555 (acceptor), respectively. The lifetime of the donor was mea-
sured in the absence and in the presence of the Alexa Fluor 555
acceptor. In the absence of Mx1, the fluorescence lifetime was
reduced significantly, from 3.725 ns to 3.493 ns, by the presence of
the acceptor, demonstrating an interaction between PB2V5 and
NP. However, in the presence of Mx1, the fluorescence lifetime of
the donor fluorophore was restored (lifetime from 3.671 ns to
3.699 ns), indicating inhibition of the interaction between PB2V5
and NP (Fig. 3). Confocal imaging of the donor and acceptor
showed that both proteins are expressed mainly in the nucleus
(data not shown). This indicates that the interaction between PB2
and NP and disruption of this interaction by Mx1, as determined
by FLIM, occur mainly in the nucleus.

An intact GTPase domain of Mx1 is required for inhibiting
the PB2-NP interaction. The GTPase activity of Mx1, or at least
its GTP-binding activity, is important for its antiviral function
(40). Therefore, we tested whether this activity is also important

FIG 1 PB2 and NP outcompete Mx1 activity. HEK293T cells were transfected in triplicate with PB1, PB2, PA, and NP expression plasmids (25 ng each), together
with pHW-NSLuc (100 ng) and pRL-CMV (25 ng). In addition, 125 ng of pCAXL (A) or pCAXL-Mx1 (B) was cotransfected. Increasing amounts of PB1, PB2,
PA, or NP were introduced by increasing the amount of the corresponding expression vectors (125 ng, 250 ng, or 625 ng). The normalized luciferase activity in
the lysates was determined 48 h after transfection. Bars represent the average of the triplicates, and the error bars depict one standard deviation. This graph is
representative of three independent experiments. Mx1, NP, and actin expression were determined in the lysates by Western blotting.
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for inhibition of the PB2-NP interaction. We used two Mx1 mu-
tants to investigate this question. The first, Mx1K49A, has a mu-
tation in one of the three elements forming the GTP-binding do-
main and is therefore defective in GTP binding (40). The second,
Mx1T69A, was generated on the basis of the previously described
human MxAT103A mutant (Fig. 4A), which lacks both GTPase
activity and GTP-binding capacity (41). It is unclear whether the
mouse Mx1T69A mutant can still bind GTP, as this function is lost
in the corresponding MxAT103A mutant (41) but is still present
in the corresponding MxBT151A mutant (25). Since nuclear lo-
calization of mouse Mx1 is important for its antiviral activity (55),
we first determined the subcellular localization of the different
Mx1 mutants by immunofluorescence confocal microscopy
(Fig. 4B to D). In transfected HEK293T cells, wild-type Mx1
(Mx1WT) shows a punctuate nuclear staining, in accordance with
previous findings (7). We noted that transfected cells with higher
Mx1 expression levels also displayed cytoplasmic Mx1 (not
shown). The Mx1K49A mutant showed exclusively nuclear stain-
ing, which was more diffuse than that of Mx1WT. Mx1T69A ap-
peared as relatively large aggregates both in the nucleus and in the
cytoplasm.

In contrast to Mx1WT, both Mx1K49A and -T69A largely
failed to inhibit reporter gene expression in the minireplicon sys-
tem (Fig. 5A). As we noted that Mx1K49A expression levels were
consistently lower than those of Mx1 and Mx1T69A, we doubled
the amount of transfected Mx1K49A plasmid to obtain similar
Mx1 protein levels in our minireplicon and immunoprecipitation
assays. We next analyzed the effect of WT and mutant Mx1 pro-

FIG 2 Mx1 inhibits the interaction between PB2 and NP. (A) HEK293T cells were transfected in triplicate with PB1, PA, and NP expression plasmids (25
ng each), together with pHW-NSLuc (100 ng) and pRL-CMV (25 ng). In addition, 25 ng pCAXL-PB2 or pCAXL-PB2V5 and 125 ng of pCAXL or
pCAXL-Mx1 were cotransfected. The relative luciferase activity in the lysates was determined 48 h after transfection. Bars represent the average of the
triplicates, and the error bars depict one standard deviation. This graph is representative of two independent experiments. (B) HEK293T cells were
transfected with plasmids for expression of PB1, PB2V5, PA, and NP (1 �g each) and with pHW-NSLuc (1 �g). In addition, increasing amounts of
pCAXL-Mx1 were cotransfected (0 �g, 0.5 �g, 1 �g, 2 �g, or 5 �g). Total lysates were made 24 h after transfection, and PB2V5 and NP were
immunoprecipitated (IP) with anti-V5 and anti-NP antibodies, respectively. Proteins were visualized by Western blotting with antibodies recognizing the
V5 tag, NP (anti-RNP antibody), and Mx1. (C) HEK293T cells were transfected in triplicate with plasmids for expression of PB1, PB2, PA, and NP (25 ng
each), together with pHW-NSLuc (100 ng) and pRL-CMV (25 ng). Increasing amounts of pCAXL-Mx1 were cotransfected (0 ng, 12.5 ng, 25 ng, 50 ng,
or 125 ng). The normalized luciferase activity in the lysates was determined 48 h after transfection. Bars represent the average of triplicates, and the error
bars depict one standard deviation.

FIG 3 Mx1 inhibits the interaction between PB2 and NP as determined by
FLIM. HEK293T cells were transfected with 25 ng each of plasmids for
expression of PB1, PB2V5, PA, and NP and pHW-NSLuc. In addition, 125
ng of pCAXL or pCAXL-Mx1 was cotransfected. After 24 h, cells were fixed
and stained for PB2V5 (anti-V5 antibody with Alexa Fluor 488 as FLIM
donor) and NP (anti-NP antibody with Alexa Fluor 555 as FLIM acceptor).
For each setting, FLIM measurements were performed on 8 to 12 fields
(altogether about 30 cells) and the mean fluorescence lifetime per field was
determined. For each setting, the average of the means was calculated and
statistical analysis was performed with a Kruskal-Wallis test (***, P �
0.001). D, donor only; DA, donor and acceptor.
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teins on the PB2-NP interaction in a coimmunoprecipitation ex-
periment. Whereas wild-type Mx1 protein significantly blocked
the interaction between PB2 and NP, neither Mx1K49A nor
Mx1T69A interfered with this interaction (Fig. 5B). These results
indicate that inhibition of the PB2-NP interaction by Mx1 is de-
pendent on its GTP binding and/or GTPase activity.

Mx1 interacts with PB2 and NP. Mx1 might have inhibited the
PB2-NP interaction by forming a competing complex with the
heterotrimeric influenza RdRp or with the fraction of NP that is
associated with the polymerase. However, we could not demon-

strate the presence of coexpressed Mx1 in the NP or PB2 immu-
noprecipitates when we used the lysis and coimmunoprecipita-
tion conditions under which we demonstrated the PB2-NP
interaction and its absence in the presence of Mx1. To optimize
the lysis and immunoprecipitation conditions, we added N-ethyl-
maleimide (NEM) to the lysis buffer because NEM can inhibit the
GTPase activity of the related dynamin protein (45) and, proba-
bly, the GTPase activity of Mx1 as well. Using these conditions, we
found that Mx1 coimmunoprecipitated with PB2V5 and NP in
lysates prepared from cells that had been transfected with the
minireplicon components. This result indicates that Mx1 interacts
with PB2 and with NP. Remarkably, Mx1K49A and Mx1T69A
coimmunoprecipitated as efficiently as wild-type Mx1 coimmu-
noprecipitated with PB2V5 and NP. Nevertheless, neither of the
Mx1 mutants disturbed the PB2-NP interaction (Fig. 6A). Taken
together, these results suggest that although Mx1 can interact with
PB2 and NP independently of its GTPase activity, it requires this
activity to inhibit the PB2-NP interaction (Fig. 6A).

Next, we investigated whether Mx1 can also interact with
vRNPs isolated from infected cells or from detergent-disrupted
virions. We also used vRNPs isolated from cells that had been
transfected with the minireplicon components or with an empty
control plasmid (no vRNPs). To examine the interaction between
Mx1 and vRNPs, we combined cell lysates containing Mx1 with
lysates containing vRNPs (both lysates contained NEM) and used
these mixtures in a coimmunoprecipitation experiment. This ex-
periment revealed that Mx1 coimmunoprecipitated with NP from
all three vRNP sources tested (Fig. 6B). These results suggest that
Mx1 can interact with the viral NP protein in infected cells and
that it might target incoming virion-derived vRNPs, leading to
suppression of viral transcription and replication.

The aforementioned experiments clearly demonstrate an in-
teraction between Mx1 and PB2 or NP when all components of the
minireplicon system are present. We wondered if Mx1 could in-
teract with PB2 or NP in the absence of other viral proteins. To
address this question, we expressed Mx1 together with PB2V5 or
NP in the absence of the other minireplicon components and
immunoprecipitated PB2V5 (Fig. 6C) or NP (Fig. 6D) with
anti-V5 or anti-NP antibodies, respectively. In both cases, Mx1

FIG 4 GTPase-deficient Mx1 mutants. (A) Alignment of the amino acid se-
quence of the human MxAT103A mutant, wild-type mouse Mx1, and the
mouse Mx1T69A mutant. The mutation is localized between the first and
second GTP-binding consensus motifs. Numbers denote the position in the
primary amino acid sequence. (B to D) Subcellular localization of Mx1 (B),
Mx1K49A (C), and Mx1T69A (D). HEK293T cells were transfected with
pCAXL-Mx1WT, -Mx1K49A, or -Mx1T69A (50 ng). After 24 h, cells were
fixed and stained with Hoechst stain (DNA, blue, not shown) and anti-Mx1
antibody (green, top). An overlay was made of the two images (bottom). Scale
bar, 10 �m.

FIG 5 An intact GTPase domain of Mx1 is required to inhibit the PB2-NP interaction. (A) HEK293T cells were transfected in triplicate with PB1, PB2, PA, and
NP expression plasmids (25 ng each), pHW-NSLuc (100 ng), and pRL-CMV (25 ng). Empty control and expression vectors for the different Mx1 mutants were
cotransfected (50 ng of pCAXL, 50 ng of pCAXL-Mx1WT, 100 ng of pCAXL-Mx1K49A, or 50 ng of pCAXL-Mx1T69A). After 48 h, the relative luciferase activity
in the lysates was determined. Bars represent the average of triplicates, and the error bars depict one standard deviation. This graph is representative of at least
three independent experiments. (B) HEK293T cells were transfected with PB1, PB2V5, PA, and NP expression plasmids (0.5 �g each) and with pHW-NSLuc (0.5
�g). Empty control and expression vectors for the different Mx1 mutants were cotransfected (2 �g of pCAXL, 1 �g of pCAXL-Mx1WT, 2 �g of pCAXL-
Mx1K49A, or 1 �g of pCAXL-Mx1T69A). Total lysates were made 24 h after transfection, and PB2V5 and NP were immunoprecipitated with anti-V5 and
anti-NP antibodies, respectively. Proteins were visualized by Western blotting with antibodies directed against the V5 tag, NP (anti-RNP antibody), or Mx1.
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could be coimmunoprecipitated, demonstrating that Mx1 can in-
teract with PB2V5 and NP in the absence of other viral proteins.

Natural NP variants display different sensitivities to Mx1. It
has been reported that the NPs of various influenza A virus strains
vary in their sensitivity to the activity of the Mx1 protein in a
minireplicon system (6, 53). In general, NP expressed by human
influenza A viruses is more resistant to Mx1 than NP from avian

viruses. Since we demonstrated a correlation between Mx1 activ-
ity and disruption of the PB2-NP interaction, we next investigated
whether the reported differential sensitivity of NP variants is also
reflected in our coimmunoprecipitation assay. We compared NP
proteins from seven different influenza strains for their Mx1 sen-
sitivity in the minireplicon system. In the absence of Mx1, the
relative luciferase activities were comparable, indicating that the
PR8 virus (A/Puerto Rico/8/34)-derived polymerase components
used in our minireplicon assay are equally functional in combina-
tion with the different NP variants that we tested (Fig. 7A). How-
ever, we observed a significant differential sensitivity of the NP
variants for the inhibitory activity of Mx1 (Fig. 7A). The outcome
of the minireplicon assay made it possible to arrange the different
NP variants based on their Mx1 sensitivity. Starting with the most
sensitive NP variant, the order is as follows: NP-pSwO � NP-
pSwI, NP-SwBma � NP-NewCal � NP-PR8 � NP-panama, NP-
H1N1pdm (pSwO, A/Swine/Ontario/42729A/01; pSwI, A/Swine/
Iowa/4/1976; SwBma, mouse-adapted A/Swine/Belgium/1/98;
NewCal, A/New Caledonia/20/99; Panama, A/Panama/2007/99;
H1N1pdm, A/Mexico/InDRE4487/2009). This comparison dem-
onstrates that NP derived from an avian influenza virus isolated
from a pig (NP-pSwO) (24) is the most sensitive and that NP
derived from the 2009 pandemic H1N1 virus (NP-H1N1pdm) is
the most resistant to Mx1 inhibition. To further validate the asso-
ciation between inhibition of the polymerase activity by Mx1 and
disruption of the PB2-NP interaction, the effect of Mx1 on the
PB2–NP-pSwO interaction was compared with the effect of Mx1
on the PB2–NP-H1N1pdm interaction. In the absence of Mx1, the
two NP variants coimmunoprecipitated with PB2V5 with equal
efficiency (Fig. 7B). However, in agreement with the differential
sensitivity to Mx1 in the minireplicon system, the interaction be-
tween PB2V5 and pandemic H1N1pdm-derived NP was less af-
fected by coexpressed Mx1 than the interaction of PB2V5 with NP
of pSwO (Fig. 7B). This result agrees with the relative resistance of
these two NP variants in the minireplicon system when increasing
amounts of Mx1 were introduced (Fig. 7C). We conclude that the
ability of Mx1 to inhibit the PB2-NP interaction correlates with its
antiviral potency.

DISCUSSION

Mx1 inhibits influenza polymerase activity, but the viral targets of
this inhibition and the molecular mechanisms involved are still
largely unknown. In previous studies, two components of the viral
ribonucleoprotein complex have been proposed as the Mx1 target:
PB2 and NP (6, 21, 47, 53). We confirmed the importance of these
two proteins by noting that overexpression of PB2 or NP decreases
Mx1 activity in the minireplicon system (Fig. 1). This indicates
that Mx1 may interact with at least one of these proteins or that
they compete for the same cellular factor required for proper viral
nucleoprotein complex assembly and activity. We focused on the
molecular interplay between Mx1, NP, and PB2 to identify the
mechanism of the antiviral activity of Mx1. To this end, we inves-
tigated the interaction of Mx1 with components of the ribonucle-
oprotein complex and the interactions within this complex. We
demonstrate that the interaction between PB2 and NP is inhibited
by the presence of Mx1 (Fig. 2B). The degree of inhibition de-
pended on the Mx1 dose and correlated with the inhibitory effect
of Mx1 on the polymerase activity in the minireplicon system (Fig.
2C). This correlation strongly suggests that the loss of this PB2-NP

FIG 6 Mx1 interacts with PB2 and NP. (A) HEK293T cells were transfected
with PB1, PB2V5, PA, and NP expression plasmids (0.5 �g each) and with
pHW-NSLuc (0.5 �g). Empty control and expression vectors for the different
Mx1 mutants were cotransfected (2 �g of pCAXL, 1 �g of pCAXL-Mx1WT, 2
�g of pCAXL-Mx1K49A, or 1 �g of pCAXL-Mx1T69A). After 24 h, total
lysates were made in the presence of 25 mM N-ethylmaleimide, and PB2V5
and NP were immunoprecipitated with anti-V5 and anti-NP antibodies, re-
spectively. We also included a control immunoprecipitation in the absence of
monoclonal antibody (no Ab). Proteins were visualized by Western blotting
with antibodies recognizing the V5 tag, NP (anti-RNP antibody), and Mx1.
The results shown are representative of two independent experiments. (B)
HEK293T cells were transfected with 2.5 �g pCAXL-Mx1 (Mx1 lysates), with
2.5 �g pCAXL (lysates without vRNPs), or with 1 �g of pCAXL-PB1, -PB2V5,
-PA, and -NP and 1 �g pHW-NSLuc (lysates with transfected vRNPs). To
obtain lysates containing vRNPs from infected cells, HEK293T cells were in-
fected for 4 h with A/PR/8/34 (MOI of 10). vRNPs isolated from virions were
generated by lysing influenza A virions (A/PR/8/34, 6.25 � 108 PFU/ml lysis
buffer). Lysates from all conditions were made in the presence of 25 mM
N-ethylmaleimide. The mixed lysates (Mx1 plus vRNPs) were immunopre-
cipitated with monoclonal anti-NP antibody. Proteins were visualized by
Western blotting with antibodies recognizing NP (anti-RNP antibody), PB2,
or Mx1. The results shown are representative of three independent experi-
ments. (C) HEK293T cells were transfected with 2 �g pCAXL-Mx1 and 1 �g
pCAXL-PB2V5 or -PB2WT as control. After 24 h, total lysates were made in
the presence of 25 mM N-ethylmaleimide, and PB2V5 was immunoprecipi-
tated with anti-V5 antibody. Proteins were visualized by Western blotting with
antibodies recognizing the V5 tag, PB2, and Mx1. The results shown are rep-
resentative of two independent experiments. (D) HEK293T cells were trans-
fected with 2 �g pCAXL-Mx1 and 1 �g pCAXL-NP or pCAXL as control. After
24 h, total lysates were made in the presence of 25 mM N-ethylmaleimide, and
NP was immunoprecipitated with anti-NP antibody. Proteins were visualized
by Western blotting with antibodies recognizing NP (anti-RNP antibody) and
Mx1. The results shown are representative of two independent experiments.
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interaction might be crucial for the mechanism of Mx1 activity
against influenza A viruses.

As the GTPase activity of Mx1 is required for its antiviral func-
tion (40), we investigated whether Mx1 also requires its GTPase
activity to inhibit the PB2-NP interaction. Mutations that abro-
gate the GTPase and antiviral activities of Mx1 did not interfere
with the PB2-NP interaction (Fig. 5). This observation indicates
that the disruption is an active process that requires enzymatically
active Mx1 protein. Alternatively, the GTPase activity or the GTP-
binding activity could be necessary to keep the Mx1 protein in the
conformation required for interference with the PB2-NP interac-

tion. As the interaction between PB2 and PB1 is not influenced by
the presence of the Mx1 protein, Mx1 inhibits the interaction
between PB2 and NP but probably leaves the ternary RdRp com-
plex intact (data not shown). This finding is in line with the results
of Stranden et al. (47), who also did not observe an effect of Mx1
on the integrity of the RdRp. This suggests that Mx1 inhibits the
interaction between the RdRp and the NP protein in ribonucleo-
protein complexes (vRNPs). If this hypothesis is correct, it is quite
possible that Mx1 also inhibits the interaction between PB1 and
NP (1), but this remains to be investigated.

We cannot exclude the possibility that the observed inhibition

FIG 7 Natural NP variants display differential sensitivity to Mx1. (A and B) HEK293T cells were transfected in triplicate with expression plasmids for PB1, PB2,
and PA (25 ng each), pHW-NSLuc (100 ng), and pRL-CMV (25 ng). In addition, 25 ng of expression plasmids for different NP variants were cotransfected
(pSwO, A/Swine/Ontario/42729A/01; SwI, A/Swine/Iowa/4/1976; SwBma, mouse-adapted A/Swine/Belgium/1/98; NewCal, A/New Caledonia/20/99; PR8,
A/Puerto Rico/8/34; Panama, A/Panama/2007/99; H1N1pdm, A/Mexico/InDRE4487/2009). Increasing amounts of pCAXL-Mx1 were cotransfected (0 ng, 50
ng, and 125 ng). (A) The normalized luciferase activity in the lysates was determined 48 h after transfection. Bars represent the average of triplicates, and the error
bars depict one standard deviation. This graph is representative of three independent experiments. In the absence of Mx1 (black bars), no significant difference
between the NP variants was observed (P � 0.0528). In the presence of Mx1, the NP variants differed significantly in their sensitivity to the inhibitory activity of
Mx1. Results for all groups were compared with results for the most sensitive variant, NP-pSwO. NP variants whose results differ significantly are indicated (*,
P � 0.05; **, P � 0.01; ***, P � 0.001). Statistical analysis was performed with a nonparametric one-way analysis of variance followed by Bonferroni’s multiple
comparison test. (B) Mx1, NP (polyclonal anti-RNP antibody), and actin expression were determined in the lysates by Western blotting. (C) HEK293T cells were
transfected with 1 �g each of expression plasmids for PB1, PB2V5, PA, and NP (from pSwO or H1N1pdm) and with 1 �g pHW-NSLuc. Increasing amounts of
pCAXL-Mx1 were cotransfected (0 �g, 0.5 �g, and 1 �g). Total lysates were made 24 h later, and PB2V5 was immunoprecipitated by an anti-V5-HRP antibody.
Proteins were visualized by Western blotting with antibodies specific for the V5 tag, NP (anti-RNP antibody), and Mx1. (D) HEK293T cells were transfected in triplicate
with expression plasmids for PB1, PB2, and PA (25 ng each), together with pHW-NSLuc (100 ng) and pRL-CMV (25 ng). In addition, 25 ng of pCAXL-NP-pSwO or 25
ng of pCAXL-NP-H1N1pdm was cotransfected. Increasing amounts of pCAXL-Mx1 were cotransfected (0 ng, 12.5 ng, and 25 ng). The normalized luciferase activity in
the lysates was determined 48 h after transfection. Bars represent the average of triplicates, and the error bars depict one standard deviation.
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of the PB2-NP interaction by Mx1 is (partly) attributable to a
reduced production of de novo-synthesized vRNPs as a result of
the inhibitory activity of Mx1 on the viral RNA polymerase.

In an attempt to stabilize the surmised interaction between
Mx1 and PB2 or NP, we added GTP�S, a nonhydrolyzable GTP
analog, during immunoprecipitation. However, by using this ap-
proach, we could not document an association between Mx1 and
RdRp or NP. As an alternative, we tried to stabilize the active
conformation of Mx1 by adding NEM to the lysis buffer. NEM can
inhibit the GTPase activity of the related dynamin protein (45)
and, probably, the GTPase activity of Mx1 as well. Inhibition of
Mx1 GTPase activity could block Mx1 in a GTP-bound state, al-
lowing detection of its interaction with vRNP components. We
demonstrate that in the presence of NEM, Mx1 interacts with both
PB2 and NP (Fig. 6A). This suggests that Mx1 has a direct effect on
the polymerase complex, which contains PB2 and NP. The ob-
served interaction between Mx1 and both PB2 and NP also ex-
plains why both proteins can titrate out the Mx1 activity when
overexpressed in the minireplicon system. Including NEM in the
lysis buffer also allowed us to demonstrate an interaction between
Mx1 and the viral NP protein present in vRNPs isolated from
infected cells or from virions (Fig. 6B). The strongest interaction
was seen with vRNPs isolated from infected cells when compared
to the interaction with vRNPs from virions. This result might
indicate the need for an additional cellular factor for the interac-
tion between Mx1 and vRNPs or the involvement of a modifica-
tion of the vRNPs inside the cell, e.g., phosphorylation, that facil-
itates the interaction with Mx1. Other viral proteins might also
interfere with the interaction of Mx1 with the vRNPs isolated from
virions, e.g., the viral M1 protein, which is released in the endo-
somes during viral entry. The seemingly more efficient coimmu-
noprecipitation of Mx1 with vRNPs isolated from infected cells
could also reflect an additional interaction between Mx1 and
free NP protein that is produced during infection. We could
not examine the interaction between Mx1 and the viral PB2
protein because of the lack of a suitable antibody to pull down
untagged PB2.

It is not clear why the interactions between Mx1 on the one
hand and PB2 and NP on the other cannot be detected in the
absence of NEM. NEM might preserve the conformation of viral
proteins or a cellular factor that mediates the interaction between
Mx1 and PB2 or NP. It is also possible that the interactions are too
transient or too weak, and inhibiting the GTPase activity of Mx1
by using NEM could stabilize these interactions. However, as the
presence of NEM is also required to demonstrate the interaction
of the two GTPase-deficient Mx1 variants with PB2 and NP, a
specific effect of NEM on Mx1 GTP binding or GTPase activity is
unlikely. NEM mainly modifies the sulfhydryl group of cysteine
residues, thereby preventing various �SH-dependent functions,
such as cysteine protease activity and the formation of disulfide
bridges. At a pH of 8.0, NEM can also modify amine groups.
However, at pH 7.2, we could still demonstrate an interaction
between Mx1 and PB2 or NP (data not shown). This suggests that
modification of free sulfhydryl groups by NEM is a requirement,
whereas modification of amino groups is not needed. Identifying
the sites where such modifications occur could help to elucidate
the interaction interface of Mx1 with PB2 and/or NP.

The interaction of Mx1 with PB2 and NP could be direct, but it
could also require the help of another cellular protein. This cellu-
lar protein could function as a bridge between Mx1 and the viral

ribonucleoprotein complex. Multiple cellular proteins interact
with PB2 and/or NP and might fulfill this function. One of these
proteins is the RNA helicase, UAP56, which interacts with NP and
with Mx1 (50, 51). We investigated the involvement of this heli-
case in the effect of Mx1 on the PB2-NP interaction. By using
coimmunoprecipitation, we demonstrated an interaction be-
tween UAP56 and NP but not with the Mx1 protein (data not
shown). Coexpression of UAP56 also did not influence the inhi-
bition of the PB2-NP interaction by Mx1 (data not shown), sug-
gesting that UAP56 is not directly involved in the activity of the
Mx1 protein. Other cellular factors that might be involved in-
clude nucleophosmin (32), one of the importin-alpha isoforms
(2, 10), CDK9 (52), USP11 (29), and Hsp90 (4, 35, 36), all of
which have been shown to interact with PB2 and/or NP. Only a
few proteins have been reported to interact with the Mx1 pro-
tein, and these interacting proteins are potential candidates as
bridging factors (9).

The NP proteins of various influenza A virus strains have dif-
ferent sensitivities to the activity of the Mx1 protein in the mini-
replicon system (6, 53). These differences were also reflected in the
interaction between PB2 and the different NP variants, as deter-
mined for the most resistant and most sensitive NP variant. The
interaction between PB2 and NP-H1N1pdm was less affected by
coexpressed Mx1 than the interaction between PB2 and NP-pSwO
(Fig. 7C).

Comparing the different NP variants in the minireplicon sys-
tem revealed a higher Mx1 sensitivity for NPs isolated from swine
virus strains than for NPs isolated from human strains. This
higher Mx1 sensitivity is not unexpected, as these swine NP vari-
ants are more closely related to avian NP sequences than to human
NP sequences. The most sensitive NP (NP-pSwO) is actually from
an avian influenza strain isolated from a pig (24). The higher Mx1
resistance of the NP derived from A/H1N1pdm is remarkable, as
its sequence is more closely related to the more sensitive swine
viruses than to the more resistant human NP sequences. We tried
to identify the residues important for this increased resistance of
the NP-H1N1pdm variant by mutating candidate positions in the
NP-pSwO variant to the corresponding amino acids in NP-
H1N1pdm, guided by the alignment of the different NP variants.
However, these mutations in NP did not alter the sensitivity for
the antiviral activity of the Mx1 protein in the minireplicon system
(data not shown). More research will be needed to fully character-
ize the Mx1 sensitivity determined by the NP protein.

We provide evidence that Mx1 blocks the interaction between
PB2 and NP in reconstituted viral ribonucleoprotein complexes.
But is the same true during viral infection, especially in the early
phase of infection when parental vRNPs enter the nucleus? We
investigated this possibility extensively, particularly by focusing
on the integrity of the incoming vRNPs after infection. Presum-
ably, Mx1 targets these incoming vRNPs in the nucleus, disrupting
the interaction between PB2 and NP and leading to a block in viral
transcription. But our attempts to demonstrate the PB2-NP inter-
action early in infection were unsuccessful for technical reasons:
there are too few PB2 molecules per infected cell before new viral
proteins are produced to allow analysis by coimmunoprecipita-
tion. The presence of Mx1 also interferes strongly with the pro-
duction of viral proteins and thereby with the analysis of the in-
teraction between newly produced PB2 and NP proteins. The
interaction (after combining lysates) between Mx1 and vRNPs
isolated from infected cells or from isolated virions indicates that
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Mx1 can also interact with vRNPs generated during infection and,
probably, also with the incoming vRNPs in the nucleus.

Two main conclusions can be drawn from this study. First,
Mx1 interacts with the viral proteins PB2 and NP independently
of its GTP-binding activity. Second, inhibition of the PB2-NP
interaction by Mx1 is dependent on GTP binding. The relative
ease with which this interaction is inhibited correlates with the
Mx1 sensitivity of the different NP variants. These conclusions are
in line with but do not prove the following mechanistic model for
the antiviral activity of the Mx1 protein (Fig. 8). First, Mx1 inter-
acts with the viral PB2 and NP proteins, presumably those present
in the incoming vRNPs. This interaction might be mediated by an
Mx1 oligomeric ring, as was proposed for MxA (5, 11). After this
initial binding, Mx1 actively disrupts the interaction between PB2
and NP in a GTPase-dependent way, leading to a block of viral
transcription and replication. Elucidation of the PB2-Mx1 and
NP-Mx1 interaction domains will be required to corroborate or
modify this model and might help predict potential future escape
mechanisms of influenza A viruses against this remarkable IFN-
induced host restriction factor.
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