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Abstract

The matrix 1 (M1) protein is a multifunctional protein in the life cycle of influenza virus. It plays
an important role in virus budding and intracellular trafficking of viral ribonucleoproteins
(VRNPs). The M1 protein consists of three domains based on the structure: N-terminal domain,
Middle domain, and C-terminal domain. However, the functions of different domains of the M1
protein remain largely unclear. In this study, using bimolecular fluorescence complementation
assays (BIFC) we demonstrated that swine importin al interacts with the M1 protein and
transports it to the nucleus. Interestingly, M1 with mutated nuclear localization signal (NLS; 101-
RKLKR-105 to 101-AALAA-105) still interacts with swine importin al and is localized in the
nucleus, suggesting that the NLS located at residues 101-105 is not the only NLS within M1
recombinant protein containing 1-160 residues of M1 with mutated nuclear localization signal is
able to interact with swine importin a1, but M1/60-252 domains cannot bind importin al. Further
mapping showed that the deletion of residues 1-20 impaired the interaction between N terminus of
M1 and importin al. Collectively, our data suggested that the N-terminal domain of M1 protein is
critical for binding swine importin al and for nuclear localization.

The influenza virus matrix protein 1 (M1), the most abundant protein in virus particles,
plays a critical role in virus morphology, replication, virus assembly and virus budding [1-
4]. The M1 layer lies beneath the viral envelope interacting with both surface proteins and
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viral ribonucleoproteins (vRNPs). Furthermore, there is substantial evidence that the M1
protein is critical for virion morphology [1, 5-8], and that certain residues in the M1 protein
are able to determine the ability of the virus to form filamentous or spherical virions. For
instance, the combination of residues at positions 41, 95, and 218 of the M1 protein
influence the virus filamentous morphology in the background of A/Victoria/3/75 influenza
virus [4]. A/WSN/33 virus with its mutations in the six helical domains of the M1 displays a
wide variety of morphological phenotypes [9]. Position 24 of the M1 can also influence the
morphology of the influenza C virus [10]. Moreover, the M1 protein also plays an important
role in virus budding. Although a single M1 is incapable of budding in a plasmid-transfected
system [2], the lack of an inherent membrane targeting signal has been reported to be
responsible for the failure of the M1 protein to bud into virus-like particles [11]. In the
virion, M1 interacts with surface proteins HA, NA, and M2 by cross-linking their
cytoplasmic tails, which may mediate recruiting of M1 proteins and VRNPs into the virion
[12-14]. Cytoplasmic tail mutations of HA and NA result in a significant reduction of M1 in
the virion [15, 16]. The M2 protein cytoplasmic tail has also been shown to interact with the
M1 protein and to incorporate the M1 protein during virus assembly [12].

M1 is synthesized in the late stage of infection, and it plays an important role in the nuclear
export of newly synthesized VRNPs. M1 proteins are synthesized in the cytoplasm and then
actively imported into the nucleus, where M1 binds to VRNPs and the nuclear export protein
(NEP). Furthermore, the NEP contains the nuclear export signal that is essential for the
transportation of the VRNPs to the cytoplasm [17, 18]. One nuclear localization signal (NLS)
was found in the M1 protein, located within AA positions 101-105 (101-RKLKR-105) of
M1 that mediates recruit the M1 protein to the nucleus by interacting with importin a from
host cells [19]. The M1 protein consists of 252 amino acids that have been divided into three
domains: N-terminal domain, Middle domain, and C-terminal domain [20]. The Middle
domain was found to mediate the binding to nucleoprotein (NP) and association with VRNPs
[21]. The N terminus (2-164 residues) has been analyzed by X-ray crystallography and has
been shown to contain nine a-helices linked by eight loops, with four helices formed at the
N-terminal, and the other four helices located in the Middle domain of the M1 protein [22].
However, the C-terminal globular domain (165-252) has not yet been characterized by X-
ray crystallography. It is predicted that the C-terminal of M1 is disordered [23]. Until now,
the functions of the different domains of M1 still remain largely unclear.

Importin a protein is a sub-family of karyopherin proteins, which is involved in the import
of cargo proteins into the cell nucleus. Importin a can recognize the NLS of the cargo
protein, and transport the protein into the nucleus with help of importin p. Previous studies
showed that importin « isoforms pay a critical role in the host range of influenza viruses
[24]. Human importin al and a7 can up regulate polymerase activity of human- but not
avian-like influenza viruses [25]. Swine are important intermediate hosts in the cycle of
influenza viruses, and also are considered as a “mixing vessel” of both avian and
mammalian influenza viruses. However, how the swine importin al interact with influenza
virus proteins remains unclear. In this study, the interaction between M1 and importin al
from swine was assessed by bimolecular fluorescence complementation assays (BIFC). It
was found that the N-terminal 1-160 residues of the M1 protein play an important role in
interaction with swine importin a1, which binds to classical nuclear localization signal
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(cNLS)-containing proteins, and facilitates their translocation to the nucleus. Briefly, for the
construction of BIFC plasmids, nucleotide sequences encoding the carboxyl [residues 155—
238 (VC)] or amino-terminal [residues 1-173 (VVN)], fragments of VVenus fluorescence
protein were fused to the N terminus of M1 of A/California/04/2009 (2009 pandemic H1N1)
(designated as VC-M1) or swine importin al (designated as VN-IP1). Recombinent
fragments were sub-cloned into the eukaryotic expression vector pPRE under the control of
both the cytomegalovirus (CMV) immediate-early promoter and the bovine growth hormone
polyadenylation signal. Pig kidney cells (PK-15) cultured in 96-well-plate were co-
transfected with VC-M1 and VN-IP1 (400 ng each plasmid). An interaction between VC-
M1 with VN-IP1 will result in bringing the C- and N-terminal domains of the Venus
fluorescence protein together which can be recorded by fluorescence microscopy. Twenty-
four hours post transfection, the fluorescence signal was observed and located in the nucleus
of the PK-15 cell (Fig. 1a), indicating that swine importin a1 bound to the M1 protein and
transferred it to the nucleus. Interestingly, after mutating 101-RKLKR-105 residues (NLS)
of M1 to 101-AALAA-105 (VC-M1/nls-mut), the mutant protein still interacted with swine
importin al and emitted a strong fluorescence signal from the nucleus, as shown in Fig. 1a.
This suggests that 101-RKLKR-105 (NLS) are not the only residues responsible for nuclear
transport of the M1 protein., i.e., another region of M1 may facilitate the M1 binding to
swine importin al. In summary, our results suggest that swine importin al can transport M1
and M1/nls-mut to the nucleus, and that this process can be independent of the previously
identified NLS located on position of 101-105 in the M1.

To map the regions of the M1/nls-mut protein that are involved in the interactions with
swine importin, different truncated M1/nls-mut genes (containing either 1-160 or 60-252
residues) of pandemic HIN1 (pH1N1) virus were cloned into VC vector (designated as VC-
M1/1-160/nls-mut or VC-M1/60-252/nls-mut). Each truncated M1 plasmid was co-
transfected with VN-IP1 into PK-15 cells. Twenty-four hours post transfection, the
fluorescence signals were analyzed. The results showed that only the N-terminal part (1-160
residues) of M1 was critical for interacting with swine importin a1, since signal was emitted
by a complex of VC-M1/1-160/nls-mut and VN-IP1 in the nucleus (Fig. 2a, b). In contrast,
VC-M1/60-252/nls-mut did not produce a signal, indicating that there was no interaction of
this mutant protein with swine importin al (Fig. 2a, b).

In view of these experimental results, we assumed that there must be another region in the N
terminus of M1 that might be responsible for interacting with importin a1 and nuclear
importing. To locate the suspected novel region involved in the interaction with importin a1,
two truncated M1/1-160/nls-mut proteins with deletions of residues 1-20 or 140-160 were
generated and cloned into the BIFC system. Transfection of the VC-M1/20-160/nls-mut
together with VN-IP1 did not produce any fluorescent signal. Also, no signal was observed
in cells transfected with VC-M1/1-140/nls-mut and VN-IP1 either (Fig. 2a, b). To determine
and quantify protein expression of different truncated M1 proteins cloned into the VC
vector, PK-15 cells were transfected by different truncated VC-M1 plasmids, lysed, and
subjected to western blotting. The VC vector has a HA tag fused to the carboxyl (residues
155-238 [VC]) fragment of the Venus fluorescence protein. A monoclonal antibody against
HA tag (Invitrogen, USA) was used in western blotting. The results showed that VC-
M1/1-160/nls-mut, VC-M1/60-252/nls-mut, and VC-M1/20-160/nls-mut express well in
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transfected PK-15 cells, whereas significantly lower level expression of the VC-M1/1-140/
nls-mut protein was observed (Fig. 2¢). To further confirm these results, all truncated M1
(M1/1-160/nls-mut, M1/60-252/nls-mut, M1/1-140/nls-mut, and M1/20-160/nls-mut) or the
intact M1 protein (M1 and M1/nls-mut) genes were cloned into the PRE-3Flag vector. This
allows the expression of genes in mammalian cell lines with the 3Flag tag fused to the N
terminus of the expressed proteins. All plasmids were transfected separately into PK-15 cells
cultured in 6-well plates (3 pg each plasmid) after verification of correct sequences by
sequencing. Forty-eight hours post transfection, PK-15 cells were collected, lysed, and
submitted to western blotting to quantify the protein expression levels using the monoclonal
mouse anti-flag antibody (Sigma, USA). The western blotting result showed that M1, M1/
nls-mut, and M1/1-160/nls-mut were expressed at similar levels in PK-15 cells, suggesting
that the RKLKR/AALAA mutation and C-terminal truncation did not affect the expression
of the M1 protein (Fig. 3). The M1/60-252/nls-mut and M1/20-160/nls-mut were also
expressed in PK-15 cells, although at slightly lower levels when compared to the other M1
proteins. In contrast, no detectable protein expression of the M1/1-140/nls-mut was observed
(Fig. 3). Although both VC-M1/20-160/nls-mut and VC-M1/1-160/nls-mut expressed well,
only the VC-M1/1-160/nls-mut interacted with VN-IP1, while VC-M1/20-160/nls-mut did
not, suggesting that residues 1-20 are critical for the interaction between the N terminus of
M1 and importin al protein.

Although M1/60-252/nls-mut and M1/20-160/nls-mut did not interact with swine importin
al, the localization of those proteins in cells was unclear. Immunofluorescence Assay (IFA)
was performed on the PK-15 cells transfected with 3Flag-M1/1-160/nls-mut, 3Flag-
M1/60-252/nls-mut, 3Flag-M1/20-160/nls-mut and 3Flag-M1/1-140/nls-mut plasmids,
respectively. The results showed all truncated M1 expressed well except M1/1-140/nls-mut
(Fig. 4). The M1/1-160/nls-mut was found in both nucleus and cytoplasm. In contrast, the
M1/60-252/nls-mut only located in the cytoplasm (Fig. 4), which confirmed that the
importin al can bind and transfer M1/1-160/nls-mut to the nucleus, but not M1/60-252/nls-
mut. Surprisingly, the M1/20-160/nls-mut protein was observed in both nucleus and
cytoplasm, suggesting that M1/20-160/nls-mut protein might be present in the nucleus either
by passive diffusion or through interaction with other importin o proteins of the swine
importin o family.

Both IFA and western blotting results suggest that residues 140-160 play an important role
in maintaining the stability or biological half-life of the N-terminal proportion of the M1
protein (Figs. 3, 4). Based on the crystal structure of the N-terminal region of the M1 protein
(Fig. 5), residues 89-160 form a four-helix bundle subdomain. The helix formed by 140-
160 residues is very close to the helix formed by 1-20 residues. Thus, both helixes may
interact with each other that in turn stabilizes the functional structure of the M1 protein. This
hypothetical model is based on the observation that the deletion of 140-160 residues
resulted in the destruction of the N-terminal domain structure of the M1 protein (Fig. 5). In
the virion, the M1 protein interacts with both the surface proteins (HA, NA, and M2) and
with RNPs [26, 27] and also supports the virus shape, which requires a stable structure for
the M1 protein. Cryo-electron tomography study also showed that M1 formed a helical net
under the viral membrane, which provided structural support for virus morphology [9].
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In the life cycle of influenza virus, M1 displays bidirectional traffic through the nuclear
envelope. In the late stage of infection, the M1 protein is actively transported to the nucleus,
then nuclear M1 associated with VRNPs is exported to the cytoplasm by interacting with the
NEP protein. Furthermore, recent work has identified a leucine-rich nuclear export signal
(NES) in the M1 protein [28]. Mutations in NES of M1 caused nuclear retention of the
protein and impaired the efficiency of the nuclear export of VRNPs, thereby affecting the
virus replication, indicating nuclear export without NEP. Since a classical NLS exists in the
M1 protein, precisely how the M1 protein associats with vVRNPs and prevents the re-
importation into the nucleus remains unknown. One possibility is that interaction with NEP
or VRNPs may block the domain of the M1 protein that is recognized by importin al. It has
also been reported that NEP binds a N-terminal domain between residues 89 and 164 of the
M1 protein [17].

In this study, we have shown that the N terminus (especially residues 1-20) of M1 is critical
for interacting with swine importin al. The previously identified classical NLS located at
residues 101-105 is not the only NLS within the N terminus of M1 protein. Our results
suggested that a novel and functional NLS exists in M1’s N-terminal domain.
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Fig. 1.

L(?calization patterns of M1 and swine importin al proteins by BIFC (a). Relative
fluorescence intensity of BIFC (b). VN-IP1 plasmid was transfected into PK-15 cells
together with VC-M1 or VC-M1/nls-mut plasmids (400 ng for each plasmid). Individual
construct was transfected in PK-15 as negative control. Twenty-four hours post transfection,
fluorescence signal was observed under fluorescence microscope. VC-M1 expressed intact
M1 protein of pandemic H1N1 virus; VC-M1/nls-mut expressed whole M1 protein
containing nuclear localization signal mutation on 101-105 (101-AALAA-105)

vCc-m1
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Fig. 2.
Localization patterns of differently truncated M1/nls-mut and swine importin al proteins by

BIFC (a). Relative fluorescence intensity of BIFC (b). Western blotting of differently
truncated M1/nls-mut in VC vector (c). VN-IP1 plasmid was transfected into PK-15 cells
together with different truncated VC-M1/nls-mut plasmids (400 ng each plasmid). Twenty-
four hours post transfection, fluorescence signal was observed and measured, and cells were
subjected to western blotting. VC-M1/1-160/nls-mut expressed 1-160 amino acids of M1
containing mutation on 101-105 (101-AALAA-105); VC-M1/60-252/nls-mut expressed 60—
252 amino acids of M1 containing mutation on 101-105 (101-AALAA-105); VC-
M1/20-160/nls-mut and VVC-M1/1-140/nls-mut indicated expression of 20-160 or 1-140
amino acids of M1 with mutations on 101-105 (101-AALAA-105), respectively
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Western blotting. Transfected PK-15 cells were harvested and lysed at 48 h after
transfection and analyzed by Western blotting using monoclonal antibodies against Flag.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.
Relative protein amounts were calculated and normalized using ratios to GAPDH
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Fig. 4.
Immunofluorescence assay. PK-15 cells were transfected by 3Flag-M1/60-250/nls-mut,

3Flag-M1/1-160/nls-mut, 3Flag-M1/1-140/nls-mut, and 3Flag-M1/20-160/nls-mut,
respectively (400 ng per plasmid). Twenty-four hours post transfection, IFA was conducted
by a monoclonal mouse anti-flag antibody (Sigma, USA)
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Fig. 5.
Structure of dimeric N-terminal domain (2-158 AA) of the M1 protein. Crystal Structure of

the N-terminal domain (2-158 AA) of M1 protein is from influenza A virus (PDB = 3MD2).
The structure was constructed using Pymol and the surface is shown as transparent.
Residues of 2-20 are shown in red; Residues of 140-158 are shown in cyan. Numbers in
parenthesis indicate the residue based on starting methionine of the M1 protein (Color figure
online)
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