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Introduction: The influenza virus genome consists of single-stranded RNAs and
forms viral ribonucleoprotein (RNP) complexes. After viral genome replication in
the nucleus, the viral RNP interacts with viral protein M1. The M1-viral RNP
complex is exported to the cytoplasm via the CRM1-dependent pathway using
NS2/NEP as an export adaptor protein. NEP is a 14 kDa protein and diffusely
localizes in the nucleus and cytoplasm. Upon binding to the NLS motif of M1, NEP
inhibits the nuclear accumulation of M1 and promotes the nuclear export of M1-
viral RNP complex. However, the detail mechanism by which NEP binds to M1
only in the nucleus remains unclear.

Methods: To visualize the interaction of NEP with M1 in the formation of vRNP
export complexes, we performed in situ proximity ligation assays. The close
proximity of N-terminal and C-terminal domains of NEP was tested by split
Renilla luciferase complementation assays in which the N-terminal and C-
terminal fragments of Renilla luciferase were fused to the N-terminus and C-
terminus of NEP, respectively.

Results and discussion: We found that the intramolecular interaction of NEP
inhibits the interaction of NEP with M1. The intramolecular interaction of NEP
was mediated through the interaction of the N-terminal NES motif with the M1-
binding domain at the C-terminus. By adding leptomycin B, a potent inhibitor of
CRM1, the interaction of NEP with M1 was impaired. These results suggest that
CRML1 disrupts the intramolecular interaction of NEP by recognizing the NES
motif at the N-terminus of NEP, thereby promoting the interaction of NEP with
M1. We also found that NEP mutant deficient in the intramolecular interaction
was co-localized with M1 at the plasma membrane and did not show nuclear
localization with M1. Based on these results, we propose that the intramolecular
interaction of NEP regulated by CRM1 ensures the unidirectional transport of M1.
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1 Introduction

The nuclear export process is typically mediated by nuclear
export receptors and Ran GTPase cycle (1). CRM1/XPO1 is one of
the nuclear export receptors responsible for the nuclear export of
many different cargo proteins by recognizing the nuclear export
signal (NES) consisting of conserved hydrophobic residues. Some
RNA cargos, including tRNA and miRNA, are directly recognized
by export receptors for their RNA secondary structures, but other
RNA species require adaptor proteins harboring NES with RNA
binding activity for recruiting export receptors (2). CRM1 is
involved in the nuclear export of ribosomal RNA and small
nuclear (sn)RNA through adaptor proteins, such NMD3 and
PHAX (3-5). The nuclear export machinery is recruited to the
RNA cargos after RNA processing and maturation as a quality
control mechanism for RNAs.

Influenza A virus (IAV) has single-stranded RNA genomes of
negative polarity. The replication of virus genome takes place in the
nucleus. The replicated virus genome forms a viral
ribonucleoprotein complexes (vVRNP) with viral RNA polymerases
and nucleoprotein (NP). The progeny vRNP interacts with viral
matrix protein M1 and the M1-vRNP complexes are exported from
the nucleus by the CRM1-dependent pathway through NS2/NEP
adaptor protein (6-8). NEP is a monomeric 14-kDa protein
consisting of N-terminal domain (1-53 a.a. position) and C-
terminal domain (54-112 a.a. position). The N-terminal domain
is highly mobile and is in an exposed state (9), and contains a cluster
of hydrophobic residues between amino acid positions 12 and 21
that function as NES for CRM1 binding (10-12). The C-terminal
domain of NEP forms a relatively rigid conformation consisting of
two o-helices (helix C1 and C2) that assemble an antiparallel
amphiphilic hairpin structure (13). The hydrophilic surface of the
amphiphilic hairpin interacts with the basic nuclear localization
signal (NLS) of M1 through the exposed Trp78 surrounded by a
cluster of glutamic acid residues in the C-terminal domain of
NEP (13).

Although the mechanism of apical transport of M1 remains
unclear (14-18), M1 protein mainly accumulates beneath the
plasma membrane and functions as a scaffold of viral particles
budding from the plasma membrane. A part of the M1 protein
shuttles into the nucleus in an NLS-dependent manner (19), and
terminates the viral genome replication to destine the newly-
replicated VRNP to the nuclear export (20). Most M1 proteins
localize to the plasma membrane, however, NEP is not recruited to
the plasma membrane and localizes diffusely in the nucleus and the
cytoplasm due to its low molecular weight (6), indicating that the
recognition of M1 by NEP is restricted in the nucleus possibly for
efficient nuclear export of vVRNP. However, the detailed mechanism
of the viral RNP export complex formation remains unclear.

Here, we found that NEP interacts with the M1 in a CRM1-
dependent manner. The N-terminal domain of NEP was in close
intramolecular proximity to the C-terminal domain. The
intramolecular interaction is mediated by the N-terminal NES
motif and the hydrophobic surface of the C-terminal M1-binding
domain. NEP harboring I76T/L106T mutation in the M1-binding
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domain, which does not form the intramolecular interaction, is co-
localized with M1 at the plasma membrane, without nuclear
localization of M1 as well as NEP, indicating that the
intramolecular interaction of NEP inhibits the interaction with
M1 prior to the nuclear import, and that CRMI1 releases this
inhibition by recognizing the NES motif of NEP in the nucleus.
Our results demonstrate the molecular mechanism of NEP
recruitment to the MI1-vRNP complexes regulated by CRM1 to
ensure the unidirectional transport of M1.

2 Methods
2.1 Biological materials

A rabbit polyclonal antibody against M1 and a rat polyclonal
antibody against NEP were prepared as previously described (21). A
rabbit monoclonal antibody against B-actin (CST; 8547) was
purchased. HeLa cells present in this study were obtained from
ATCC. Hela cells and HeLa-GFP-emerin cells (22) were grown in
Dulbecco’s minimal essential medium (DMEM) containing 10%
bovine fetal calf serum and incubated at 37°C in 5% CO2. pPol-I-M
and pPol-I-NS were kindly gifted by Dr. Fumitaka Momose
(Kitasato University). pCAGGS-PB1, pCAGGS-PB2, pCAGGS-
PA, and pCAGGS-NP were prepared as previously reported (23).
For the construction of plasmid expressing N-terminal or C-
terminal Renilla luciferase-fused NEP, FLAG-tagged NEP cDNA,
which was amplified with primers, 5-CTGCTAGCGCCGCCA
CCATGGACTACAAGGACGACGATGACAAGATGGACC
CAAACACTGTGTC-3" and 5-CCGGAATTCTTAAATAAGCTG
AAACGAGAAAG-3, was cloned into pcDNA3.1-NR, pcDNA3.1-
CR, or pcDNA3.1-NR-CR plasmids (24). The NES motif of NEP
was mutated by the PCR-based site-directed mutagenesis using
primers, 5~-GGACGTCAAAAACGCAGTCGGAGTCC-3’ and 5'-
TCTGCTGTGTGTCCTGGAAGAGAAGG-3’. For the
construction of plasmid expressing deINES mutant harboring
additional NES motif at the C-terminus (exoNES), NEP ¢cDNA
was amplified with primers, 5-CCAAGGATCCCATATGGAC
CCAAACACTGTGTCAAGC-3’ and 5’-CCAAGGA
TCCAATAAGCTGAAACGAGAAAGTTC-3. Influenza A/Puerto
Rico/8/34 (A/PR/8/34) virus was grown at 35.5°C for 48 h in
allantoic sacs of 11-days-old embryonated eggs, and then the
infected allantoic fluids were collected and stored at -80°C until use.

2.2 Intracellular localization of viral
proteins and viral genome

Indirect immunofluorescence assays and fluorescence in situ
hybridization (FISH) assays were carried out as previously
described (25). Briefly, cells were fixed with 4% PFA for 10 min.
After being washed with PBS, cells were permeabilized with 0.5%
Triton X-100 in PBS for 5 min. After incubation in PBS containing
1% bovine serum albumin for 30 min, the coverslips were incubated
with each antibody for 1 h and then further incubated with Alexa
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Fluor 488- and 568-conjugated secondary antibodies, respectively
(Life Technologies). FISH assays were performed after indirect
immunofluorescence assays using an RNA probe complementary
to the segment 8 virus genome. PLA was carried out using Duolink
In Situ PLA kit (Olink Bioscience) according to the manufacturer’s
protocol. The number of the PLA signals was measured with
reconstructed 3D images from z-stack series using IMARIS
software (Carl Zeiss). Images were acquired by a confocal laser
scanning microscopy (LSM700; Carl Zeiss) using x63 Apochromat
objective (NA = 1.4).

2.3 Split Renilla luciferase
complementation assay

HeLa cells were transfected with the pcDNA3.1 plasmid
encoding N-terminal (NR; 1-229 a.a.) and/or C-terminal (CR;
230-311 a.a.) fragment of Renilla luciferase fused to NEP. At 24 h
post-transfection, cells were collected and lysed in a cell lysis buffer
for Renilla luciferase (Promega) by three freezing-thawing cycles.
Renilla luciferase activity was measured according to the
manufacturer’s instruction (Promega). Relative luminescence
intensity was measured for 10 sec with a Mini Lumat
(Berthold Technologies).
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3 Results

3.1 CRM1 promotes the interaction
of NEP with M1

To visualize the interaction of NEP with M1 in the formation of
VRNP export complexes, we performed in situ proximity ligation
assays (PLA) with rat polyclonal anti-NEP and rabbit polyclonal
anti-M1 antibodies in IAV-infected HeLa cells expressing GFP-
emerin, a marker of the nuclear envelope. In the antibody-based
PLA system, when a pair of DNA primer-conjugated secondary
antibodies is in close proximity, the primers hybridize with a
connector oligo and serve as a template for rolling circle
amplification, which can generate DNA targets for a fluorescently
labeled DNA probe (Figure 1A and Supplementary Figure 1).
Strong punctate PLA signals (red) were observed in the nucleus
and the cytoplasm of infected cells (Figure 1B). The number of PLA
signals in the nucleus and cytoplasm were counted from the
reconstructed z-stack images, respectively. We found that the
number of PLA signals increased in both the nucleus and
cytoplasm along with the progression of infection, but at 11 h
post-infection, most PLA signals were observed in the cytoplasm
(Figure 1C). We next examined the close proximity between NEP
and M1 in the presence of leptomycin B (LMB), a potent inhibitor
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The close proximity between NEP and M1 proteins. Hela cells constitutively expressing GFP-emerin as a marker of the nuclear envelope were
infected with influenza virus at MOI of 10. At O, 3, 5, 7, 9, and 11 h post-infection, the cells were subjected to in situ PLA with rat anti-NEP and rabbit

anti-M1 antibodies (red). Nuclei were stained with DAPI (bl

ue). (A) A schematic diagram the in situ PLA used to analyze the association between M1

and NEP. (B) Representative images from the three mdependent experiments at 0, 3, 5, 7, 9, and 11 h post-infection are shown. Scale bar, 10 um. (C)
The number of PLA signals in the nucleus and cytoplasm was counted using IMARIS software (n = 4-6 cells/group). Results are means + SDs. *P <
0.05, ***P < 0.001; one-way ANOVA with Tukey's test against uninfected cells
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FIGURE 2

Leptomycin B inhibits the interaction between NEP and M1. (A) Hela cells were infected with influenza virus at MOI of 10. At 5 h post-infection, the
infected cells were treated with 10 nM LMB for 2 h. The infected cells were subjected to indirect immunofluorescence assays with anti-NEP (green)
and anti-M1 antibodies (red). Nuclei were stained with DAPI (blue). Scale bar, 10 um. (B, C) HeLa-GFP-emerin cells were infected with influenza virus
at MOI of 10. At 5 h post-infection, the infected cells were treated with 10 nM LMB for 2 h. The infected cells were subjected to in situ PLA with
anti-NEP and anti-M1 antibodies (red). Nuclei were stained with DAPI (blue). Scale bar, 10 um. The numbers of PLA signals in the nucleus and
cytoplasm were counted using IMARIS software (n = 8-9 cells/group), respectively. ***P < 0.001, ns, not significant; Kruskal-Wallis test against
uninfected cells. (D) The expression levels of NEP and M1 were examined by FACS with anti-NEP and anti-M1 antibodies in the presence or absence

of LMB

of the interaction between CRM1 and its cargo protein through NES
motif (Figure 2). At 5 h post-infection, before the nuclear export of
vRNP, infected HeLa cells were treated with 10 nM LMB for 2 h and
subjected to indirect immunofluorescence assays (Figure 2A) and in
situ PLA with anti-NEP and anti-M1 antibodies (Figures 2B, C).
The intracellular localization of NEP was unchanged by the
addition of LMB, possibly due to the passive diffusion of NEP in
the nucleus and cytoplasm (Figure 2A, green). In contrast, M1 was
mainly localized to the cytoplasm and cell periphery in the absence
of LMB, but the level of M1 protein increased in the nucleus by
LMB treatment (Figure 2A, red). The nuclear accumulation of M1
may be due to the inhibition of NEP-mediated nuclear export of
M1, which has an NLS motif and is actively imported to the nucleus.
In contrast, the localization pattern of NEP was not changed by
LMB treatment, possibly due to passive diffusion of NEP by the low
molecular weight (Figure 2A).
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LMB treatment significantly reduced the number of PLA signals
not only in the cytoplasm but also in the nucleus (Figures 2B and
C), although M1 accumulated in the nucleus (Figure 2A). This
suggests that NEP requires the interaction with CRM1 via the NES
motif of NEP to assemble the VRNP export complexes (NEP-M1-
VRNP). The expression levels of NEP and M1 were comparable with
LMB treatment for 2 h (Figure 2D).

3.2 The NES motif of NEP inhibits the
interaction of NEP with M1

NEP has a NES motif consisting of multiple hydrophobic
residues at amino acid positions 12 to 21 in the N-terminal
mobile domain (10, 11). We next examined the interaction of M1
with NEP harboring point mutations in the NES motif (deINES
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FIGURE 3

WT deINES exoNES

The NES motif of NEP inhibits the interaction of NEP with M1. (A) The schematic diagram of NEP shows the NES motif and M1-binding domain. The
NES motif and the mutated sequence are indicated. (B—D) HelLa cells were transfected with pPol | plasmids, containing M and NS segments (pPol-I-
M and pPol-I-NS), and expression plasmids for PB1, PB2, PA, and NP. At 24 h post-transfection, the cells were subjected to in situ PLA (red) and FISH
assays (green). Nuclei were stained with DAPI (blue). Scale bar, 10 pm. The populations of cells in which the virus genome was localized only in the
nucleus (Nuc) and cells in which the virus genome was localized not only in the nucleus but also in the cytoplasm (Cyto) are shown. The number of
PLA signals in each cell was counted using IMARIS software [n = 18-20 cells/group; panel (D). Results are means + SDs obtained from three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA with Tukey's test against WT for panel (C) Kruskal-Wallis test against

WT for panel (D)

mutant). The hydrophobic residues critical for NES function were
mutated to hydrophilic residues to prevent the interaction of CRM1
with NEP (Figure 3A). A mutant virus defective in NES function
cannot be recovered using the reverse genetics system because the
NEP-mediated nuclear export of vVRNP is an essential process for
virus production. Thus, cells were transfected with pPol I plasmids,
containing M and NS segments (pPol-I-M and pPol-I-NS), and
expression plasmids for PB1, PB2, PA, and NP (Figure 3B). In this
system, M and NS segments are replicated by viral polymerases and
NP, then M1/M2 and NS1/NEP genes are expressed from the
reconstructed viral replicons. Therefore, as in infected cells at
11 h post-infection, the synthesized virus genome was successfully
exported to the cytoplasm and localized as punctate structures in
the recycling endosomes at 24 h post-transfection (26) (Figure 3B;
WT). PLA signals were observed at the periphery of endosomal
puncta, although clear colocalization was not found (Figure 3B;
enlarged panel). This may be due to the fact that PLA signal is
produced by the rolling-circle amplification of short DNA primers
conjugated with secondary antibodies, indicating that the pattern of
PLA signals is possibly different from the exact localization of the
target proteins. The deINES mutation was introduced in NEP ORF
without any amino acid changes in NS1 ORF. The virus genome
was found in the nucleus in cells transfected with deINES mutant
(Figures 3B, C), indicating that NEP is responsible for the nuclear
export of virus genome in an NES motif-dependent manner.
Unexpectedly, PLA signals between deINES mutant and M1 were
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mainly observed in the cytoplasm and increased to about 1.6-fold
those of WT (Figures 3B, D). Further, this was not complemented
by the insertion of an exogenous NES (N-ILLRMSKMQL-C) at the
C-terminus of the deINES mutant (Figures 3B-D). These findings
indicate that the endogenous NES motif of NEP intrinsically
inhibits the interaction with M1 possibly in the cytoplasm.

3.3 The intramolecular interaction of NEP
is mediated by the NES motif and M1-
binding domain

The M1 binding domain is located at the C-terminal domain of
NEP and consists of the antiparallel hairpin structure with
hydrophobic and hydrophilic interfaces (13). The endogenous
NES motif may have additional functions other than nuclear
export, because the exogenously added NES motif did not result
in the functional nuclear export of the virus genome (Figure 3).
Thus, we hypothesized that the NES motif in the N-terminal
domain associates with the M1 binding domain intramolecularly
to inhibit the interaction of NEP with MI. To address this
possibility, we next performed split Renilla luciferase
complementation assays to examine the close proximity of N-
terminal and C-terminal domains of NEP (27). The N-terminal
(NR; 1-229 a.a.) and C-terminal (CR; 230-311 a.a.) fragments of
Renilla luciferase were fused to the N-terminus and C-terminus of
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NEP, respectively, with a linker sequence (GGGSGGGS)
(Figure 4A). At 24 h post-transfection, the cell lysates were
prepared and subjected to the luciferase assays. Although the
luciferase activity was not detected in the cell lysates transfected
with NR-NEP or NEP-CR, the complementation of luciferase
activity was observed by expressing NEP harboring NR and CR
(NR-NEP-CR) (Figure 4A). Co-transfection of NR-NEP and NEP-
CR did not show the complemented luciferase activity, suggesting
that the close association of N- and C-termini of NEP is mediated
by the intramolecular interaction rather than the intermolecular
interaction. We also found that the level of luciferase
complementation in the lysates expressing the NES-mutated NEP
with NR and CR (NR-deINES-CR) was reduced to about 10% of
that of WT NEP (Figure 4A).

The hydrophobic surface of the amphiphilic hairpin structure in
the M1-binding domain is thought to be exposed to solvent (13).
Thus, it is possible that the hydrophobic NES motif in the N-
terminal domain associates intramolecularly with the M1-binding
domain through the hydrophobic interaction (Figure 4B). To
address this possibility, we examined the split Renilla luciferase
complementation assays with NEP proteins mutated at the
hydrophobic residues (176, 180, V83, L106, V109, and I113)

10.3389/fviro.2023.1232906

aligned to the exposed surface of the antiparallel amphiphilic
hairpin structure (Figure 4C). I76T/I80T and I80T/L106T
partially impaired the complemented luciferase activity, while
180T/V83T did not. Furthermore, I76T/L106T and V109T/1113T,
reduced the intramolecular interaction to less than 20% of WT
NEP. Notably, the expression levels of mutated NEP proteins were
unchanged compared to WT NEP (Figure 4D). To elucidate the
biological significance of the intramolecular interaction of NEP, we
next examined the intracellular localization of NEP harboring 176T/
L106T mutations. HeLa cells were transfected with pPol-I-M and
either WT or 176T/L106T-mutated pPol-I-NS, and expression
plasmids for PB1, PB2, PA, and NP (Figure 5). WT NEP was
diftusively localized in the nucleus and the cytoplasm (Figure 5A,
upper panels and Figure 5B). Since M1 was also localized in the
nucleus, but it was predominantly observed in the cytoplasm
(Figure 5A). In contrast, the I76T/L106T mutant was localized to
the cell periphery with M1 (Figure 5A, middle panels and
Figure 5B), and M1 was not observed in the nucleus. Although a
milder phenotype than I76T/L106T, similar results were obtained
for V109T/I113T mutant (Figure 5A, lower panels and Figure 5B).
We also examined the close proximity of M1 with either 176T/
L106T or V109T/I113T mutant by in situ PLA (Figures 5C, D).
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FIGURE 4

Intramolecular interaction of NEP mediated by the NES motif and M1-binding domain. HelLa cells were transfected with indicated plasmids
expressing N-terminal (NR; 1-229 a.a.) and C-terminal (CR; 230-311 a.a.) fragments of Renilla luciferase fused to NEP WT (A), deINES mutant (A), or
point mutants in the M1-binding domain (C), respectively. At 24 h post-transfection, the lysates were subjected to the luciferase assay. Results are
means + SDs obtained from three independent experiments. *P < 0.05, **P < 0.01, ns, not significant; one-way ANOVA with Tukey's test against WT.
(B) shows a ribbon diagram of the M1-binding domain (PDB 1PD3). The cell lysates were also analyzed by SDS-PAGE followed by western blotting

assays with anti-FLAG and anti-B-actin antibodies (D).
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subjected to indirect immunofluorescence assays with anti-NEP (red) and anti-M1 (green) antibodies (A). The ratio of cells in which NEP was
observed in the nucleus, cytoplasm and both are analyzed using IMARIS software (n = 25 cells/group), respectively (B). The transfected cells were
subjected to in situ PLA with anti-NEP and anti-M1 antibodies (red) (C). The number of PLA signals in each cell was counted using IMARIS software
(D). Nuclei were stained with DAPI (blue). Scale bar, 10 um. Results are means + SDs obtained from three independent experiments. ns, not

significant, ***P < 0.001; one-way ANOVA with Tukey's test against WT.

Although the number of PLA signals between M1 and NEP mutants
defective in the intramolecular interaction tended to be reduced
compared to NEP WT, a significant amount of NEP mutants was
still associated with M1 (Figure 5D).

4 Discussion

NEP functions as an export adaptor protein by interacting with
VRNP through M1 (28). It is proposed that NEP binds to the NLS
motif of M1, thereby inhibiting re-import of M1 to ensure the
unidirectional transport of vVRNP from the nucleus to the cytoplasm
(29). Because of its low molecular weight, NEP is diffusively
observed in the nucleus and cytoplasm, but for efficient export of
vRNP, the interaction of NEP with M1 needs to be restricted to the
nucleus. Here, we found that NEP forms the intramolecular
interaction between its globular N-terminal domain and C-
terminal amphiphilic hairpin domain in an NES motif-dependent
manner (Figure 4). It is also observed that the point mutations of
176T/L106T or V109T/1113T in the C-terminal domain disrupted
the intramolecular interaction of NEP (Figure 4), and the
expression of mutants defective in the intramolecular interaction
resulted in the co-localization of NEP with M1 at the plasma
membrane, without nuclear localization of M1 and NEP
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(Figure 5). Thus, by lacking intramolecular interaction, NEP may
interact with M1 in the cytoplasm and inhibit the NLS-dependent
nuclear accumulation of M1 (Figure 6). Based on these findings, it is
possible that the intramolecular interaction of NEP is required to
repress the interaction of NEP with M1 in the cytoplasm, and that
CRML1 releases this inhibition by recognizing the NES motif of NEP,
enabling NEP to interact with M1 only in the nucleus to ensure the
unidirectional transport of M1-vRNP complex (Figure 6). However,
CRM1 regulates the nuclear export of a large number of cellular
proteins. Although there are no reports on inhibitory factors of the
NEP-MI interaction, a major limitation of this study is that an
unknown CRM1 cargo, which accumulates in the nucleus upon
LMB treatment, may interfere with the formation of NEP-M1-
VRNP complex. Notably, mutant viruses with either I76T/L106T or
V109T/I113T could not be recovered using the reverse genetics
system. These amino acid residues are highly conserved among
seasonal and avian influenza A viruses and conserve the
hydrophobic character compared to influenza B virus
(Supplementary Figure 2). It is likely that the spatiotemporal
regulation of NEP for vRNP export, regulated by the
intramolecular interaction of NEP, is critical in virus production
among influenza viruses. The C-terminal MI-binding domain
consists of helices C1 (amino acids 64-85) and C2 (amino acids
94-115) that assemble an antiparallel hairpin structure mainly
composed of hydrophobic residues over the entire length (13).
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A proposed model. The intramolecular interaction of NEP inhibits the interaction with M1, and CRM1 releases this inhibition by recognizing the NES
motif of NEP, enabling NEP to interact with M1 in the nucleus to ensure the unidirectional transport of M1.

The antiparallel hairpin structure is further stabilized by polar
residues such as the hydrogen bonding between R84 and Q96,
and the salt bridges between R55, E74, and E110 (13). The surface of
helical hairpin is amphiphilic, and the hydrophilic face is proposed
to interact with the NLS domain of M1. In this study, we found that
the amino acid residues (I76, L106, V109, and I113) in the
hydrophobic face of helices C1/C2 were responsible for the
intramolecular interaction with the N-terminal NES motif of NEP
(Figure 4). We also observed that leptomycin B inhibits the
interaction between NEP and M1 (Figure 2B), suggesting that the
interaction of CRM1 with the N-terminal NES domain of NEP is
crucial for the efficient binding of NEP with M1. Further, the
deINES mutant increased the PLA signal between NEP and M1
(Figure 3), indicating that the NES domain intrinsically inhibits the
interaction between NEP and M1. Thus, it is possible that NEP
interacts with M1 by releasing the C-terminal helical hairpin from
the N-terminal NES domain through a competitive interaction with
CRMLI. It is reported that W78 residue in the hydrophilic face
protrudes from helices C1/C2, which has been proposed to be
responsible for the interaction with M1 (13). It remains unclear how
the intramolecular interaction between the N-terminal NES motif
and the hydrophobic face of helical hairpin changes the structure of
the hydrophilic face. Further structural analysis is required to reveal
the mechanistic insight of NEP-M1 complex formation.
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