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ABSTRACT The influenza C virus (ICV) is a human-pathogenic agent, and the infec-
tions are frequently identified in children. Compared to influenza A and B viruses,
the nucleoprotein of ICV (NPC) has an extended C-terminal region of which the
functional significance is ill defined. We observed that the nuclear localization sig-
nals (NLSs) found on the nucleoproteins of influenza A and B virus subtypes are ab-
sent at corresponding positions on ICV. Instead, we found that a long bipartite nu-
clear localization signal resides at the extended C-terminal region, spanning from
R513 to K549. Our experimental data determined that the KKMK motif within this re-
gion plays important roles in both nuclear import and polymerase activity. Similar to
the influenza A viruses, NPC also binds to multiple human importin � isoforms.
Taken together, our results enhance the understanding of the virus-host interaction
of the influenza C virus.

IMPORTANCE As a member of the Orthomyxoviridae family, the polymerase com-
plex of the influenza C virus structurally resembles its influenza A and influenza B vi-
rus counterparts, but the nucleoprotein differs by possessing an extra C-terminal re-
gion. We have characterized this region in view of nuclear import and interaction
with the importin � protein family. Our results demonstrate the functional signifi-
cance of a previously uncharacterized region on Orthomyxoviridae nucleoprotein
(NP). Based on this work, we propose that importin � binding to influenza C virus
NP is regulated by a long bipartite nuclear localization signal. Since the sequence of
influenza D virus NP shares high homology to that of the influenza C virus, this work
will also shed light on how influenza D virus NP functions.

KEYWORDS importin alpha, influenza, nuclear localization signal, NLS,
nucleoprotein, NP

Influenza A, B, C, and D viruses (IAV, IBV, ICV, and IDV, respectively) belong to the
Orthomyxoviridae family and contain segmented negative-sense RNA genomes. IAV

and IBV mainly cause infection at the respiratory tract in humans and sometimes lead
to a fatal outcome. Human infections of zoonotic IAV have also been continuously
recorded, including the avian H5N1, H7N9, and swine-origin pandemic H1N1 viruses (1).
Similar to IBV, ICV also mainly infects humans, but it may occasionally transmit to canine
and swine (2). Although ICV causes only mild upper respiratory symptoms in adults, it
was found that the virus can cause lower respiratory tract infection and prolong the
duration of hospitalization in pediatric cases (3, 4).

Both IAV and IBV contain eight segments, and each of their RNA genomes is
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wrapped around a protein core which is composed of the trimeric polymerase complex
PA/P3, PB1, PB2, and multiple copies of nucleoprotein (NP), forming a viral ribonucle-
oprotein complex (vRNP). It was suggested that seven vRNPs are coordinated around
the remaining one forming a “7 plus 1” pattern within the virion (5). Recent results
demonstrated that the genomes of ICV and IDV also adopt this pattern, although they
only encompass seven gene segments (6).

NP is the most abundant component in a ribonucleoprotein complex. It performs
multiple structural and functional roles, including encapsidation of viral RNA (vRNA),
stabilization of replication intermediates by forming complementary ribonucleoprotein
(cRNP) (7), maintenance of vRNP structure by homo-oligomerization (reviewed in
references 8 and 9), and interactions with various host factors. At the early stage of
infection, NPs are imported into the nucleus as a component of vRNP. The newly
synthesized progeny NPs in the cytoplasm are then imported into the nucleus to
support transcription and replication and take part in the assembly of cRNP and vRNP
(10–12). In IAV, the nuclear import event of NP alone or vRNP were both found to
exploit the importin �/� pathway (13–15). NPA contains at least two nuclear localiza-
tion signals (NLSs), located at residues M1 to M13 and K198 to R216 (12, 16, 17). The
crystal structure of NLS1 complexed with mouse importin �1 demonstrated extensive
interaction at the minor groove but not the major groove (18). Recently, Wu et al.
proposed that NLS1 and NLS2 may bind importin � synergistically (19). The interaction
between nucleoprotein and importin � is crucial for other functions, such as modula-
tion of RNP activity and contribution to host tropism (20, 21).

The structures of both NPA and NPB have been solved by protein crystallography
(22–24). The structures resemble each other, and their secondary structure elements
generally align well. Interestingly, NPB is 72 residues more extended at its N terminus
than NPA. An NLS has been mapped from K44 to R47 that resembles a conventional
monopartite NLS (25, 26).

Our understanding of the influenza C virus is far less than of the IAV/IBV. Nonethe-
less, it has been shown that there is actually a high seroprevalence against ICV in the
human population, suggesting that the impact of this virus is largely underestimated
(27). Moreover, the virus-host interaction of the influenza C virus is poorly characterized.
By sequence alignment, we found that NPC has an extended C terminus compared to
those of NPA and NPB. In this study, we specifically characterized the nuclear localiza-
tion signal identified in this region and further examined the functional importance of
this extended domain.

RESULTS
Sequence alignment of influenza virus NPs reveals distinctive structural fea-

tures of NPC. The NPs of IAV, IBV, and ICV (NPA, NPB, and NPC) have 498, 560, and 565
amino acid residues, respectively. The NP sequences of A/HK/156/97 (H5N1), B/Lee/
1940, C/AnnArbor/1/50, and a provisional IDV D/bovine/Kansas/1-35/2010 were aligned
with ClustalO (Fig. 1). The N terminus of NPC appears relatively shorter than NPA and
NPB, but it contains an extended C-terminal domain (CTD) (54 and 51 amino acids
longer than NPA and NPB, respectively). The nuclear localization signals on NPA or NPB
could not be identified at the corresponding positions on NPC (Fig. 1).

The extended C terminus of NPC is responsible for nuclear localization. The
NPC sequence was analyzed by two online servers, NLStradamus (28) and cNLSMapper
(29), for the prediction of putative nuclear localization signals on proteins. Two over-
lapping sequences at the C-terminal domain were reported. The former server reported
a sequence of 12 amino acids in length, whereas the latter server reported a bipartite
sequence with a long linker.

We first tested if the extended C terminus in NPC actually contributes to nuclear
localization. Subcellular localizations of wild-type NPC and its C-terminal truncations
(Fig. 2A) were compared by fusing them to an N-terminal green fluorescent protein
(GFP) tag. At both 8 h and 24 h posttransfection (p.t.), wild-type NPC was predominantly
nuclear. In contrast, NPC-Δ60, NPC-Δ51, and NPC-Δ39 were mainly cytoplasmic. Hence,
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FIG 1 Alignment of NPB, NPC, and NPD sequences with reference to NPA shows that nuclear localization signals on NPA and NPB (as indicated
by boxes) are absent at the corresponding positions on NPC. Sequences were aligned using ClustalO (50) and visualized by Esprit 3.0 (51). Two
partially overlapping sequences on NPC were predicted as potential NLS sequences by NLStradamus and cNLSMapper servers, which are indicated
by red and purple lines, respectively. Point mutations or deletions were then made on these two sequences, and the subcellular localization of
variants was investigated.
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FIG 2 (A) Construction of different NPC truncations in the pEGFP-C1 vector. Numbers represent corresponding amino acid residues on the protein.
Constructs are not drawn to scale. (B and C) Constructs in panel A were transfected into 293T cells preseeded on glass slides. At the indicated time points,
cells were harvested and fixed for visualization of the GFP signal using a Nikon E80i microscope. A deletion of 12 amino acids from the C terminus of NPC
did not affect localization, but deletions of 39, 51, and 60 amino acids impaired nuclear targeting. (C) C-terminal domain (CTD) alone was also able to cause
nuclear import. Nuclei were stained with DAPI. Subcellular localization was classified as N (exclusively nuclear), N�C (distributed), or C��N (mainly
cytoplasmic). Percentage values reported represent average percentages of nuclear signal for 20 cells counted.
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deletion of the extended C terminus rendered NPC cytoplasmic. The localization
pattern of the NPC-Δ12 mutant largely resembled that of the wild type. A major NLS
likely lies within residues 527 to 553.

In order to confirm that the CTD of NPC actually contains an NLS but does not
function by other mechanisms such as masking nuclear export signals, two fusion
proteins were generated and their localization patterns were compared. The last 60
amino acids of NPC were fused to the C terminus of GFP and at the N terminus of IAV
hemagglutinin (GFP-CTD-HA). This construct was compared against a GFP-HA fusion.
Hemagglutinin is a virion spike protein and was not found to enter the host nucleus.
Indeed, our GFP-HA showed an almost exclusively cytoplasmic pattern at both 8 h and
24 h p.t. (Fig. 2C). GFP-CTD-HA had a mainly nuclear localization at both time points,
indicating that CTD alone is sufficient to cause nuclear import.

Influenza C virus NP binds multiple importin � isoforms. Conventional nuclear
import events rely on host importin �/� machinery. The dependence of importin �/�
of NPA for nuclear import has been well documented (16, 30, 31). We first tested if this
is also true for NPC by investigating the effect of ivermectin on nuclear localization of
GFP-NPC. Ivermectin has been shown to inhibit importin �/�-dependent but not
importin �1-dependent nuclear import events (32). Nuclear import of NPC was im-
paired upon treatment with 10 �M ivermectin 2 to 4 h before cell harvest (Fig. 3A). The
binding of NPC with host importins �1, �3, �4, �5, and �7 was then tested by
co-immunoprecipitation. Importins �6 and �8 were omitted in our experiment, since
these isoforms were found to be testis specific or oocyte and embryo specific, respec-
tively (33, 34), and ought not to be the natural targets of NP. Flag-tagged importins �1,
�3, �4, �5, and �7 were all able to co-immunoprecipitate a myc-tagged NPC, demon-
strating binding of NPC to multiple importin � isoforms (Fig. 3B). We further tested the
binding of NPC with endogenous importins �1, �3, and �7 using a copurification
approach. Importin �1 is the housekeeping nuclear import adaptor, while importins �3
and �7 were found to be implicated in the pathogenicity of IAV. Maltose-binding
protein (MBP)-tagged NPC immobilized on amylose resin was able to copurify importins
�1, �3, and �7, further confirming the biological relevance of the interaction (Fig. 3C).

The major NLS is a KKMK motif residing on the CTD. The binding of importin �

isoforms to their cargo molecules have been characterized to be via traditional mono-
partite or bipartite nuclear localization signals. Inspection of the CTD sequence revealed
two motifs, namely, 515-KRPKK-519 and 546-KKMK-549, both of which highly resemble
a classical monopartite NLS. Two fusion proteins were generated, namely, GFP-CTDN30-
HA, which encompassed the N-terminal 30 amino acids of the CTD (i.e., residues 506 to
535 of NPC) between a GFP tag and an IAV hemagglutinin protein, and GFP-CTDC30-
HA, which encompassed the C-terminal 30 amino acids of the CTD (i.e., residues 536 to
565 of NPC) between GFP and IAV HA. The GFP-CTDN30-HA construct showed exclu-
sively cytoplasmic localization at 8 h and 24 h p.t. despite a weak signal that leaked into
the nucleus at 24 h. Meanwhile, GFP-CTDC30-HA exhibited an intermediate behavior
among GFP-HA and GFP-CTD-HA. At 8 h p.t., GFP-CTDC30-HA was mainly cytoplasmic.
At 24 h p.t., the majority of the GFP signal observed was nuclear, despite some cells
showed a diffused pattern (Fig. 4). Hence, although the kinetics of nuclear import were
hampered, residues 536 to 565 were sufficient for nuclear targeting.

In order to define the residues essential for nuclear import, each and all of the lysine
residues in the KKMK motif were then mutated to alanine, and the effect on NPC
localization was investigated. Single K-to-A mutations were sufficient to impair nuclear
import, with K546 and K547 playing more important roles, accounting for the obser-
vation that K546A and K547A each could render NPC cytoplasmic while K549A only led
to a diffused NPC distribution. A triple mutant (NPC-3A) 546-AAMA-549 rendered NPC
cytoplasmic at both 8 h and 24 h p.t., supporting that this motif is essential for nuclear
import of NPC (Fig. 5).

Positive residues R513, K515, R516, K518, K519, K523, and R524 were also system-
atically mutated to alanines. All of these resides were on a putative nuclear localization
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FIG 3 (A) GFP-NPC-transfected cells were treated with ivermectin before cell harvest. A Student’s t test showed a P value
of �0.005, indicating significant difference between treated and DMSO groups. Hence, ivermectin enhanced cytoplasmic
accumulation of NPC compared to that of the DMSO control, demonstrating the dependence of NPC nuclear import on
the importin �/� pathway. (B) NPC interacts with importins �1, �3, �4, �5, and �7. Co-immunoprecipitation experiments
were performed using Flag-tagged importin isoforms to precipitate myc-tagged NPC. IP, immunoprecipitation with
anti-Flag (Sigma F3165 for �1, �4, �5, and �7; Proteintech 20543-1-AP for �3); -ve, negative control without anti-Flag; WCL,
whole-cell lysate. Experiments were performed at least in duplicates, with representative data shown. Each panel

(Continued on next page)
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signal (pNLS) predicted by NLStradamus. The effect on subcellular localization was
revisited on a fluorescence microscope. However, none of these mutations was suffi-
cient to affect the localization of NPC at 8 or 24 h p.t., but a deletion from R513 to R524
(GFP-NPC-pNLS) rendered nuclear localization largely hampered and gave an N�C
localization pattern. The effect of pNLS deletion on subcellular localization was less
substantial than AAMA mutation. The multiple mutant GFP-NPC-pNLS-3A, wherein
pNLS was deleted and all three lysines in the KKMK motif were mutated to alanines,
resembled NPC-3A (Fig. 5).

Mutations of the KKMK motif abolish importin binding. To quantify the effect of
AAMA mutations on the major NLS motif, we carried out microscale thermophoresis
(MST) experiments to determine the binding affinity of NPC CTD and the AAMA mutant
toward human importin �1, which is the housekeeping nuclear import adaptor uni-
versally expressed in all cell types. To this end, we expressed and purified maltose-
binding protein (MBP) tagged MBP-CTD and MBP-CTD3A. We determined that the Kd

(dissociation constant) for CTD toward an autoinhibitory domain-truncated human
importin �1 was 48.6 nM. The MBP-CTD3A mutant registered an approximately 10-fold
decrease in binding, with a Kd of 533 nM (Fig. 6). This difference supported that the
KKMK motif is crucial for importin binding.

FIG 3 Legend (Continued)
represents a separate experiment; hence, it is not appropriate to compare relative binding efficiency across each isoform.
(C) HEK293T lysate was allowed to incubate with MBP-tagged NPC which was immobilized on amylose resin. Maltose
elution was analyzed by SDS-PAGE and Western blotting. Endogenous importins �1, �3, and �7 were coeluted with
MBP-NPC. E. coli lysate without MBP-NPC was used as a negative control. E, elute; -ve, negative control.

FIG 4 (A) Two GFP-HA-fusion proteins were constructed wherein GFP-CTDN-HA encompasses the N-terminal
portion of CTD and GFP-CTDC-HA encompasses the last 30 amino acids of this domain. (B) These constructs were
transfected into HEK293T cells and checked for nuclear localization at two time points posttransfection. CTDC
retained the ability to drive nuclear import of GFP-HA, showing nuclear signal almost close to an entire CTD at 24 h
p.t. CTDN showed little nuclear signal at both 8 and 24 h p.t. Nuclei were stained with DAPI. Subcellular localization
was classified and quantified as described in the legend for Fig. 2.
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FIG 5 (A) A series of point and multiple mutants was constructed to test for the importance and relative contribution of positively charged
residues on pNLS and KKMK motif. (B) K546A and K547A both abolished nuclear accumulation of NPC. K549 was also essential for nuclear import
but to a lesser contribution than K546 and K547. All other point mutants showed minimal effects. Deletion of pNLS was also deficient in nuclear
import. NPC-3A harboring 546-AAMA-549 and NPC-pNLS-3A both lost their ability to enter the nucleus. Nuclei were stained with DAPI. Subcellular
localization was classified and quantified as described above.
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Influenza C virus RNP function was impaired with mutations of the KKMK motif
or deletion of pNLS. We modified a luciferase reporter system, which has been well
established for IAV and IBV (25, 35), to test the effect of our NLS triple mutant on RNP
activity in ICV. The firefly luciferase gene was cloned in negative sense in a pUC18
backbone (see Materials and Methods) which enabled the transcription into a positive
sense firefly luciferase flanked by the ICV promoter sequences in cRNA sense. Luciferase
protein was expressed by the viral RNP artificially reconstituted in vivo, hence enabling
assessment of activity of the RNP. We employed this luciferase system to test the effect
of triple mutations of the KKMK motif on viral RNP activity. Compared to wild-type NPC,
the triple 546-AAMA-549 mutant suppressed RNP activity to only around one-fourth

FIG 6 By microscale thermophoresis, the dissociation constants (Kd) of MBP-CTD and MBP-CTD3A
with human importin �1 were determined. Autoinhibitory domain-truncated importin �1 was linked
to an N-terminal GFP to provide fluorescence signal for MST detection. GFP-importin �1 was titrated
against a serial dilution of MBP-CTD or MBP-CTD3A. Experiments were performed at 25°C with 22%
LED and 20% MST powers. MST signal at MST-on-time of 1.5 s was analyzed. Kd was calculated with
MO.Affinity V2.3 software, and curves were fitted in Origin (MicroCal) using data from three
independent measurements. Kd is represented as mean � standard deviation.
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compared to that of wild-type NPC, while deletion of pNLS almost suppressed RNP
activity to the basal level. Multiple mutant pNLS-3A resembled pNLS in the luciferase
reporter assay and gave only basal RNP activity (Fig. 7B). By immunofluorescence, we
confirmed that the presence of reconstituted RNP promoted the nuclear import of
NPC-3A, NPC-pNLS, and NPC-pNLS3A mutants (Fig. 7C).

FIG 7 RNP activity of influenza C viruses. (A) Each of the four constructs was cotransfected into HEK293T cells with plasmids
expressing the RNP components and a pEGFP-C1 plasmid to control for DNA uptake. Cells were harvested. (B) NPC-3A, NPC-pNLS,
and NPC-pNLS-3A mutants all demonstrated diminished polymerase activity as shown by luciferase reporter assay. Normalized
results are shown as mean polymerase activity relative to that of the wild type wherein the activity for wild-type NPC was manually
set as 100%. *, P � 0.001 by one-way ANOVA followed by Dunnett’s post hoc test (n � 3). Statistical analysis was performed in
GraphPad Prism. (C) Subcellular localization of NPC in the context of reconstituted RNP was studied by immunofluorescence.
Myc-tagged NPC was transfected with RdRP and luciferase template for generation of RNA with viral promoter. After cell harvest,
myc-tagged NPC was detected by mouse monoclonal antibody and Alexa Fluor 488-conjugated anti-mouse antibody. Nuclei were
stained with DAPI. Subcellular localization was classified and quantified as described in the legend for Fig. 2. To validate the
system, we also tested the localization of myc-NPC, myc-NPC3A, myc-NPCpNLS, and myc-NPCpNLS3A with immunofluorescence,
all of which show localizations resembling those by direct fluorescence shown in Fig. 5.
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DISCUSSION

In this study, we identified important residues at the extended C-terminal domain of
NPC which mediates nuclear import.

Similar to NPA, NPC was also found to bind multiple importin � isoforms, including
members from all three karyopherin alpha subfamilies. Previously, Hudjetz and Gabriel
(36) showed that NPA binds importins �1, �3, �4, �5, and �7, with higher affinity to �1,
�5, and �7. N319K mutation of NPA was found to increase NP binding to importin �1
and was proposed to be responsible for host range adaption (21). Our results suggested
that NPs of influenza viruses may commonly utilize multiple importin � isoforms for
their transport from the cytoplasm into the nucleus.

Arranz et al. (37) and Moeller et al. (38) individually modeled NPA onto their RNP
structure resolved by cryo-electron microscopy (cryo-EM). Although differences were
seen comparing the two models, both of them showed that only NLS1 but not NLS2 on
NPA was surface exposed. Moreover, the extreme C terminus is also surface exposed.
Despite the presence of nuclear localization signals on the polymerase, nuclear import
of the vRNP of IAV was found to rely mainly on NLS1 of NP (39). Assuming NPA and NPC
adopt a similar orientation when in the form of a vRNP, the CTD of NPC should also be
exposed. It is highly probable that the CTD of NPC is responsible for RNP import upon
infection of influenza C virus.

The presence of an extended CTD, albeit not found in NPA and NPB, is also observed
in the NP of influenza D virus and infectious salmon anemia virus under the Isavirus
genus of the Orthomyxoviridae family (40). IDV is a veterinary virus identified in recent
years which was found to infect mainly bovine and sometimes swine (41). The genome
structure of IDV resembles that of ICV, containing only seven segments (41). By
sequence alignment, NPC and NPD share 37.3% protein sequence similarity. The KKMK
motif was not found in the CTD of NPD, which instead contains two stretches of
positive amino acids, 510-RTGAKRR-516 and 531-KKRGR-535, highly resembling a
bipartite NLS. Recently, Donchet et al. (42) reported that the CTD in NPD is
intrinsically disordered. They also proposed that a bipartite NLS exists between
K514 and R535 on NPD.

Our MST experiment determined the Kd of NPC CTD toward importin �1 to be
around 50 nM. This value is roughly in the same range as traditional monopartite and
bipartite NLSs to importin � (43, 44) but is 20-fold stronger than NPA NLS1 (1 to 5 �M)
(18, 19) and the NPB N-terminal domain (0.8 �M) (45). This value is also similar to the
affinity of NPD CTD toward importin �7 determined by Donchet et al. (42). The fact that
MBP-CTD3A also registered a Kd of around 500 nM implicated that the pNLS sequence
alone still affords considerable binding to importin. This supports that the NLS is a long
bipartite sequence.

Our results showed that the KKMK motif itself represents a minimal sequence to
facilitate nuclear import (Fig. 3 and 4). Also, point mutations R513A, K515A, R516A,
K518A, K519A, K523A, or R524A showed minimal effect on NPC subcellular distribution,
but single mutations K546A, K547A, or K549A each can render NPC cytoplasmic to
different extents. We believe that the pNLS sequence affects nuclear accumulation of
NPC, because an N�C pattern was observed for NPC-pNLS at both 8 h and 24 h p.t.,
suggesting that NPC retains, at least in part, its ability of nuclear import even after
deletion of the pNLS sequence. The pNLS sequence plausibly also modulates binding
of NLS to importin � and hence the kinetics of nuclear import. This argument is
supported by recent work by Smith et al. (46) who showed that a hydrophobic residue
at the “P4” position of a monopartite NLS (such as methionine at the KKMK motif) is
generally unfavored, and one of the strategies to remediate such a detrimental effect
is the presence of positive charges upstream of the NLS.

Although the KKMK motif shows greater importance on nuclear localization as
visualized under the fluorescence microscope, mutating KKMK to AAMA still gave
roughly 25% basal polymerase activity (Fig. 5B). We cannot rule out the existence of an
auxiliary NLS outside the C-terminal domain which could possibly explain this residual
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activity. There also exists the possibility that NPC is brought into the nucleus along with
a viral or host factor it binds to. In fact, in our immunofluorescence experiment, we
showed that the presence of reconstituted RNP partially restored the nuclear import
and/or accumulation of NPC NLS mutants. Although NPC-pNLS and NPC-pNLS3A exist
to some extent in the nucleus in the context of a reconstituted RNP, these mutants
could not support RNP activity. This strongly hints that pNLS sequence is functionally
important in viral replication and/or transcription, possibly as in the case of NPA NLS2,
which serves also as a nucleolar localization signal (47).

MATERIALS AND METHODS
Biological materials. HEK293T cells (ATCC) were cultured in Dulbecco’s modified Eagle medium

(Gibco) supplemented with 10% fetal bovine serum (Invitrogen). The NP sequence used for fluorescence
microscopy is based on a clinical influenza C virus strain isolated in Hong Kong (Prince Wales Hospital,
Shatin, HK). NPC was subcloned into pEGFP-C1 (Clontech) for fluorescence microscopy experiments. DNA
Sanger sequencing was performed at BGI Genomics (Shenzhen, China), and the amino acid sequence was
deduced thereby as shown in Table S1 in the supplemental material. For co-immunoprecipitation and
luciferase reporter assays, NP based on C/AnnArbor/1/50 was subcloned into relevant vectors as
described. Importins �1, �3, �4, �5, and �7 were purchased from Harvard Plasmid Bank and subcloned
into pCMV-Tag2B (Agilent) for co-immunoprecipitation experiments. Transfection was carried out either
by using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol or by the polyeth-
yleneimine (PEI) method at a DNA/PEI ratio of 1:2.

Direct fluorescence and immunofluorescence microscopy. For direct fluorescence, HEK293T cells
were seeded on glass slides and transfected with the indicated constructs for 8 h or 24 h using the
Lipofectamine 2000 method. For ivermectin (Sigma) treatment, 10 �M ivermectin or an equivalent
volume of dimethyl sulfoxide (DMSO) was added to cells 2 to 4 h before harvest. Cells were fixed using
4% paraformaldehyde at room temperature for 5 min and partially lysed by 0.1% Triton X-100 for 5 min.
For immunofluorescence, NPC constructs were transfected into preseeded HEK293T cells together with
the plasmids encoding the ICV RdRP and an artificial luciferase template, as in the reporter assay setup
described below. After 24 h, cells were fixed with 4% paraformaldehyde at room temperature for 5 min,
partially lysed by 0.1% Triton X-100 for 5 min, and probed with a mouse monoclonal anti-myc (Cell
Signaling) and then an Alexa Fluor 488-coupled anti-mouse secondary antibody (Thermo Fisher Scien-
tific).

In both experiments, nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 2 min. Cells
were mounted with Dako mounting medium. Fluorescence was visualized by a Nikon E80i fluorescence
microscope equipped with respective filters and digital camera at �40 magnification. Images were
selected with contrast and brightness appropriately adjusted to facilitate data presentation using ImageJ
software (48). Localization of NPC or mutants was classified into N (exclusively nuclear), N�C (distrib-
uted), or C��N (mainly cytoplasmic). Quantification of the fluorescence signal was performed in ImageJ
by counting 20 cells for each construct and calculating with the formula shown below. Cells showing
more than 90% nuclear signals were denoted as �90% nuclear to account for ambiguity in defining
cytosolic boundary in such cases.

% � nuclear � ��mean valuenuclear – background� ⁄ ��mean valuenuclear – background�
� �mean valuecytoplasmic – background��� * 100%

For quantifying the effect of ivermectin, a two-tailed unpaired Student’s t test was used.
Co-immunoprecipitation and copurification. Myc-His-tagged NPC was cotransfected with flag-

tagged importin �1, �3, �4, �5, or �7 into HEK293T cells using the PEI method. Cells were harvested 36
to 48 h posttransfection using an IP lysis buffer (50 mM Tris [pH 6.5 to 7.0], 500 mM NaCl, 2 mM EDTA,
0.3% Triton X-100). Protein A-coupled agarose beads (Sigma) were preincubated with anti-flag antibody.
For importins �1, �4, �5, and �7, a mouse monoclonal anti-flag from Sigma (F-3165) was used. For
importin �3, a rabbit polyclonal anti-flag from Proteintech (20543-1-AP) was used. Antibody-bound
beads were subsequently added to lysates to perform immunoprecipitation at room temperature for 1 h.
Beads were washed at least 3 times by lysis buffer before SDS-PAGE loading buffer was added. NPC and
importins �1, �3, �4, �5, and �7 were immunoblotted by mouse monoclonal anti-myc (2276; Cell
Signaling) and anti-flag (F-3165; Sigma), respectively. All co-immunoprecipitation experiments were
performed at least twice. Full-sized membrane images for co-immunoprecipitation are available upon
request.

For copurification experiments, MBP-tagged NPC was expressed in BL21(pLysS) Escherichia coli cells.
Lysate with MBP-NPC was incubated with amylose resin (New England Biolabs) for 2 h to overnight. After
extensive washing with phosphate-buffered saline (PBS), HEK293T lysate was loaded to the resin and was
incubated for a further 1 h. Resins were washed with PBS and proteins were eluted with 100 mM maltose.
Coeluted proteins were analyzed by SDS-PAGE and Western blotting. To control for nonspecific binding,
nontransformed BL21(pLysS) E. coli cell lysate was used as a negative control. Antibodies used for
detection were anti-MBP (66003, mouse monoclonal; Proteintech), anti-importin �1 (SC55538, mouse
monoclonal; Santa Cruz), anti-importin �3 (PA5-21749, rabbit polyclonal; Invitrogen), and anti-importin
�7 (SC390055, mouse monoclonal; Santa Cruz).

Luciferase reporter assay. P3, PB1, PB2, and NP genes of C/Ann Arbor/1/50 were synthesized
(Genscript, Nanjing, China) and subcloned into pcDNA3 and pcDNA3.1mycHisA (Thermo Fisher) vectors
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to give pCDNA3-CP3, pCDNA3-CPB1, pCDNA3-CPB2 and pcDNA3.1mycHisA-CNP, respectively. A reporter
plasmid (pPolI-Luci-CP3-RT) was constructed based on the modified pUC18 backbone encoding a human
RNA polymerase I promoter and a hepatitis delta virus ribozyme. (The backbone is a kind gift from Peter
Palese, Mount Sinai School of Medicine; see reference 49.) The negative-sense sequence of the firefly
luciferase gene was cloned into the cassette flanked by the noncoding sequences of the P3 gene
(segment 3). Transfection of each of the plasmids together with a control pEGFP-C1 empty plasmid into
293T cells preseeded on a 24-well plate was achieved by the PEI method. Cells were harvested in luci-lysis
buffer (50 mM Tris [pH 7.8], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM dithiothreitol [DTT], 1 mM
EDTA) at 48 to 52 h posttransfection, briefly sonicated, and centrifuged. Lysate was separated into two
portions. One portion was directly subject to a ClarioStar spectrophotometer for measuring the GFP
signal. The other portion was added to firefly luciferase substrate (purchased from Promega), and
luciferase signals were then measured also on a ClarioStar spectrophotometer. All chemiluminescence
signals were normalized to the GFP signal and, in cases of mutants, normalized with NP expression level.
For each mutant, the normalized result was expressed as mean relative polymerase activity to wild-type
level (� standard deviation [SD], n � 3, wild-type level set manually to 100%). Statistical comparison was
by one-way analysis of variance (ANOVA) and Dunnett’s post hoc test in GraphPad Prism.

Protein expression and purification. N-terminal autoinhibitory domain-truncated human importin
�1 was cloned into a pET28a (Novagen) vector. For purification of GFP-tagged protein, enhanced GFP
(EGFP) was then inserted between an N-terminal 6�His tag and importin �1 using BamHI and XhoI
restriction sites. The C-terminal domain and its mutant harboring the AAMA mutation were cloned into
an in-house pRHisMBP vector, which was a kind gift from K. B. Wong (The Chinese University of Hong
Kong), to obtain MBP-CTD and MBP-CTD3A, respectively. All proteins were expressed in a BL21(pLysS) E.
coli strain in LB medium supplemented with appropriate antibiotics. Protein expression was induced by
0.4 mM IPTG (isopropyl-�-D-thiogalactopyranoside) at an optical density (OD) of 0.6 to 0.8 at 16°C. Cells
were collected after 12 to 16 h by centrifugation.

Cells expressing GFP-importin �1 were lysed in lysis buffer A (PBS [pH 7], 15% glycerol, and 20 mM
imidazole and supplemented with phenylmethylsulfonyl fluoride [PMSF]) by sonication. GFP-importin �1
was then purified on a nickel affinity column according to a standard protocol. Cells expressing MBP-CTD
and MBP-CTD3A were lysed in lysis buffer B (PBS pH 7, 5% glycerol, PMSF), and proteins were purified
by amylose-affinity columns (New England Biolabs). For use in the MST experiments, all protein samples
were buffer exchanged to 20 mM sodium phosphate (pH 7), 50 mM NaCl, and 5% glycerol. MBP-CTD and
MBP-CTD3A were concentrated to 0.08 mM and 0.027 mM, respectively.

Microscale thermophoresis. Tween 20 was added to all protein samples to a final concentration of
0.1% (vol/vol) before the MST experiments. MST experiments were performed on a Monolith NT.115
machine (Nanotemper, Munich, Germany). Five microliters of GFP-importin �1 (target protein) was
titrated against a serial dilution of ligand proteins (MBP-CTD or MBP-CTD3A) to make up 16 MST samples
at a total volume of 10 �l. MST samples were loaded onto standard-treated capillaries. Measurements
were made at 25°C with 22% light-emitting diode (LED) power and 20% MST power. Data analysis was
performed on Nanotemper’s MO.Affinity V2.3 software. Thermophoresis was analyzed at an MST-on-time
of 1.5 s using the Kd model assuming 1:1 binding. For better data presentation, dose-response curves
were fitted by Origin software (MicroCal) using data from three independent measurements. Kd was
represented as mean � standard deviation.
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