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The influenza A genome consists of eight single-stranded RNA molecules,
each associated with an oligomeric core of the structural protein, nucleo-
protein, to form a distinct viral ribonucleoprotein (vRNP) complex. vRNPs
are the entities responsible for the transcription and replication of the
influenza viral RNAs in the nuclei of host cells. Thus, nuclear targeting and
localization of the vRNPs are a critical step in the infection and life cycle of
influenza A. We have recently shown that the nuclear import of vRNPs
derived from influenza Avirions is independently mediated by two nuclear
localization sequences (NLSs) on nucleoprotein: NLS1, spanning residues
1–13 at the N terminus, and NLS2, spanning residues 198–216 in the middle
of the protein, with NLS1 being the principal mediator. To better
understand the structural basis for the differences in the ability of NLS1
and that of NLS2 to mediate nuclear import of influenza vRNPs, we
analyzed the levels of surface exposure of these NLSs on vRNPs by both dot
blotting and immunogold labeling of vRNPs in their native state. We found
that NLS1 is much more accessible to its corresponding antibody compared
with NLS2. Electron microscopy of immunogold-labeled vRNPs further
showed that 71% of vRNPs were labeled with one to six gold particles
located throughout the vRNP for NLS1. In contrast, less than 10% of vRNPs
were labeled with an antibody against NLS2, usually with a single gold
particle located at one end of the vRNP. In addition, a regular periodicity of
repeat was observed with gold particles labeling for NLS1, indicative of a
highly regular helical conformation present in the vRNPs. These findings
provide the underlying structural basis for the enhanced ability of NLS1 in
mediating nuclear import of influenza vRNPs and add to our under-
standing of the ultrastructural features of vRNP complexes derived from
influenza A virions.
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The influenza A viral genome consists of eight
single-stranded, negative-sense viral RNA (vRNA)

molecules of varying lengths. Each strand of the
RNA genome is individually stabilized by multiple
copies of nucleoprotein (NP; ∼56 kDa) and
assembled into viral ribonucleoprotein (vRNP)
complexes, with each vRNP also containing a single
copy of a trimeric vRNA polymerase complex
(reviewed in Ref. 1). Within the influenza virus,
these vRNPs are enclosed by a viral envelope and
are organized into a distinct pattern with seven
vRNPs in a circle surrounding one vRNP at the
center,2,3 although such a regular pattern may often
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not exist. The size and shape of the influenza
virions even for a single strain are variable, with
smaller-sized virions having fewer than eight vRNP
molecules.3

The structure of influenza vRNPs has been
studied in some detail using electron microscopy.
Influenza vRNPs consist of long helical rods of
variable size ranging from approximately 30 to
110 nm.4 It is well established that oligomeric NP
forms the helical core of the vRNP around which the
vRNA is wrapped.5 Approximately 24 nt associate
with each NP.4,6 Thus, given that each vRNA is
about 890–2341 nt long (reviewed in Ref. 1), each
influenza vRNP has 37–97 copies of NP. The
structure of the influenza vRNP results from the
ability of NP to oligomerize and to bind to RNA.
Even during the course of influenza infection,
dimers and trimers of NP have been detected,
indicating that those are likely the smallest units
from which vRNPs first assemble.7 Analysis of NP
deletion mutants has identified two regions of NP
that are important for self-association: one at the
middle of the molecule and the second at the
C-terminal third of NP.8 More recently, the crystal
structure of the NP trimer has been solved and
reveals that the NP molecule has a crescent shape
with a tail loop.9 The tail loop consists of amino acid
residues 402–428 on NP and mediates NP oligomer-
ization in such a way that the tail loop of one NP
molecule inserts into the body segment of an
adjacent NP molecule.9 In addition to identifying
the oligomerization site, the crystal structure of
trimeric NP also reveals a possible RNA-binding
groove made up of a large number of surface-
exposed basic residues.9 Analysis of the crystal
structures of the NP from three negative-strand
RNA virus families has also suggested that the
RNA-binding cavity on influenza NP may be
formed by two domains composed of amino acid
residues 58–148 and 222–271.10
Influenza vRNPs are the entities responsible for

the transcription and replication of the viral genome.
These critical cellular processes in the life cycle of
influenza A occur in the nuclei of host cells. Thus,
influenza vRNPsmust enter the nucleus of their host
cells in order to establish a productive infection. The
nuclear transport of vRNPs occurs after the influ-
enza virion containing these incoming vRNPs is
internalized into an endosome. The vRNPs are then
released into the cytoplasm by fusion of the viral
and endosomal membranes, which is triggered by
the acidic environment of the endosome. Once in the
cytoplasm, the vRNPs must use an exposed nuclear
localization sequence (NLS) to help mediate their
nuclear import. NP contains at least two NLSs:
NLS1 (also termed the nonclassical or unconven-
tional NLS, spanning residues 1–13 at the N
terminus) and NLS2 (also termed the classical
bipartite NLS, spanning residues 198–216 in the
middle of the protein) (Fig. 1a).12–15 Demonstration
that both NLS1 and NLS2 can function as NLSs has
been shown through the fusion of these NLSs to
cytoplasmic reporter proteins, which then localize to

the nucleus.14,15 In contrast to these chimeric
proteins, however, the NLSs on intact vRNPs may
be masked by the interaction of NP with other NP
molecules or with the vRNA.
The contribution of NLS1 and NLS2 to the nuclear

import of the influenza genome has recently begun
to become elucidated.12,16,17 Studying nuclear
import of in vitro assembled NP–vRNA complexes
in the absence or presence of competitive peptides
carrying NLS1, Cros et al.16 found that the NLS1
peptide efficiently inhibited the nuclear import of
these complexes. However, using vRNPs isolated
from influenza A virions, we found that both NLS1
and NLS2 contribute to the nuclear import of
vRNPs.12 NLS1 and NLS2 act independently of
each other, as inhibition of only one of the two
NLSs still resulted in significant, though dimin-
ished, nuclear import of vRNPs. Similarly, Ozawa
et al.17 found that mutation of either NLS1 or
NLS2 eliminated some nuclear import of influenza
vRNPs but did not abolish it completely. In all these
studies, however, the nuclear localization signal
from NLS1 appeared to be a more potent mediator
of nuclear import than that from NLS2.14,12,17

To better understand the structural basis for the
different roles of NLS1 and NLS2 in the nuclear
import of influenza vRNP, we further analyzed the
NLSs on vRNP complexes obtained from purified
influenza A virions. As revealed by negative
staining and visualization by transmission electron
microscopy (TEM), these purified vRNPs had the
expected structure of an elongated helical rod with
variable length of 30–120 nm (Fig. 1b). To evaluate
the exposure of NLS1 and NLS2 on the outer surface
of the purified vRNPs, we performed dot-blot
immunostaining assays using anti-NLS1 and anti-
NLS2 antibodies. As illustrated in Fig. 1c, both
antibodies revealed strong immunoreactive spots
when their cognate peptides were subjected to dot-
blot immunoassays, even at a fivefold dilution of the
peptide. Judging by the darkness of the dots, we
inferred that both antibodies bound equally well to
their specific peptides. However, when purified
vRNPs were subjected to the dot-blot immunoassay,
the anti-NLS1 antibody showed a much more
intense dot than the anti-NLS2 antibody (Fig. 1c).
This decreased intensity for the anti-NLS2 antibody
in binding to the vRNPs might be due to the
blockage of NLS2 with the vRNA. To test this
hypothesis, we incubated the vRNPs with a high
concentration of salt (1.6 M NaCl) before the dot-
blotting assay. This treatment should be able to
disrupt critical ionic contacts between the negatively
charged vRNA molecules and the surface-exposed,
positively charged basic residues on NP. As illu-
strated in Fig. 1c, this treatment increased the
intensity of the immunoreactive dots compared
with untreated samples. It therefore appears that
both NLS1 and NLS2 become more exposed and can
be more readily recognized by the antibodies at a
high salt concentration. However, the NLS1 immu-
noreactive spot was still more intense than the
NLS2 spot. This may be explained if NP is still in
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oligomeric form at a high salt concentration and the
NLS2 is engaged in NP–NP interactions. Indeed, this
seems to be the case because negative staining
electron microscopy revealed that the vRNPs sub-
jected to a high salt concentration looked similar to

those that were untreated (data not shown). As a
negative control, dot blotting in the absence of the
primary antibodies was performed for each blot,
and no signal was observed for any of those blots
(Fig. 1c).
Two possible explanations can be inferred from

the results of the immuno-dot-blot assays: (1) NLS1
is more densely exposed on the vRNPs than NLS2 or
(2) NLS1 is exposed on a greater number of vRNP
molecules than NLS2. To decide between these two
possibilities, we performed immunoelectron micro-
scopy of the purified vRNPs using the antibodies
against NLS1 or NLS2 and secondary antibodies
conjugated to 10-nm gold particles. As shown in
Fig. 2a, this immunogold labeling was highly
specific for the vRNP molecules, as shown by the
low amount of free gold present. Furthermore, Fig.
2a demonstrates that the anti-NLS1 antibody bound
to more molecules of vRNPs and bound more to

Fig. 1. (a) Schematic diagram of influenza A NP and
the locations of the NLSs on the protein. (b) Electron
microscopy visualization of influenza AvRNPs. Influenza
A vRNPs were purified by glycerol gradient centrifuga-
tion according to the method of Kemler et al.11 with
modifications as previously described.12 Electron micro-
scopy grids (200 mesh; Ted Pella, Redding, CA) were
freshly coated with 2% parlodion and carbon. Purified
vRNPs (6 μl) in phosphate-buffered saline (PBS) were
placed on these grids and allowed to be absorbed for
8 min. The solution was then removed; the grid was
washed with PBS and negatively stained with 1%
ammoniummolybdate for 1 min. Samples were visualized
under a Hitachi H7600 TEM (Hitachi High Technologies
America, Schaumburg, IL). (c) Dot-blotting immunoassay
with anti-NLS1 or anti-NLS2 antibodies. Peptides contain-
ing the sequence of either NLS1 (1MASQGTKRSYEQM13)
or NLS2 (198KRGINDRNFWRGENGRKTR216) of influ-
enza A NP were synthesized by Pacific Immunology (San
Diego, CA). Polyclonal antibodies to each of these
peptides were also produced and affinity purified by
Pacific Immunology. Four microliters of the NLS1 peptide
or the NLS2 peptide (at a concentration of 1.3 mM in PBS),
or of purified vRNPs, was applied onto nitrocellulose
membranes and allowed to dry. In some samples, the
vRNPs were first denatured by incubating in a final salt
concentration of 1.6 M NaCl for 10 min at room
temperature before drying on the blot. The blots contain-
ing the dried samples were blocked with 5% skim milk in
Tris-buffered saline Tween-20 (TBST; 10 mM Tris–HCl, pH
7.4, 0.15 M NaCl, 0.1% Tween-20) for 1 h. After blocking,
the blots were rinsed twice in TBST and incubated in the
absence of primary antibody (−Ab) as a negative control
or with either the anti-NLS1 antibody (+anti-NLS1) or the
anti-NLS2 antibody (+anti-NLS2), each at a concentration
of 1 μg/ml, in TBST containing 1% bovine serum albumin
(BSA) for 1 h. The blots were then rinsed twice with TBST
for 1 min each and labeled with horseradish peroxidase
conjugated to goat anti-rabbit secondary (Sigma, St. Louis,
MO) in TBST containing 1% BSA for 1 h. After secondary
antibody incubation, the blots were rinsed again twice
with TBST for 1 min each and then washed twice for
30 min each in TBS containing 1% Triton X-100. The blots
were developed with ECL (GE Healthcare) for visualiza-
tion. In each case, “/5” denotes a sample applied at a
concentration fivefold more dilute than the corresponding
sample on the left.
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each vRNP than did the anti-NLS2 antibody.
Quantitative analysis of the gold particles showed
that 71% of the vRNP molecules had gold particles
associated with them when the anti-NLS1 antibody
was used, while less than 10% of the vRNPs had
gold particles associated when the anti-NLS2 anti-
body was used (Fig. 2c). Moreover, while gold
labeling was found throughout the vRNP molecule
for the anti-NLS1 antibody, labeling often occurred

at one end of the vRNP for the anti-NLS2 antibody
(Fig. 2b). In agreement with the dot-blot experi-
ments, these electron microscopy results therefore
suggest that NLS2 may be hidden by oligomeric
interactions either from the assembly of NP mole-
cules or from its interaction with the vRNA. NLS1,
on the other hand, is so close to the N terminus of
NP that it is more readily exposed and can thus bind
to its target more readily. Taken together, these

Fig. 2. (a and b) Immunogold electron microscopy of influenza vRNP labeled with the anti-NLS1 (left) or the anti-
NLS2 (right) antibody. vRNPs were absorbed onto electron microscopy grids as described in Fig. 1b, and all steps were
performed placing the grids in a wet chamber. Grids with absorbed vRNPs were blocked with 2% BSA in PBS (twice, for
5 min each) and incubated with primary antibody (anti-NLS1 or anti-NLS2, each at a concentration of 1 μg/ml) for 1 h.
The grids were then washed with 0.2% BSA in PBS (four times, 5 min each) and incubated with gold-conjugated goat anti-
rabbit secondary antibody (Ted Pella) for 1 h. This was followed by four washes in PBS containing 0.2% BSA (5 min each)
and another three washes in PBS (5 min each). The samples were fixed with 1% glutaraldehyde in PBS for 5 min, washed
with distilled water, and then negatively stained with 1% ammonium molybdate before viewing under a Hitachi H7600
TEM. (c) Quantitative analysis of the number of vRNPs that were labeled with the antibodies for the experiments
described above. For each condition, 500 vRNP particles were scored.
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results of immunogold labeling of vRNPs show that
NLS1 is more exposed on the intact vRNP molecule
than NLS2, supporting previous results that NLS1 is
the main NLS that mediates the nuclear import of
influenza vRNPs.12

To better understand the arrangement of NP
oligomers within each vRNP molecule, we analyzed
in more detail the binding of the anti-NLS1 anti-
body to vRNPs. It is well established that in the
vRNP structure, the NP oligomeric arrangement is
assembled as a ribbonlike cord annealed at its ends
and coils to form a double-helical structure with a
loop at one end (Fig. 4c).4,21–23 To determine the
periodicity of repeat of NP molecules within the
helical structure, we chose vRNPs immunogold
labeled with the anti-NLS1 antibody that have two
or more associated gold particles positioned to
one side of the vRNP (Fig. 3a) and determined the
minimum separation of the gold particles in these
vRNPs. As shown on the histogram in Fig. 3b, the
minimum distance between gold particles was
approximately 22 nm. Thus, the NLS1 epitopes
recognized by the antibody on one side of the
vRNPs are approximately 22 nm apart. It is possible
that the periodicity of repeat could be 11 nm, instead
of 22 nm, since the gold-labeled secondary antibody
could find it sterically hindered to bind to an
existing anti-NLS1 antibody that was too close in
proximity. Aminimum separation of 22 nm between
NLS1 epitopes on one side of the vRNP would be in
agreement with approximately four layers of NP
monomers stacked on top of each other in the
structure of the vRNP (Fig. 4c). This is because a
single monomer is approximately 5.5 nm in height,
as we measured from the crystal structure of NP9

using Deepview.24 Thus, the periodicity of repeat of
NP molecules within the double-helical structure of
vRNP would be twice of 5.5 nm, or 11 nm (Fig. 4c).
Taking into account the data from Fig. 3 and pre-

vious structural data on vRNP complexes,4,6,918–20
we present a model on the structure and assembly of
vRNPs derived from influenza A (Fig. 4). Normally,
if only NP molecules are present in the absence of
any vRNA, NP monomers exist in equilibrium with
NP in its closed-structure, oligomeric form, com-
monly found as trimers.9 However, helical struc-
tures of assembled NP can also be present in the
absence of any RNA.20 These closed oligomeric
structures of NP form likely because of the natural
affinity of NP to bind to adjacent NP molecules. In
addition, having the presence of short single-
stranded RNA segments also allows NP to form
these small oligomers.9 However, if longer segments
of RNA are present (N400 nt6), as in the case of vRNP
complexes derived from influenza virions, the NP
oligomeric ring twists to form a double-helical
conformation with a highly regular periodicity of
repeat (Fig. 4c). Our analysis indicates that the
repeat of the helix is 11 nm and that the multiple
copies of NLS1 are highly exposed throughout the
vRNP molecule. This is likely because NLS1 is
located at the N-terminal tip of NP, which is not
involved in the oligomerization of NP. NLS2, on the

other hand, may be hidden by interactions with the
vRNA or adjacent NP subunits and would be more
rarely exposed. When NLS2 is exposed (Fig. 2), it is
usually located at one end of the molecule, perhaps
because the vRNA is interacting with its viral
polymerases at that end of the vRNP instead of
interacting with NP molecules.
Better understanding the arrangement and assem-

bly of NP and the RNA within vRNP complexes is
critical to effectively disrupting potential binding sites
on the complex. For example, better understanding

Fig. 3. Quantitative analysis of the periodicity of
immunogold particles associated with vRNPs labeled
with the anti-NLS1 antibody. (a) Representative vRNP
samples used for quantitation. vRNPs containing gold
particles positioned on one side of a vRNP imaged in as
straight a conformation as possible were chosen for the
quantitation. (b) Graphical analysis of the minimum dis-
tance between the gold particles. The software Carnoy
(Laboratory of Plant Systematics, Leuven, Belgium) was
used to measure the distances between gold particles. Fifty
distances were scored.
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Fig. 4. Models of influenza NP and vRNP. The vRNP models were constructed from data in this study and several
publications from other labs.4,6,9,18–20 (a) Ribbon model of the monomeric NP crystal structure, with the first
six residues of the N terminus (21NATEIR26) present in the crystal structure shown in red and the residues in NLS2
(198KRGINDRNFWRGENGRKTR216) present in the crystal structure in blue. The tail region is involved in
intermolecular interactions with adjacent NP subunits in oligomeric NP. (b) Closed structures of oligomeric NP. In
the absence of RNA or in the presence of short single-stranded RNA of approximately 24 bases, NP forms closed
structures, mainly trimers, as well as larger oligomers. (c) Helical oligomeric NP. NP forms a helical structure in vRNPs
in the presence of RNA longer than 400 bases or in the absence of any RNA. The model on the left depicts the double-
helical coil of oligomeric NP, with the area in light blue comprising one-half of the NP oligomeric strand and that in
orange comprising the other half of a contiguous NP oligomeric strand. The model in the middle shows the front face
of the helical arrangement of NP, with each green circle representing one molecule of NP. The model on the right shows
the crystal structure of three NP molecules stacked on top of each other within the structure of the vRNP. Each NP
monomer is approximately 5.5 nm in height, giving a helical repeat of 11 nm. This value corresponds to half of the
distance between NLS1 epitopes found on the vRNP (Fig. 3).
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the location andnumber of sites of exposure of the key
NLSs on influenza vRNPs will allow for more
effective disruption of its nuclear localization func-
tion. Since we found in the present study that both
NLS1 andNLS2 are exposed in intact vRNPs purified
from influenza virions, disrupting both NLSs is
therefore critical to disrupting its nuclear import,
supporting previous findings.12 Since we also quan-
tified that 71% of vRNPs contain an exposed NLS1,
usually with one to three (and sometimes up to six)
gold particles bound per vRNP, and that less than
10% of vRNPs contain an exposed NLS2, these
quantitations provide an idea about the approximate
levels of inhibition required to abolish the nuclear
import capabilities of vRNPs. In addition, the highly
regular periodicity of repeat in the structure of
vRNPs, as indicated by the regular distances found
between gold particles, appears to be critical. There-
fore, bioactive compounds that interfere with the
formation of such regular repeats in the vRNP
structure may also disrupt its function in nuclear
import, the transcription of new influenza viral
genes, or the nuclear export of newly synthesized
and assembled vRNPs from host cells.
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