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FIG. 4. Fusion of the N NLS to a heterologous protein. A synthetic
GFP-GST fusion was used as a fluorescent probe to determine if the N
NLS was capable of functioning outside of the context of the N protein
in both yeast and plant cells. (A and B) Images of yeast cells examined
by differential interference contrast (DIC) and epifluorescence of
DAPI-stained (DAPI) cells and GFP fluorescence images (GFP). (A)
GFP-GST expression showing nonspecific accumulation of the fluo-
rescent probe. (B) GFP-GST-N NLS expression showing a shift in
accumulation to the nucleus. The yeasts were grown and visualized as
outlined in the legend to Fig. 2. (C) Laser-scanning confocal micro-
graphs of N. benthamiana leaf epidermal cells expressing GFP-GST
without (— NLS) or with (+ NLS) an incorporated N NLS. GFP
fluorescence was found exclusively in the nucleus in those cells ex-
pressing GFP-GST-N NLS

(Fig. 7A, lanes 4 and 5). However, thrombin digestion liber-
ated both N and P (Fig. 7A, lane 6). Overnight incubation in
wash buffer lacking thrombin did not result in leaching of ei-
ther GST-P or N from the column, suggesting that these pro-
teins are tightly bound to each other (Fig. 7B, lane 6). Further
controls indicated that neither the native N nor P proteins
bound to GST (Fig. 7C and D). Therefore, these results clearly
indicate that N-P interactions similar to those observed in
plants also occur in yeast cells. Homologous P-P interactions
were also revealed by incubating lysates containing GST-P and
P with glutathione-Sepharose. After extensive washing, both
proteins remained bound to the column (Fig. 7D, lane 2), and
additional washing did not result in further leaching of these
proteins from the column (Fig. 7C, lanes 4 and 5). These
results verify that both N-P and P-P interactions occur during
expression in yeast cells.

In order to examine the N and P interactions in more detail,
yeast two-hybrid analyses were conducted. Interaction tests
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with the yeast two-hybrid system revealed the presence of
homologous N-N and P-P complexes and heterologous com-
plexes between N and P (Fig. 8A). The N-P and P-P complexes
were easily detected by rapid growth in 3 days, but growth was
inhibited substantially in cells expressing both activation and
binding domain fusions to the N protein (Fig. 8B). This growth
inhibition was pronounced at 30°C and, as was the case with
the GFP fusions noted above, colonies failed to grow by 9 days
after streaking. However, distinct colony growth was evident
after 9 days at 22°C, but very little colony growth could be
detected at 3 days at 22°C. Growth inhibition was released by
coexpressing either native P or GFP-P from a 2pum plasmid. In
these cases, extensive growth occurred within 3 days at 30°C
(Fig. 8C). This growth was strictly dependent on N and P
interactions, because cells lacking either the activation or bind-
ing domain fusion failed to grow.

To determine the domains that mediate the interactions of
the N and P proteins, portions of N and P were fused to the
LexA DNA-binding domain and coexpressed with full-length
N and P activation domain fusions. A reciprocal strategy had to
be conducted to test interactions of the carboxy terminus of the
P protein, because all tested P protein binding domain frag-
ments lacking the first 100 amino-terminal amino acids acti-
vated transcription in the absence of the activation domain
fusions. Thus, this activity prohibited the use of these con-
structs in interaction studies because bona fide interactions
could not be distinguished from spurious activation by the
binding domain fusions. To circumvent this problem, all car-
boxy-terminal fragments were expressed as activation domain
fusions and tested against full-length proteins expressed as
binding domain fusions. Interestingly, the full-length P protein
did not activate transcription when expressed as a binding
domain fusion in the absence of activation domain fusions.
These results suggest that the P protein has a carboxy-terminal
transcription activation domain that is revealed when the

FIG. 5. Inability of P to facilitate nuclear localization of N NLS
mutants. Wild-type GFP-N (A) or GFP-N NLS (B) mutant coex-
pressed with P. DAPI-stained cells are shown on the left. GFP epiflu-
orescence micrographs are shown on the right, and overlays of these
images are shown in the middle. Wild-type proteins accumulated in a
subnuclear site (top row), and the NLS mutant combination accumu-
lated in cytoplasmic aggregates (bottom row). The yeasts were grown
and visualized as for Fig. 2. The red arrows indicate sites stained with
DAPI, while GFP fluorescence is indicated by yellow arrows.
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FIG. 6. Deletion analysis of the P protein karyophillic domain. Full-length copies or portions of the P protein were cloned in frame with GFP
and expressed in the presence of N or without the N protein. (A) Wild-type GFP-P had nuclear and cytoplasmic accumulation when expressed
alone. (B) GFP-P coexpressed with N resulted in a complete shift of fluorescence to the nucleus. (C) GFP-P lacking the C terminus of P exhibited
a shift from the cytoplasm to the nucleus. (D) GFP-P deletions lacking the N terminus of P, aa 40 to 124, accumulated in the cytoplasm.
Coexpression of the N protein did not affect the localization of the GFP-P deletions (data not shown). The yeast cells were grown and visualized

as described in the legend to Fig. 2.

amino terminus is deleted. Although we have not explored the
molecular basis of the effect of the amino terminus of P on
transcriptional activation, portions of P that activate transcrip-
tion when bound to a DNA-binding domain also lack the
N-interacting domain (Fig. 9). This observation suggests that
conformational changes, possibly in association with the N
protein, may lead to similar viral transcriptional activation in
vivo. This raises some interesting questions about regulation of
the multiple activities of the P protein that can be addressed in
future studies.

A summary of the two-hybrid assay results demonstrates
that the amino-terminal portion of N (aa 1 to 73) is involved in
both N-N and N-P interactions (Fig. 9). This observation sug-
gests that P may prevent N-N aggregation by blocking the site
for N-N interactions. Similarly, the amino terminus of P (aa 1
to 81) is involved in P-N interactions, but P-P interactions are
mediated by a centrally located domain between positions 40
and 124. Additional experiments under way to more precisely
resolve the complexities of these interactions will be described
in a subsequent communication.

DISCUSSION

The SYNV N and P proteins are representative of two
classes of essential nucleocapsid core components that are

present in all monopartite negative-strand RNA viruses. The N
protein encapsidates both the full-length genomic and antige-
nomic viral RNAs as the nascent molecules are transcribed.
The N, P, and L proteins also interact to form ribonucleopro-
tein complexes with the viral genomic RNAs, which then serve
as templates for secondary rounds of transcription and for
replication. Naked RNAs are not infectious, and the encapsi-
dated genomic and antigenomic RNAs serve as the minimal
infectious units of the virus (48). N also encapsidates nascent
leader RNAs, and in the case of the prototypical rhabdovirus,
VSV, this interaction has been proposed to play a role in the
switch from transcription to replication (55). The P proteins
are multifunctional proteins believed to serve as chaperones
for the typically insoluble N protein and unstable polymerase
(L) protein (33, 34, 49, 50). In addition, phosphorylated and
unphosphorylated complexes of P have also been implicated in
regulation of transcription (9) and replication (6, 17), respec-
tively. However, in contrast to those of all known cytoplasmi-
cally replicating vertebrate rhabdoviruses, the SYNV N, P, and
L transcription complexes are present in the nuclei of infected
cells (53, 54), where they appear to form replicating viroplasms
(32).

Our present studies provide further insight into the interac-
tion and localization of the SYNV N and P proteins and also
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FIG. 7. Glutathione affinity chromatography of N and P interactions with GST-P. Lanes 1, total yeast lysate (L) containing GST-P or GST
coexpressed with either the N or P protein; lanes 2, fraction bound (B) to glutathione-Sepharose columns; lanes 3, flow-through (FT) fraction; lanes
4, first 5-ml wash (W1); lanes 5, second 5-ml wash (W2); lanes 6, thrombin (T) digestion to release the P protein from GST. In control experiments,
the columns were incubated overnight in wash buffer lacking thrombin (—T), and the resulting eluate was checked for the presence of GST-P, N,
and P. (A) Yeast lysate containing GST-P coexpressed with N incubated with glutathione-Sepharose beads. On top is shown a Western blot probed
with P-specific antibodies (a-P), and below is shown a replica blot probed with N-specific antibodies (a-N). GST-P and N were detected in lanes
1 (L), 2 (B), and 3 (FT). P, N, and the GST fusion were not detected in the wash fractions (lanes 4 and 5). After thrombin digestion, P was released
from the column along with the N protein (lanes 6, top and bottom). (B) Control experiment identical to that shown in panel A except that the
column was incubated overnight in wash buffer lacking thrombin. Note that neither GST-P nor the N protein was released from the column (lanes
6), despite being present in the bound fraction (lanes 2, top and bottom). ( C) Expression of GST-P plus P. Native P bound to GST-P (lanes 2)
and was retained on the column during both washes (lanes 4 and 5). Thrombin treatment liberated P, but GST was retained on the column. (D)
Control showing coexpression of GST and P. Note that P did not bind GST or the glutathione affinity matrix (lanes 2) and was present only in the
lysate and flow-through fractions (lanes 1 and 3). As expected, GST bound strongly to the column and was not released in either wash (lanes 4
and 5) or by thrombin digestion (lanes 6).
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FIG. 8. Homologous and heterologous interactions of N and P. Yeast two-hybrid analyses were used to determine the specificity of the N-N,
N-P, and P-P interactions. (A) Interactions of P fusions to the Gal4 activation domain with N or P fusions to the Gal4 DNA-binding domain.
Neither N or P was able to activate transcription when coexpressed as a binding domain fusion with unfused activation domain vectors. Identical
results were obtained in a reciprocal experiment in which P was expressed as a binding domain fusion and N was expressed as an activation domain
fusion. The plates were incubated at 30°C for 4 days. (B) N and N interaction. Note that the growth of yeast coexpressing the N-activation (N:AD)
and N-binding domain (BD:N) fusions required incubation at 21°C for 9 days to achieve appreciable growth. Growth failed to occur when the plates
were incubated at 30°C. (C) N-N interactions in the presence of P. The plates were incubated at 30°C for 4 days. Enhanced growth of yeast
transformants was achieved when either P or GFP-P was coexpressed with the N-N binding and activation domain fusions.

demonstrate the utility of yeast as a model to facilitate studies
of these proteins. In both plant and yeast cells, the N protein
has distinct patterns of localization in comparison to those of
the P protein (Fig. 1 and 2). These patterns of localization may
reflect the mechanisms by which these proteins are imported
into the nucleus. The mutagenesis and localization experi-
ments demonstrate that the N protein contains only a single
functional NLS, since full-length proteins containing mutations
in the carboxy-terminal NLS failed to enter the nucleus. Sev-
eral negative-strand viruses, notably influenza viruses and
Borna disease virus, are known to replicate in the nuclei of their
hosts. However, there appears to be little conservation in the
location or numbers of the NLSs in the nucleocapsid proteins
of these viruses. This disparity is exemplified by the influenza A
(57) and Thogoto (58) virus NP proteins, which, in contrast to
the SYNV N protein, have bona fide bipartite NLSs at both
their amino and carboxy termini. The carboxy-terminal SYNV
N protein NLS also differs from that of the analogous borna
disease virus p39 protein, which contains an amino-terminal
NLS (42). Among the plant nucleorhabdoviruses that have
been characterized, our comparisons reveal that the N protein
of Rice yellow stunt virus (RYSV) has a single putative bipartite
NLS located near the carboxy terminus. Thus, the positions of
NLSs in the N proteins of the two sequenced nucleorhabdovi-
ruses appear to be similar, and differences in their sequences
probably reflect particular evolutionary selections mediated by
individual relationship constraints imposed by replication in
their diverse plant hosts and insect vectors.

The SYNV N NLS contains two basic regions (RKRR and
KPKK) separated by 7 aa. In addition, the N NLS contains two
prolines, an alpha-helix-breaking amino acid shown to be com-
monly associated with NLSs (2). The N NLS is sufficient to
direct the nuclear import of proteins outside of the context of
the N protein, because a GFP-GST-N NLS fusion was quan-
titatively directed to the nucleus in both yeast and plant cells.

This bipartite NLS is characteristic of proteins imported into
the nucleus by the importin-o/importin-B pathway (44), as is
also the case with the influenza A virus, Thogoto virus, and
nucleoplasmin NLSs. The suggestion that the N protein utilizes
the importin-o/importin-f pathway is supported by our obser-
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FIG. 9. Yeast two-hybrid analysis of N- and P-interacting domains.
Full-length copies, or portions thereof, of the N and P genes were
cloned in frame with the LexA DNA-binding domain of plasmid
pEG202 and transformed into yeast strain EGY48. Full-length and
deletion mutants were tested against full-length copies of N and P
cloned in frame with the B42 activation domain of plasmid pJG4-5.
Cotransformants with the ability to grow on galactose medium lacking
leucine were scored as a positive (+) interaction. Cotransformants that
failed to grow on such media were scored as a negative (—) interaction.
(Note that portions of the P gene lacking the amino terminus were able
to activate transcription when fused to the LexA DNA-binding do-
main. To circumvent this problem, these fragments [*] were tested for
interactions against full-length N and P in a Gal4-based system using
the Ade2 reporter in yeast strain PJ694-A.)
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vations that recombinant N, expressed in either E. coli or yeast,
binds to a GST fusion of yeast importin-a (M. M. Goodin and
A. O. Jackson, unpublished data). We have not yet determined
whether the N NLS resides within the RNA-binding domain of
the N protein. However, this may be a distinct possibility, be-
cause NLSs often reside within nucleic acid-binding domains
(26).

Our results also clearly demonstrate that the P protein is
capable of independent nuclear localization. However, in con-
trast to the N protein, the SYNV P protein does not contain a
canonical arginine-lysine-rich NLS and it does not bind impor-
tin-a in vitro (Goodin and Jackson, unpublished). This sug-
gests that P utilizes an alternative import pathway to that used
by the N protein. This hypothesis is supported by our finding
that P possesses a karyophillic region within an 84-aa sequence
located in the N-interacting domain. In addition, the P protein
fails to bind to a GST fusion of yeast importin-a (Goodin and
Jackson, unpublished). Moreover, some unexpected nuclear
import complexity exists in the P protein interactions, because
deletion mutants lacking the carboxy-terminal amino acid res-
idues at positions 247 to 346 have much more pronounced
nuclear accumulation than that of the wild-type GFP-P fusion
or the native P protein (32). These results suggest that P may
have the ability to shuttle between the nucleus and cytoplasm.
Experiments are in progress to address these putative nuclear-
shuttle functions.

In addition to characterizing the nuclear localization pat-
terns and identification of the N and P NLS signals, our results
show that coexpression of N and P results in a dramatic shift of
both proteins to a distinct subnuclear location in both plant
and yeast cells. The specificity of this shift is supported by
control experiments during which GFP (pI 6.0) or GFP-
nucleoplasmin (pI 4.5) were coexpressed with the N (pI 8.8)
and/or P (pI 5.3) protein. Neither the localization of GFP nor
that of GFP-nucleoplasmin was affected by N or P, suggesting
that the N-P localization is not an adventitious consequence of
electrostatic interactions. In addition, no effect on GFP-P/N
localization was noted when these proteins were coexpressed
with either the SYNV M or sc4 protein (Goodin and Jackson,
unpublished). These results, and our previous findings with
proteins recovered from isolated nuclei and protoplasts, indi-
cate that the shift in accumulation results from direct interac-
tions of N and P. In this regard, the yeast two-hybrid and GST
pulldown experiments demonstrate that specific physical inter-
actions occur between N and P, and our mutagenesis experi-
ments demonstrate that these interactions are essential for
subnuclear localization.

Physical interactions occurred between all combinations of
the N and P proteins, namely, N-N, N-P, and P-P. However,
there was a marked effect of P protein expression on N-N
protein interactions that affected yeast growth during two-
hybrid analyses and the accumulation of N or GFP-N in yeast
expression experiments. These enhanced effects of P expres-
sion probably reflect the ability of P interactions to increase the
solubility and decrease the turnover rate of the N protein and
to facilitate subnuclear localization of the N-P complex. Ob-
servations consistent with the notion that P stabilizes N were
that the N protein was much more abundant in Western blots
when cell lysates containing both N and P or GFP-N and P
were compared to those containing N or GFP-N alone and that
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the fluorescence of the GFP-N fusions was more intense in
yeast cells coexpressing P.

As is the case with the N and P proteins of other negative-
strand RNA viruses, the terminal regions of the proteins are
necessary for N-P interactions (1, 24, 29, 31, 38, 40, 47, 50).
The finding that the amino terminus of N is involved in both
N-N and N-P interactions suggests that P binding may prevent
N-N aggregation by blocking some of the sites necessary for
N-N interactions. The N- and P-interacting domains identified
by our two-hybrid analyses are supported by computer-assisted
analyses of N and P using the COILS algorithm, which predicts
the presence of coiled-coil regions in proteins (30). Coiled-coil
regions often mediate interactions between proteins, and
the presence of these coiled coils has been useful for pre-
dicting interacting regions (5). When fused to a heterologous
protein, the predicted coiled-coil region of the mumps virus
phosphoprotein was demonstrated to be sufficient to mediate
protein oligomerization (5). In the case of the SYNV P pro-
tein, COILS predicts three possible coiled-coil domains. These
domains are located between amino acids 39 and 53 (domain
1), 126 and 139 (domain 2), and 200 and 214 (domain 3).
Interestingly, domain 1 resides within the P-N interaction re-
gion identified by yeast two-hybrid analyses. Similarly, domains
2 and 3 reside in the region that is required for P-P interac-
tions. The fact that domains 2 and 3 reside in the central por-
tion of the P protein in a locale similar to the coiled-coil re-
gions of the P proteins of Sendai and mumps viruses suggests
that functional constraints may have resulted in structural con-
servation among these proteins. Furthermore, the location of
the karyophillic region (aa 40 to 124) in P overlaps that of
domain 1. This finding is consistent with our results showing
that an N protein rendered incapable of nuclear import has the
ability to block nuclear import of the wild-type P protein. This
cytoplasmic retention of the N-P protein complex may be ex-
plained if the N protein NLS mutation inactivates interactions
with importin-a to result in increased amounts of cytoplasmic
N that are able to bind to the P protein and interfere with nu-
clear localization by masking the P NLS. Fine-structure anal-
yses using site-specific mutagenesis are under way to further
define the relationship between the P-N interacting domain
and the P NLS.

In an attempt to evaluate relationships among plant rhab-
dovirus P proteins, we compared the results of COILS analyses
for SYNV to the putative P proteins of the nucleorhabdovirus
RYSV (8; GenBank accession no. AB011257) and the cyto-
rhabdoviruses Lettuce necrotic yellow virus (LNYV) (59;
GenBank accession no. AF209035) and Northern cereal mo-
saic virus (NCMV) (51; GenBank accession no. AB030277).
These comparisons revealed that each protein contains central
and terminal coiled-coil domains. In contrast to the SYNV P
protein, the putative LNYV P protein homologue, 4a, and
NCMYV P protein homologues have a high degree of predicted
coiled-coil character at central domains and carboxy termini
but not at their amino termini. In keeping with their assign-
ment to the cytorhabdovirus group, the LNYV 4a protein has
no readily predictable NLSs, nor does the NCMV P protein.
Interestingly, NS, the P protein homologue of the nucleorhab-
dovirus RYSV, has a putative bipartite carboxy-terminal NLS
sequence (RKDSHHYRTVVSRIEKK) starting at aa 265 that
overlaps a coiled-coil domain, so the nuclear import signals of
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RYSV might rely on the importin-a pathway and hence differ
from those of the SYNV P protein. However, the RYSV NS
protein had predicted coiled coils in the amino-terminal, cen-
tral, and carboxy-terminal regions and was similar to the
SYNV P protein in this regard.

A similar analysis of the SYNV N protein using COILS
failed to reveal clearly defined regions capable of forming
coiled coils. However, a small carboxy-terminal region has a
minor predicted coiled coil that overlaps the N protein NLS.
As is the case with the SYNV N protein, the RYSV N protein
has only a minimal predicted coiled-coil structure, aside from
a carboxy-terminal domain that is in close proximity to the
putative NLS region. Although the predicted RYSV NLS sig-
nals (PKRMKAL at aa 358 and KKLGPPRANAHSRRKEP
at aa 405) have little direct relatedness to the SYNV N protein
NLS sequence, the common carboxy-terminal location and
predicted bipartite nature of these motifs provide preliminary
evidence that members of the genus Nucleorhabdovirus may
utilize similar N protein nuclear import mechanisms. These
predictions now provide the basis for biochemical experiments
to provide more extensive comparisons of the cellular targeting
and protein-protein interactions of the N and P proteins of
members of this genus.

In summary, our results demonstrate that the nuclear local-
ization of the N and P proteins in plant and yeast cells is
dramatically affected by their coexpression. Although both
proteins are capable of independent nuclear localization (32),
coexpression results in a shift in accumulation to a subnuclear
site. Several lines of evidence indicate that N and P are capable
of physical interactions and that subnuclear accumulation is
dependent on the formation of N and P complexes. Taken
together, these data suggest a model whereby N and P are
independently imported into the nucleus and subsequently
form protein associations that result in their relocalization to a
subnuclear site. According to this model, the inability of native
P to mediate the nuclear import of a null NLS mutant N
protein argues against a role for the P protein in facilitating
import of N from the cytoplasm to the nucleus. Since the
karyophillic region of P resides within the N protein-interact-
ing domain of P, the molecular basis for the cytoplasmic re-
tardation of native P by the NLS mutant N protein would
appear to be blockage of the P NLS by the N-P association.
During normal nuclear import of wild-type N protein, impor-
tin-o probably blocks the P-interacting domain to prevent cy-
toplasmic interactions of N and P. However, once within the
nucleus, this domain would become available for N-P interac-
tions as the respective nuclear import proteins release the N
protein cargo and recycle back to the cytoplasm. P would then
serve as a chaperone to facilitate N solubility and nonspecific
RNA binding of the N protein (33, 34) and possibly to mediate
viroplasm formation within a subnuclear location. We are pres-
ently conducting experiments to test this model and to discern
functions that are regulated by P protein phosphorylation and
relative levels of free N and P proteins.
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