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roles as antagonists of interferon-mediated immunity.
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(Background: Rabies virus expresses five isoforms of P protein, which undergo nucleocytoplasmic trafficking important to
Results: P isoform trafficking is mediated by a novel module containing co-regulated overlapping nuclear localization and

Conclusion: P isoform nuclear localization involves a novel trafficking module.
Significance: A novel molecular switch regulating trafficking, important to a viral interferon antagonist, is identified.
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Regulated nucleocytoplasmic transport of proteins is central
to cellular function and dysfunction during processes such as
viral infection. Active protein trafficking into and out of the
nucleus is dependent on the presence within cargo proteins of
intrinsic specific modular signals for nuclear import (nuclear
localization signals, NLSs) and export (nuclear export signals,
NESs). Rabies virus (RabV) phospho (P) protein, which is largely
responsible for antagonising the host anti-viral response, is
expressed as five isoforms (P1-P5). The subcellular trafficking
of these isoforms is thought to depend on a balance between the
activities of a dominant N-terminal NES (N-NES) and a distinct
C-terminal NLS (C-NLS). Specifically, the N-NES-containing
isoforms P1 and P2 are cytoplasmic, whereas the shorter P3—-P5
isoforms, which lack the N-NES, are believed to be nuclear
through the activity of the C-NLS. Here, we show for the first
time that RabV P contains an additional strong NLS in the
N-terminal region (N-NLS), which, intriguingly, overlaps with
the N-NES. This arrangement represents a novel nuclear traf-
ficking module where the N-NLS is inactive in P1 but becomes
activated in P3, concomitant with truncation of the N-NES, to
become the principal targeting signal conferring nuclear accu-
mulation. Understanding this unique switch arrangement of
overlapping, co-regulated NES/NLS sequences is vital to delin-
eating the critical role of RabV P protein in viral infection.

The eukaryotic cell nucleus is separated from the cytoplasm
by the double-membrane nuclear envelope. All transport
across the nuclear envelope occurs through nuclear pore com-
plexes, and active protein transport through the nuclear pore
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complexes is dependent on nuclear localization signals (NLSs)?
or nuclear export signals (NESs) within the cargo proteins
(1-4). This enables the specific regulation of protein access to
the nuclear contents including the genomic DNA, an essential
mechanism in processes such as development, apoptosis, and
immunity (for review, see Refs. 1, 3, 5).

NLS/NES-dependent trafficking is mediated by importin
(IMP) proteins, of which there are at least 6 « and 24 B isoforms
in humans. IMPs bind directly to NLSs/NESs, either as an
IMPa/B1 heterodimer or as an IMPB homologue alone (6 —8).
NLSs are commonly short monopartite or bipartite sequences
enriched in basic residues (9 -11); classical monopartite NLSs
such as the SV40 large T-antigen (T-ag) NLS are single short
basic sequences that variously conform to the KKXK consensus
sequence (where X is any amino acid) (12), whereas bipartite
NLSs typically contain two stretches of 4 — 8 basic residues sep-
arated by a 10-12-residue spacer (9, 10). Recent studies have
also identified a number of nonclassical bipartite NLSs with
longer spacers (up to 30 residues) (9, 13), as well as conforma-
tion-dependent NLSs such as that of the signal transducer and
activator of transcription 3 (STAT3) (11). NESs are typically
9-15-residue sequences containing a conserved hydrophobic
residue motif (7) and are recognized by exportins of the IMPf3
superfamily, the best characterized of which is CRM1.

NLSs and NESs are generally functionally independent,
modular sequences able to mediate active nuclear import or
export of heterologous proteins (12, 14, 15). Thus, the addition/
deletion of independent modular NLSs or NESs by mechanisms
including alternate mRNA splicing, leaky ribosomal mRNA
scanning, and RNA editing, represents a key mechanism by
which differential nucleocytoplasmic localization can be con-

2 The abbreviations used are: NLS, nuclear localization signal; C-NLS, NLS in
the C-terminal domain; CLSM, confocal laser scanning microscopy; DLC-
AS, dynein light chain-association sequence; IMP, importin; LMB, leptomy-
cin-B; MTAS, microtubule-association sequence; NES, nuclear export sig-
nal; N-NES, NES close to the N terminus; N-NLS, NLS in the N-terminal
region; PML, promyelocytic leukemia; RabV, rabies virus; T-ag, T-antigen.
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FIGURE 1. Schematic representation of RabV P protein. The RabV P gene encodes a 297-residue protein (P1) and four N-terminally truncated isoforms
(P2-P5), expressed from internal in-frame AUG start codons encoding methionine (M) residues at positions 20, 53, 69, and 83 (19). RabV P interacts with the
cellular trafficking machinery through the N-NES (sequence indicated under the protein with key residues in bold) and C-NES, which interact with CRM1, and
the C-NLS (the critical residues of which include Lys?'*/Arg?®°, which are proximally localized on the CTD surface) (30, 42) and N-NLS (identified in the current
study; critical residues of the N-NLS within the N-NES sequence are underlined). RabV P nuclear import is facilitated by interactions with the dynein light chain
LC8 via a DLC-AS (sequence indicated above protein with essential residues Asp'**/GIn'*” in bold) (44, 66). A MTAS, mapped within the C-terminal domain
(CTD), also enables association of P3 with the MT network (43). The N-NES is truncated in P3 to remove residues 49-52 and is deleted from P4 and P5, enabling
nuclear localization of these isoforms. RabV P also interacts with viral proteins L (via P''®) and N (not shown) (67, 68), homodimerizes via the dimerization
domain (D-D) (58), and interacts with cellular proteins of the IFN system such as STAT 1 and 2, and PML (not shown) (37, 39). The positions of individual domains

are indicated by residue numbers beneath the protein.

ferred on the isoforms of cellular proteins including promyelo-
cytic leukemia (PML) protein, Kriippel-like factor 6, and spas-
tin (16 —18), as well as virus-encoded proteins such as RabV P
and paramyxovirus P/V/W proteins (19 —21); this is thought to
play key roles in isoform functional heterogeneity.

Regulated nuclear trafficking of viral proteins is common
even for viruses with entirely cytoplasmic life cycles such as
RabV (22-30), as it enables viral modification of host cell func-
tions through interference with intranuclear processes and/or
the nucleocytoplasmic trafficking of cellular proteins (31-34).
RabV P protein is expressed as five isoforms in infected cells,
full-length P1 and the N-terminally truncated P2-P5 (Fig. 1),
which perform functions in viral replication processes and
antagonism of interferon (IFN)-mediated antiviral responses
(19, 29, 35-38). P1 is the most abundantly expressed isoform,
presumably enabling essential roles as the viral polymerase
(L-protein)-binding co-factor, whereas the “accessory” pro-
teins P2—P5 show a decreasing gradient of expression (19, 29). P
isoform nuclear trafficking has been reported to play vital roles
in IFN antagonism by enabling cytoplasmic and nuclear target-
ing of essential factors of the IFN system including STAT1 and
2, to affect their nucleocytoplasmic trafficking/DNA binding,
and PML nuclear bodies (29, 35-39). As a result, defects in the
trafficking of RabV P correlate with defective viral IFN antago-
nism and pathogenicity in infected animals (36, 40). Analogous
functions have been attributed to isoforms of the vesicular sto-
matitis virus M protein, and of the P proteins of Nipah and
Hendra viruses (21, 24-29, 41). Thus, the expression of multi-
ple isoforms with heterogeneous nucleocytoplasmic localiza-
tion appears to be an important mechanism whereby viruses
with limited genome capacity can optimize their functional
proteome to enable efficient evasion of the IFN response (29).

RabV P isoform nucleocytoplasmic localization is currently
believed to be determined principally by two distinct, inde-
pendent signals: a dominant CRM1-dependent NES close to
the N terminus (N-NES, residues 49 —58) and a predicted NLS
(C-NLS) in the C-terminal domain (CTD; Fig. 1) (30). P1 and P2
contain the N-NES and are thus cytoplasmic (30). In contrast,
P3-P5 can localize in the nucleus, and this is thought to be due
to truncation/deletion of the N-NES such that the C-NLS
becomes the main “default” targeting signal (Fig. 1) (30). How-
ever, the nucleocytoplasmic localization of RabV P isoforms
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and the NLS function of P with regard to IMP binding have
never been quantitatively examined. Using single cell imaging
approaches and in vitro molecular interaction analyses, we have
examined the trafficking of P protein in detail, finding that the
nucleocytoplasmic localization of P isoforms is principally reg-
ulated by a novel nuclear trafficking module in which the
N-NES overlaps with a newly identified N-terminal NLS
(N-NLS) sequence (Fig. 1). The close association of these sig-
nals enables their co-regulation by a unique mechanism
whereby truncation of the module both inactivates the N-NES
and concomitantly activates the N-NLS, producing a coordi-
nated effect on protein trafficking. This work reveals a novel
mechanism underlying the efficient regulation of protein
nuclear trafficking, and contributes to our understanding of
events at the virus-host interface.

EXPERIMENTAL PROCEDURES

Constructs—All P protein constructs were generated using
the P gene from RabV CVS11 strain, as described previously
(42—-44). cDNA encoding P isoforms or truncated derivatives
was generated by PCR and cloned in-frame N-terminal to GFP
in the pEGFP-N3 vector by Bglll-BamHI restriction ligation
(42— 44) for the expression of GFP-fused protein in mammalian
cells. To express untagged proteins, the cDNA was cloned into
the pAEGFP-CI1 vector, which we generated by excising GFP
from the pEGFP-C1 vector using BspE1l and Agel. cDNA con-
taining mutations to residues Lys®*, Arg®®, Asp'*®, GIn'",
Lys'®?, and Arg'** (positions of the residues in the P protein
sequence are shown in superscript) was generated by PCR
extension or overlap mutagenesis as described previously (42,
44). Constructs for the expression of His,-tagged GFP fusion
proteins in Escherichia coli used the pGFP-RfB vector, and were
generated using the Gateway'™ Cloning System (Invitrogen)
(23, 45).

Cell Culture, Transfection, Drug Treatments, and Immuno-
fluorescence—HeLa cells were routinely cultured in DMEM
with 10% FCS (37 °C, 5% CO,). For confocal laser scanning
microscopy (CLSM), cells were grown on coverslips to 80 —90%
confluence before transfection using Lipofectamine 2000
(Invitrogen) and analysis 1624 h later. For inhibition of
CRM1-mediated nuclear export, cells were treated with 2.8
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ng/ml leptomycin-B (LMB, a kind gift from M. Yoshida,
RIKEN, Japan) for 3 h prior to analysis.

For indirect immunofluorescence of untagged protein, cells
were washed with PBS and fixed using 3.7% formaldehyde fol-
lowed by 90% methanol (43). Cells were then blocked in 1% BSA
in PBS before immunostaining with anti-RabV P protein anti-
body (46) and Alexa Fluor 488-coupled secondary antibody
(Invitrogen A11008).

CLSM and Image Analysis—Cells were analyzed using a
Nikon Eclipse C1 inverted confocal laser scanning microscope,
with an Olympus 60X oil immersion objective (NA 1.4) (for
fixed cells) or an Olympus 60X water immersion objective (NA
1.2) and 37 °C heated chamber (for living cells). Analysis of
digitized CLSM images was performed using Image] software
(v1.44p) as described previously (42—44, 47—-49) to determine
the ratio of nuclear to cytoplasmic fluorescence (F,, ) for single
cells using the formula F,,, = (F,, — F,)/(F, — F,), where F, is
the nuclear fluorescence, F, the cytoplasmic fluorescence, and
F, the background fluorescence. The mean F, . was calculated
for =49 cells, and statistical analysis (¢ test) was performed
using GraphPad Instat software as described previously (42).

Protein Expression and Purification—Constructs encoding
His,-tagged GFP-fused P protein derivatives P>*~'"*and P'~'7*
(sequence of P indicated in superscript), and P>*~'7*-(K54N/
R55N) (in which Lys®* and Arg®® are mutated to asparagine)
were expressed in E. coli strain BL21 pRep4 cells before induc-
tion of expression and purification using nickel-nitrilotriacetic
acid columns (Qiagen) under denaturing conditions (8 M urea),
as described previously (50). Proteins were renatured on the
column and eluted with 200 mm imidazole (45), prior to dialysis
and concentration using a 30K MWCO column (Amicon).
Mouse IMPa2 and IMPS1 were expressed as GST fusion pro-
teins and purified by affinity chromatography using glutathi-
one-Sepharose (50); biotinylated IMPa2 protein generated as
described previously (51), and GFP-T-ag-NLS protein, were
kindly donated by Dr. Kylie Wagstaff (Monash University.
Australia).

Native Gel Electrophoresis—GFP fusion proteins (2 um) were
incubated with or without IMP«2, IMPB1, or predimerized
IMPa/B (1-9 um), for 15 min at room temperature and then
electrophoresed for 3—5 h at 4 °C in 1X TBE buffer using pre-
cast native polyacrylamide (10%) gels (Bio-Rad) (52). The
migration of GFP fusion proteins was visualized using a
Typhoon™ Trio Variable Mode Imager (GE Life Sciences),
and gel images were processed using Image] software as
described previously (52).

AlphaScreen Binding Assays—GFP-fused P proteins (30 nm
final concentration) and 0—-60 nm biotinylated IMPa2 or
IMPa/B heterodimer were incubated in 384-well plates
(PerkinElmer Life Sciences) for 30 min at room temperature. 1
ul of streptavidin-coated acceptor beads (diluted 1:10 in PBS)
and 1 ul of 2.5% BSA in PBS were then added to each well (51).
After 90 min, 1 ul of nickel chelate-coated donor beads (diluted
1:10 in PBS) was added and incubated for a further 2 h before
measurement of AlphaScreen counts using a Fusion-a™ plate
reader (PerkinElmer Life Sciences) (51). Triplicate values were
averaged and curves plotted using SigmaPlot (51).
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RESULTS

P3 Nuclear Localization Is Significantly Greater Than That of
Other Isoforms—Previous research using nonquantitative
CLSM analysis of fixed cells indicated that P1 and P2 are cyto-
plasmic due to the N-NES, whereas P3—P5 are mostly nuclear
due to the C-NLS (30). This work also indicated that the level of
nuclear localization may differ among P3, P4, and P5, implying
that additional sequences or mechanisms contribute to traf-
ficking. To determine quantitatively the nucleocytoplasmic dis-
tribution of P1-P5, we transfected HeLa cells to express these
proteins fused at their C termini to GFP, enabling analysis of
their localization in living cells by CLSM (Fig. 24). P1-GFP and
P2-GFP were clearly excluded from the nucleus, whereas
P4-GFP and P5-GFP could enter cell nuclei but showed only
moderate nuclear localization. P3-GFP, however, showed clear
nuclear accumulation (Fig. 24). To quantitate the nuclear local-
ization, we determined the nuclear to cytoplasmic fluorescence
ratio (F, ) as previously (42— 44, 47—49) (Fig. 2C), confirming
that P1- and P2-GFP were both excluded almost entirely from
the nucleus (F,,. of approximately 0.2), whereas P4- and
P5-GFP both exhibited diffuse localization (F,,. of approxi-
mately 1) similar to that of GFP alone. In contrast, the level of
accumulation of P3-GFP (F,,,. of approximately 7), was approx-
imately 5-fold higher than that of P4-GFP (Fig. 2C). Compara-
ble results were observed in Vero cells (data not shown).

We also examined the localization of untagged P protein iso-
forms in transfected HeLa cells by fixation and immunostaining
with anti-P antibody before quantitative CLSM analysis (Fig. 2,
B and D). This confirmed the observations from live-cell anal-
yses, showing that P3 accumulates in the nucleus to a much
greater extent than the other isoforms (Fig. 2D).

P3-P5 each lack the N-NES and contain the C-NLS that is
predicted to mediate nuclear localization of these isoforms (30),
as well as a CRM1-dependent NES in the CTD (C-NES), which
can modulate nuclear localization by the C-NLS (42) (Fig. 1).
Thus, the differential nuclear trafficking of P3—P5 could indi-
cate that the C-NLS is a relatively weak signal and that P3 con-
tains an additional, stronger NLS, or that the activity of the
C-NES s increased in P4 and P5 compared with P3. To test this,
we treated cells expressing GFP-fused P isoforms with or with-
out the CRM1 inhibitor LMB before analysis by CLSM (42) (Fig.
2A). LMB treatment significantly increased the nuclear local-
ization of all GFP-fused P isoforms but not that of GFP alone,
confirming that the localization of all P isoforms is regulated by
CRM1, due to the N-NES and/or C-NES (Fig. 2, A and C) (42).
However, even in LMB-treated cells, P3-GFP nuclear accumu-
lation remained much higher (>7-fold) than that of P4- or
P5-GFP (Fig. 2C). Intriguingly, the F, . for P3-GFP was also
approximately 10-fold that for P1-GFP, even though P1 con-
tains the entire P3 sequence. Thus, it appeared that P3 contains
a previously uncharacterized NLS that is inactive in P1 due to
the presence of P protein residues 1-52, and absent or inacti-
vated in P4 and P5 due to the deletion of the residues 53— 68
(Fig. 1).

P3 Contains a NLS in Its N-terminal Region—To determine
the minimal region of P3 sufficient to account for its increased
nuclear localization compared with other isoforms, we gener-
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FIGURE 2. P3 is more nuclear than other P isoforms due to differing nuclear import. A and B, HelLa cells transfected to express the indicated proteins were
treated with or without LMB (2.8 ng/ml, 3 h) prior to imaging of living cells by CLSM (A), or fixation and immunostaining of cells with anti-P antibody for CLSM
analysis (B). C and D, images such as those shown in A and B were analyzed to determine the ratio of nuclear to cytoplasmic fluorescence (F,,.) as described
previously (36,42-44,47,48). Dataare shownasmean F, . == S.E. (error bars), n = 52 from = 2 separate assays. Statistical analysis used Student’s t test (unpaired)

(**, p < 0.0001; n.s., not significant).

ated several C-terminally truncated versions of P3 fused to GEP
and determined their subcellular localization in living HeLa
cells as above (Fig. 34).

P>?~%5_GFP and P>* ®'-GFP (encoding the P protein resi-
dues indicated in superscript) correspond to the regions
deleted from P4 and P5 respectively compared with P3. Both
regions contain several basic residues that could form part of a
NLS (Lys*, Arg®?, Lys®?, Arg’®, Arg’”), and NLSmapper online
prediction software (53) indicated that P>*~%! may contain a
bipartite NLS (data not shown). However, both regions failed to
confer nuclear accumulation on GFP (Fig. 3, A and C; F,,,. of
approximately 1), indicating that additional sequence is
required. The minimal region able to confer nuclear accumula-
tion on GFP was within P**~'3°, which showed an F,,,_ value of
approximately 2.5 (Fig. 3, A and C); this level of nuclear accu-
mulation, however, was not as high as that of P3.

P>371%! and P**7'7* both contain the RabV P dynein light
chain-association sequence (DLC-AS) (see Fig. 1), which facil-
itates NLS-mediated nuclear import (44, 49). P>*~'>'.GFP
accumulated in the nucleus to a significantly (p < 0.0001)
higher extent (F,,,. of approximately 6) than P>>~'**-GFP, but to
asignificantly (p = 0.0156) lower extent than P3-GEP (F,,. > 7)
(Fig. 3, A and C). In contrast, P>>"'7*-GFP (F,,. of 7.5) accumu-
lated in the nucleus to levels completely in keeping with those of
P3-GFP (Fig. 3, A and C), indicating that P53-174 contains the
sequence necessary and sufficient to mediate full nuclear local-
ization of P3. This sequence was named the N-terminal NLS
(N-NLS).

Importantly, P>*'”* Jacks the C-NLS/C-NES-containing
CTD (Fig. 1), indicating that the predicted C-NLS makes little
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or no contribution to P3 nuclear accumulation. To test this, we
compared the nuclear accumulation of P>*~'7*-GFP with that
of the CTD (P'7>72°7-GFP), in cells treated with or without
LMB (Fig. 3, B and D). P>>~'7* conferred significantly (p <
0.0001) higher nuclear accumulation (4-fold) on GFP than did
the CTD. Further, this difference was almost 7-fold in LMB-
treated cells (Fig. 3, B and D), indicating that the N-terminal
region/N-NLS makes a greater contribution to the nuclear
import of P3 than the CTD/C-NLS.

Identification of Residues Important for P3 Nuclear
Accumulation—Because P3 accumulates in the nucleus to a
significantly higher extent than P4 (see above), P>*~“®islikely to
contain key residues of the N-NLS. As NLSs commonly contain
clustered basic residues, we tested the role of Lys®*and Arg® in
P3 nuclear accumulation by generating constructs for the
expression of GFP-fused P protein derivatives in which these
residues were mutated to asparagine: P3-(K54N/R55N)-GFP
and P%717%(K54N/R55N)-GFP, in which both residues
are mutated, and P3-(K54N)-GFP, P°3-17%(K54N)-GFP,
P3-(R55N)-GEFP and P*3>~'7*-(R55N)-GFP, which contain sin-
gle mutations. CLSM analysis of live HeLa cells expressing
these proteins (Fig. 4, A and B) indicated that both residues are
important for nuclear localization of P3 and P>*~'"%, as muta-
tion of either residue individually or their combined mutation,
resulted in a significant decrease in nuclear accumulation com-
pared with wild-type (WT) protein (Fig. 4B). No significant
difference in F,,,. was found between proteins containing either
the K54N or R55N single mutations, or the K54N/R55N double
mutation (F, . values of approximately 0.8 in all cases), indicat-

n/c

ing that both residues are critical to the N-NLS. Similar effects
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FIGURE 3.P*37"7% s necessary and sufficient to confer nuclear accumulation equivalent to that of P3. A and B, HeLa cells were transfected to express the
indicated proteins. Cand D, live cells, treated with or without LMB, were analyzed by CLSM to calculate the F,,,. (mean = S.E. (error bars), n = 49 from 3 separate
assays), as described in the legend to Fig. 2. Statistical analysis was according to the legend to Fig. 2 with p values indicated (n.s., not significant).

were observed for constructs in which residues Lys** and Arg®®
were deleted (data not shown), and a similar decrease in nuclear
accumulation was observed in fixed, immunostained cells
transfected with untagged P3-(K54N/R55N) compared with
WT P3 (F,,. of approximately 2 and 5 respectively; images not
shown). Thus, Lys>*/Arg®® are essential to N-NLS function, and
their proximity to the N terminus may account for the quanti-
tatively lower levels of nuclear accumulation observed in previ-
ous studies using P3 modified at its N terminus (42, 43).

To investigate directly the potential role of the DLC-AS in
facilitating N-NLS-mediated nuclear import, we converted the
essential DLC-AS residues Asp'*® and GIn'*” to alanine in P3
and P*>717% (P3-(D143A/Q147A)-GFP and P>*~'74(D143A/
Q147A)-GFP, respectively), which has been shown to inhibit
DLC-AS-facilitated nuclear import (44, 54). The mutations
resulted in a significant decrease in nuclear accumulation of
GFP-fused P3 and P>*>~'"* proteins (Fig. 4, C and D). However,
they did not reduce the F,, . of P>>"'7*-GFP to a level equivalent
to that of P>>7'3°_GFP, indicating that the region P**°~'"* con-
tains additional sequence(s) that contribute to P3 nuclear local-
ization, potentially including basic residues forming part of the
N-NLS sequence. To examine this, we analyzed the nucleocy-
toplasmic localization of P3-GFP carrying mutations to aspar-
agine of the residues Lys'* and Arg'**, which show high con-
servation between the P proteins of RabV strains and related
lyssaviruses (data not shown). Live-cell CLSM analysis revealed
no significant difference between the levels of nuclear accumu-
lation of P3-(K139N)-GFP and WT P3-GFP (F,,. of approxi-

n/c
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mately 8 in both cases), with mutation of both residues resulting
in only a moderate decrease (F,,. of approximately 6; images
not shown). This indicated that Arg'** makes a contribution to
P3 nuclear accumulation, but that other residues are important,
and residues, Lys®* and Arg® are essential. Importantly, the
fact that Lys®* and Arg®® are located within the N-NES indi-
cates a physical overlap of sequences critical to the N-NES and
N-NLS (Fig. 1).

The P3 N-NLS Is Recognized by the IMPo/[3 Heterodimer with
High Affinity—The above data indicate that P>*~”* contains a
previously unidentified NLS (N-NLS) that is responsible for the
high nuclear accumulation of P3. To confirm that this region
contains an IMP-recognized NLS (10), we tested the binding of
purified recombinant GFP-fused proteins encoding the regions
P>*~17* and P>*~'7*-(K54N/R55N) to GST-fused IMPa2 and
IMPf1 proteins (see supplemental Fig. S1), initially using native
PAGE as described previously (50-52, 55-57) (Fig. 5).

GFP-P>*~'7* interacted with both IMPa2 and the IMP«/f3
dimer, as indicated by a change in the mobility in the native gel
compared with in the absence of IMP addition, which was com-
parable with that observed for the well characterized IMPa/3-
binding NLS of T-ag (50-52) (Fig. 5A). Consistent with the idea
that Lys®* and Arg® are critical to the N-NLS, mutation
of these residues diminished the IMP interactions. Although
there was some interaction of the proteins with GST-IMPf31,
this was to a markedly lower extent than with GST-IMP« or
GST-IMPa/B, implying that P3 nuclear transport is likely to
rely on the IMPa/ heterodimer. Native PAGE was also used to
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FIGURE 4. P3 nuclear accumulation is critically dependent on residues
Lys®* and Arg®® and is facilitated by the DLC-AS. A and C, Hela cells trans-
fected to express the indicated proteins were analyzed live by CLSM. Band D,
images such as those shown were analyzed to determine the F,,. (mean =
S.E. (error bars), n = 57 from three separate assays) as described in the legend
to Fig. 2. w/t, wild-type. Statistical analysis was according to the legend to
Fig. 2.

analyze binding of increasing amounts of GST-IMP«2 (Fig. 5B)
or GST-IMPa/B heterodimer (Fig. 5C), results confirming
markedly reduced binding to GFP-P>*~'7*-(K54N/R55N) of
IMPa and IMPa/ compared with GFP-P>*~'7* Notably, GFP-
P>*~17* showed a strong shift in mobility at concentrations of
1-2 uM IMPa/B, whereas a similar shift was only observed at
8-9 uMm in the case of IMPa, consistent with the idea that
P>*~17% contains a classical IMPa/ B-recognized NLS, where
high affinity binding of IMPa« is dependent on heterodimeriza-
tion with IMPg (see 22, 50, 52).

We also used the highly sensitive AlphaScreen assay to ana-
lyze binding (51), results indicating high affinity binding of
IMPa/ to GFP-P>*~'7* (apparent dissociation constant, K, of
0.8 = 0.15 nm) (Fig. 5D). Analysis also revealed that maximal
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binding (B,,,,) of GFP-P**~'7*-(K54N/R55N) to IMPa/B was
markedly lower than that of GFP-P>*~'7* (Fig. 5D). These data
indicate that residues Lys®* and Arg®” are critical for IMP bind-
ing, representing the basis for the effects on nuclear transport
efficiency observed in Fig. 4.

The N-terminal 52 Residues of P1 Inhibit N-NLS Activity—
The above data indicate that P3 contains a functional N-NLS
that is inactivated by the deletion of key residues from P4 and
P5, accounting for the difference in nuclear localization of these
isoforms. However, P1 contains the entire N-NLS sequence,
but remains substantially less nuclear than P3 in cells treated
with or without LMB (Fig. 2, A and C). This implies that the
N-NLS is inhibited in the context of P1, through the presence of
residues P'~>% To examine this, we performed native PAGE
and AlphaScreen analyses to examine the binding of GFP-
P'~'7*to IMPa2 and the IMPa/ 3 heterodimer as above (Fig. 5).
Binding of both IMP« and IMPa/B to GFP-P*~'"* was pro-
foundly decreased compared with GFP-P>*~'7%, such that little
or no shift was evident in the native gels (Fig. 5, B and C).
Quantitative analysis using AlphaScreen (Fig. 5D) confirmed
this observation, with a B, for GFP-P'~'”*binding to IMPa/f3
that was markedly decreased compared with that for GFP-
P>*~'7% Clearly, the N-terminal 53 residues of P inhibit IMP
binding to the N-NLS in vitro.

To confirm that the nuclear targeting function of the N-NLS
is inhibited by residues P*~>? in vivo, we expressed P*~*”*-GFP
and P37 17%_GFP as well as P1-GFP, P3-GFP, and mutated ver-
sions thereof, in HeLa cells and imaged them live by CLSM (Fig.
6). Quantitative analysis indicated that P>*~'”*-GFP showed
almost 10-fold higher nuclear targeting ability than P'~'7*-GFP
in cells treated either without or with LMB (Fig. 6, A and B).
Importantly, although mutation of Lys®* and Arg®” significantly
(p < 0.0001) diminished P3-GFP nuclear accumulation, it had
negligible effect on nuclear localization of P1-GFP in cells
treated either without or with LMB (Fig. 6, C and D), implying
that the N-NLS plays no role in P1 nuclear import. Together,
these data indicate that the N-NLS is inhibited in P1 by residues
P'°% and that, in a unique mechanism, truncation of these
residues concomitantly inactivates the N-NES and activates the
N-NLS to effect strong nuclear accumulation of P3.

DISCUSSION

Here we show definitively for the first time that RabV P pro-
tein contains a novel trafficking module, incorporating overlap-
ping NES and NLS sequences, representing the basis of a
unique regulatory mechanism. Specifically, residues P'~>* form
part of the functional N-NES, but directly inhibit the function
of the N-NLS sequence (identified for the first time in this
study), to effect robust nuclear exclusion of the P1 isoform.
Truncation of the module in P3 by deletion of P'~>? inactivates
the N-NES and activates the N-NLS de novo, resulting in strong
nuclear accumulation. Thus, this module enables the highly
coordinated regulation of opposing nuclear trafficking
sequences. This mechanism differs fundamentally from the
previously accepted model of regulation of P protein isoform
nuclear trafficking through the differential expression of dis-
tinct, functionally independent trafficking signals (30) and rep-
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resents a novel and highly efficient strategy to control protein
nucleocytoplasmic localization.

Because of the close proximity of P'~>? to the critical N-NLS
residues Lys®* and Arg®®, the inhibitory effect of this region is
likely to be due to direct molecular masking, whereby P'~>?
interacts with and/or occludes these key residues from recog-
nition by IMPs, as implied by the direct binding studies where
P'~'7* shows low binding to IMPs in contrast to the clear, high
affinity binding by P>*~'7* (Fig. 5D), but still enables interaction
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with CRM1. Alternatively, inhibition of the N-NLS may relate
to local structural effects due to the presence or absence of
P'>2, Indeed, the region P>3788 js predicted to be consistent
with the flexible, “intrinsically disordered” regions of protein
(58) that are believed to enable the formation of diverse molec-
ular interactions (59—61), such that P'~>> could significantly
impact on molecular interactions formed by this region.
Importantly, we found that the N-NLS is not a classical short
monopartite or bipartite sequence, as P>>7°® or P>>~®!, which
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are deleted from P4 and P5 and contain essential N-NLS resi-
dues, are not sufficient to recapitulate the nuclear import con-
ferred by P3. In fact, N-NLS activity requires a large region
(P>37'7%) suggestive of an extensive, conformation-dependent
signal or a nonclassical bipartite NLS (9, 13) with an unconven-
tionally long spacer region. Several basic residues/motifs in the
C-terminal part of P**~'7* could contribute to such a sequence.
Thus, it is possible that regulation of the N-NLS involves
broader effects of P'~>* on the structure of the P protein.
Intriguingly, deletion of P*~>> from P3 also appears to be able to
activate the microtubule-association sequence (MTAS) within
the C-terminal domain (Fig. 1) (43), indicative of such effects on
distal regions of P3 and suggesting that the presence or absence
of P*~*? concomitantly regulates a number of distinct traffick-
ing/regulatory sequences involved in P3-mediated IFN-antag-
onism (29, 30, 36 -38, 42, 43). Importantly, the putative spacer
of the N-NLS contains the RabV P dimerization domain (resi-
dues 91-131, Fig. 1), structural studies of which indicate the
formation of two a-helices that form a hairpin (62) and may
thus align distally located residues at the N and C termini of the
N-NLS to form a bipartite signal. This is particularly intriguing
as the function of the MTAS is dependent on dimerization (43),
such that effects on the dimerization domain may contribute to
the coordinated effect of the deletion of P'"°* on these
sequences.

In addition to regulating the activity of the N-NES, N-NLS,
and MTAS, residues P'> also contain sequence critical for
binding to the viral polymerase L (P'~'°), essential to P1 func-
tion as a co-factor in cytoplasmic genome replication/tran-
scription (29). The deletion of this site from isoforms P2-P5 is
believed to enable accessory functions, such as antagonism of
IEN signaling, which depend on differential subcellular local-
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ization (29, 63). Consistent with this hypothesis, recent data
indicate that P2, which contains the N-NES and is cytoplasmic,
plays a more important role than P1 in inhibiting IFN signaling
by arresting STAT1 in the cytoplasm (37, 63, 64). Importantly,
our data (this report and see Ref. 43) indicate that the deletion
of residues P'~>* in P3 does not simply produce a truncated
version of P1/P2, but in fact generates a very different protein
species, suggesting that this isoform has adopted specific
unique properties which enable distinct intranuclear/microtu-
bule-dependent roles in IFN antagonism (29, 35, 37-39, 43). In
addition, our finding that nuclear localization of the region
P>3~'7*is increased upon treatment with LMB (Fig. 3, B and D)
suggests that this region contains additional NES activity
which, together with the DLC-AS (Fig. 4, C and D), can modu-
late nuclear localization through the N-NLS. Thus, subcellular
trafficking of RabV P isoforms involves complicated and intri-
cate mechanisms, indicating an exquisite requirement for
highly regulated nuclear trafficking in RabV infection, presum-
ably to enable efficient shutdown of host immune responses.

In conclusion, we have identified a novel nuclear trafficking
module for efficient co-ordinated regulation of the nucleocyto-
plasmic localization of protein isoforms. Future research will
evaluate the role of the N-NLS/N-NES module in the context of
infectious virus and pathogenicity in vivo, to evaluate its poten-
tial as a target for novel antiviral therapeutics/vaccines against
RabV, the cause of more than 55,000 human fatalities annually
(29, 65). This work should also assist in the delineation of the
regulation of trafficking of other cellular and viral protein iso-
forms to provide important insights into the regulation of pro-
teins involved in diverse cellular pathways and pathological
processes.
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