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ABSTRACT. Nucleocytoplasmic distribution of the rabies virus phosphoprotein is implicated in the evasion
of cellular antiviral mechanisms by rabies virus and has been reported to depend on an N-terminal nuclear
export sequence and a C-terminal nuclear localization sequence. This paper identifies a second nuclear
export sequence that is located between key residues of the nuclear localization sequence in the
phosphoprotein C-terminal domain. The C-terminal domain confers predominantly nuclear localization
in unstimulated transfected cells, indicating that the nuclear localization sequence is the dominant signal
at steady state. However, protein kinase-C activation or mutagenesis to mimic protein kinase-C
phosphorylation at a site proximal to the C-terminal nuclear localization/export sequences shifts the targeting
activity of the C-terminal domain toward nuclear exclusion, indicating that the nuclear export sequence
becomes the dominant signal in activated cells. Mapping of these sequences within the three-dimensional
structure of the C-terminal domain indicates that their activities may be coregulated by phosphorylation
and/or conformational changes in the domain. The data are consistent with a model in which intimate
positioning of the nuclear localization sequence, export sequence, and phosphorylation site within a single
domain provides a switch mechanism to rapidly and efficiently balance the reciprocal import and export
signals in response to cellular stimuli.

Nucleocytoplasmic protein trafficking is a key process in having cytoplasmic life cyclesl( 10—12). The phospho
cellular development and physiology and is exploited by (P-)protein of rabies virus (a negative-strand RNA virus of
pathogens including viruses and plant bactetia4). All the lyssavirus genus) contains a CRM-1 exportin-dependent
transport into or out of the nucleus occurs through the nuclearNES in its N terminus (designated here NES#1) and basic
membrane embedded nuclear pore complexes. For largaesidues that are involved in nuclear import (K214, R260)
molecules ¢ 45 kDa), nuclear import/export requires active by appearing to form part of a conformational NLS through
transport mediated by specific nuclear import (importins) or their proximal location on the surface of the folded C-
export (exportins including CRM-1) proteins, ). Importin terminal domain (CTD) (Figure 1)1(). Nucleocytoplasmic
and exportin interaction with cargoes is conferred by nuclear localization of rabies P-protein (RPP) and other viral proteins
localization sequences (NL3snd nuclear export sequences has been implicated in the modulation of biological processes
(NESSs), respectively, which are found in the cargo protein. including apoptosis and interferon-induced antiviral responses
These interactions can be dynamically regulated through (11, 13, 14).

specific m_echanisms _including phosphorylation and molec-  Rpp is one of only five proteins produced by the rabies
ular masking/unmasking of NLSS/NESS in the carge). virus, which implies that there is a requirement for multi-

Interaction with the cellular nuclear import/export ma- ¢ nctionality/heterogeneity of the individual proteins to
chinery is essential to the life cycle of most DNA viruses as qadiate the viral life cycle. RPP acts as a cofactor in RNA

\tNetlf|1as retlrowr;Jses, "éh'cth m_usft dfl|veLtr;e|r glenet:c rf?aff”al polymerase function of the rabies large (L)-protein and as a
0 Ihe nucieus for productive intection, but nuciear raflicking - cphaperone for the rabies nucleo (N)-proteiB)( containing
of various viral gene products is also common among Viruses 5 gjngle interaction site for L, one site for interaction with

N, and another for N complexed with the viral RNA genome
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! Abbreviations: NLS, nuclear localization sequence; NES, nuclear contains a dynein light chain association sequence (DLC-

export sequence; P-protein, phosphoprotein; CTD, C-terminal domain; AS), which interacts with the dynein chain LC8 and
RPP, rabies virus phosphoprotein; N-RNA, rabies virus N pretein  facilitates RPP nuclear accumulation, as well as regions that

RNA complex; DLC-AS, dynein light chain association sequence; PKC, intaract with proteins relevant to the cellular antiviral
protein kinase-C; CLSM, confocal laser scanning microscopy; LMB, . .
leptomycin-B; PMA, phorbol myristyl acetate; Fn/c, ratio of nuclear €Sponse (Figure 118, 16—18). A leaky scanning mech-

to cytoplasmic fluorescence. anism produces four truncated RPP protein species- (P2
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Ficure 1: Schematic diagram of the RPP structure (P1, residue®9T). Regions involved in forming intermolecular interactions are

shown together with the PKC phosphorylation sitegs 410 $71), which are shown as filled circles; other phosphorylation sites &)

are shown as hatched circles. Regions previously reported to be involved in determining the nucleocytoplasmic distribution of RPP (NLS,
NES#1, and DLC-AS) are indicated. The position of NES#2 and key residues involved in NES#2 activity (identified in this study) are also
shown. The lower panel shows the truncated RPP species, which are expressed in infected cells, and their nucleocytoplasmic distribution.

P5) in addition to full-length RPP (P1) in infected cells. for expression of GFP-RPP P1, GFP-RPP P3, GFP-RPP
These proteins differ in subcellular localization owing to the CTD, GFP-RPRs-264, and GFP-RPR,—297 fusion proteins
presence (P1, P2) or disruption/absence-(®30f NES#1 in mammalian cells.

(Figure 1) (L1). RPP is also phosphorylated at multiple sitess  The NLS from human cytomegalovirus (hCMV) ppUL44
by protein kinase-C (PKC) and another cellular kinase protein was produced by PCR from the pDEST53-UL44C2N
(Figure 1) (9). Thus, RPP produces multiple heterogeneous vector 0) to amplify the coding sequence for residues421
protein species to perform a number of functions during 433, which introducedarH| and Bglll restriction sites at
rabies infection, these requiring differential localization of the 8 and 3 ends, respectively; these sites were flanked by
RPP to the nuclear and cytoplasmic compartments. Gateway recombination sites. The PCR fragment was cloned

Here we report the first quantitative study of nuclear into the mammalian expression vector pEPI-GFP-DESTC
localization of RPP, which identifies a second CRM-1- (12) by recombination using Gateway cloning technology
dependent NES (NES#2) in the RPP CTD. NES#2 is closely (Invitrogen, Carlsbad, CA) in frame C-terminal to the reading
associated with residues reported to form the NLS. NES#2 frame of GFP to produce the vector pEPI-GFP-UL44 NLS.
is functional in P3 protein, in which NES#1 is reported to The sequence encoding RPP2ss was PCR amplified to
be inactivated by truncationl{) and which has been introduceBanHI and Bglll sites at the 5and 3 ends and
suggested to play key roles in modulating the cellular was inserted banHI|/Bglll cloning (18, 21) into the unique
antiviral responsel(l, 13). Nucleocytoplasmic trafficking  Bglll site 3 of the UL44 NLS in the pEPI-GFP-UL44 NLS
appears to be regulated by a PKC phosphorylation site vector, in frame with UL44 NLS, to produce pEPI-GFP-
proximal to both NES#2 and the NLS. Consideration of the UL44 NLS-RPR,;_»3s These constructs produce GFP-UL44
structural organization of the NES, NLS, and PKC phos- NLS and GFP-UL44 NLS-RPR.,3s fusion proteins when
phorylation site in the CTD indicates that PKC activity could expressed in mammalian cells.

simultaneously regulate both import and export signals to  gijte-directed mutagenesis of proteins was performed using
balance nucleocytoplasmic localization of RPP. We hypoth- the overlap PCR techniqu2d). The PKCe-eGFP encoding

esize that the CTD acts as a novel molecular switch 10 construct was from Clontech. The plasmid encoding GFP
regulate trafficking of RPP. fused to the HIV REV NES and NLS has been described

previously @3, 24).
EXPERIMENTAL PROCEDURES Transfections and Drug TreatmentBor transfection,

Constructs.The plasmid pLex-P containing full-length  COS-7 cells were grown to 80% confluency on coverslips
RPP was kindly supplied by D. Blondel (Unite Mixte in DMEM with 10% FCS in 5% C@at 37 °C. Transient
Virologie Moléculaire et Structurale, Gif sur Yvette Cedex, transfection was performed using Lipofectamine 2000 (In-
France). PCR was used to produce fragments containing RPR/itrogen) according to the manufacturer’s instructions, and
P1 (full length, RPR 297, position of amino acids in protein  cells were analyzed by confocal laser scanning microscopy
sequence shown in subscript), RPP P3 (RBF), RPP CTD (CLSM, see below) 1824 h post-transfection. For inhibition
(RPR74-2907), RPRos-264 and RPRs2297 flanked byBglll sites of CRM-1-mediated nuclear export, leptomycin-B (LMB)
at the 5 and 3 ends. The inserts were digested wiglll was added to the media to a final concentration of 2.8 ng/
and cloned into the pEGFP-C1 plasmid to produce constructsmL 3 h before CLSM analysis. For PKC activation, phorbol
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myristyl acetate (PMA) was added to the media to a final 5« GFP
concentration of kM 1 h prior to analysis. REF B BEPES _RFFGID. __ (GRP
CLSM Analysislmaging of live cells was performed using -LMB

a Bio-Rad MRC-600 CLSM with a 40 water immersion
objective and heated stag#0( 25, 26). Analysis of digitized
confocal files used Image J 1.62 public domain software  +LMB
(NIH), calculating fluorescence intensity for the nucleus (Fn)

and cytoplasm (Fc), which were corrected for background  B.
fluorescence and used to calculate the Fn/c ratio as previously
described 18, 27, 28). Graph Pad Instat software was used
for statistical analysis.

To calculate the cellular fluorescence intensity of trans- 2
fected cells corrected for background fluorescence intensity, 1
the mean nuclear fluorescence with background fluorescence 0

intensity subtracted (Fn) and the mean cytoplasmic fluores- _ T .
cence with background fluorescence intensity subtracted (Fc)T'GURE 2: Nuclear localization conferred by the RPP CTD is
. . responsive to LMB. (A) COS-7 cells were transfected to express
were calculated for50 images of transfected cells using  ,q'indicated GEP-fusion protein and analyzed by CLSM 28 h
Image J 1.62 softwarel®); cellular fluorescence was |ater; where indicated, LMB was added to cells to a final
calculated as Fr- Fc. concentration of 2.8 ng/m3 h prior to CLSM. (B) Images such

Structure AnalysisThe PDB file of the RPP CTD crystal as those shown in (A) were analyzed to calculate the ratio of nuclear

. . to cytoplasmic fluorescence (Fn/c). Nuclear accumulation of both
structure g9) was obtained from the National Centre for ~ Grp.Rpp p3 and GFP-RPP CTD is greater than that of GFP alone
Biotechnology database, and structural analysis used theighlighted by dotted line), whereas GFP-RPP P1 shows significant

PyMol Molecular Graphics System software (W. L. DeLano, nuclear exclusion. Nuclear localization of the RPP P1-, P3-, and
2002, DeLano Scientific, San Carlos, CA). Representations CTD-containing proteins is significantly increased upon treatment

. . with LMB. The negative control, GFP alone, is unaffected by LMB
of surf_ace potential were produced using the CCP4 moleculartreatment_ Results are shown as the mea8EM forn > 50,
graphics software3Q).

p<0.0001

o-LmB

p=0.0001

GFP-RPPP1 GFP-RPPP3 GFP-RPPCTD  GFP

RESULTS NES#1 sequence, both GFP-RPP P3 and GFP-RPP CTD
showed significant increases in nuclear accumulation upon
Identification of a NES in the RPP CTIRPP produces LMB treatment (Figure 2). GFP alone showed no effect of
five protein species in infected cells (full-length protein [P1] LMB treatment on nuclear localization, demonstrating that
and truncated proteins [PP5]) owing to translation from  the observed effects of LMB were entirely dependent on the
internal methioninesi(, 31). Proteins containing NES#1 (P1 RPP sequences fused to GFP (Figure 2). Nuclear export of
and P2, which are initiated at Met1 and Met 20, respectively) the HIV-1 REV protein is known to use the CRM-1-mediated
have been reported to be excluded from the nucleus with export pathway 32), and nuclear accumulation of a GFP
dependence on CRM-1 activity, whereas truncated proteinsfusion protein containing the REV NES and NL33( 24)
in which NES#1 is disrupted/absent (P3, P4, and P5, initiatedwas significantly enhanced by this LMB treatment (not
at Met 53, Met 69, and Met 83, respectively) accumulate in shown). Thus, it appeared that RPP contains a second CRM-
the nucleus due to nuclear localizing activity in the CTD 1-dependent NES (NES#2) within the CTD.

(Figure 1) (L1). However, the nuclear import/export of RPP Identification of NES#2 Sequende further characterize
has not previously been assessed quantitatively. the mechanisms of nuclear import/export of RPP, we
To quantitatively examine nuclear transport of RPP produced GFP-RBE-264 which contains residues shown
proteins P1 and P3 (RBP.g7) and the RPP CTD (RRR-20), previously to be essential for nuclear accumulation of RPP

we cloned the coding sequences for these proteins in frame(K214 Reso) (Figure 3A, upper panel)1(), and nuclear
C-terminal to the reading frame of GFP in the vector pEGFP- localization of this protein was assessed as described above.
C1. As the fusion proteins start translation at the GFP start Intriguingly, rather than accumulating in the nucleus of
codon and read into the P protein sequence, the internal AUGtransfected cells, GFP-RRE- 264 showed clear nuclear
start codon of P3 () was deleted from the sequence, so exclusion (Figure 3B). RPBs-264 contains a number of
GFP-P3 contains RPP amino acid residues 337 rather ~ hydrophobic residues that could form a CRM-1-dependent
than 53-297. These fusion proteins were expressed in COS-7NES (Figure 3A, upper panel, and see below). We found
cells for analysis by CLSM, with nuclear localization that a second fragment of the CTD, REP7 which
quantified by calculating the ratio of nuclear to cytoplasmic contains a similar proportion of hydrophobic residues as
fluorescence intensity (Fn/c) as described under ExperimentalRPPos-264 (Figure 3A), did not cause nuclear exclusion of
Procedures. As can be seen in Figure 2, GFP-RPP P1 wadused GFP compared with GFP alone (Figure 3B). This
excluded from the nucleus, whereas GFP-RPP P3 and GFPindicated that nuclear export activity conferred by the
RPP CTD accumulated in the nucleus to a greater level thantruncated protein RRR-264is due to a specific sequence in
GFP alone, which is consistent with previous observations this region.

described abovel(). P1 contains NES#11(@) and, as To test whether nuclear export mediated by RRRs, was
expected, nuclear export was significantly inhibited by due to CRM-1 activity, we examined the effect of LMB
treatment with LMB (Figure 2), a specific inhibitor of CRM-  treatment on the subcellular distribution of GFP-R§gBsa4,
1-mediated nuclear export. Intriguingly, although P3 is finding that treatment significantly increased nuclear local-
truncated within NES#1 and the CTD entirely lacks the ization (Figure 3C,D). Thus, GFP-RRE 264 appeared to
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Ficure 3: Characterization of RPP NES#2. (A) The primary sequences obdg@RPR (upper panel) and RBB-,q7 (lower panel) are
shown. Hydrophobic residues are underlined, residues selected for mutation to alagink.§k M232) are shown in large bold italics,
residues reported to be involved in nuclear accumulatigniRze0) are shown in large bold type, and thg PKC phosphorylation site

is boxed. (B, C, E) COS-7 cells were transfected to express the indicated protein and analyzed as described in the caption of Figure 2. (B)
GFP-RPRos-264is clearly excluded from the nucleus, but GFP-RRB,- is diffusely distributed, similar to GFP alone. (C) CLSM images

show that nuclear export of GFP-RBR 264 is inhibited by LMB treatment or mutation of potential NES#2 residues (shown in (A), upper
panel) to produce GFP-RBRR-264FLM-A), and (D) image analysis shows that the increases in nuclear localization are highly significant.
Nuclear accumulation of GFP-RRR 264FLM-A) is greater than that of GFP alone (shown as dotted line) and shows a considerable
reduction in sensitivity to LMB treatment compared with GFP-RRBRss. (E) GFP-RPP CTD(FLM-A) is diffusely distributed in transfected

cells compared with GFP-RPP CTD, which localizes in the nucleus, and (F) image analysis shows that nuclear accumulation of GFP-RPP
CTD(FLM-A) is significantly inhibited compared with GFP-RPP CTD and is insensitive to LMB treatment. Results are shown as the mean
+ SEM forn > 50.

contain an active CRM-1-dependent NES, which caused RPRyos-264FLM-A) accumulated in the nucleus to a greater
nuclear exclusion in the absence of LMB. This contrasted extent than GFP alone (Figure 3D). Thus, nuclear import

with larger RPP proteins (RPP CTD and RPP P3), which

activity appears to be retained to some extent in BRPR+

mediated accumulation in the nucleus in the absence of LMB (FLM-A), with the NLS becoming the dominant targeting

(Figure 2). The intact CTD forms a compact domain in which
many of the hydrophobic residues will be buried (see

signal when NES#2 is disabled.
The FLM-A mutation was also introduced into GFP-RPP

Discussion). Thus, it appeared that the expression of the shorlCTD. We observed that nuclear accumulation of GFP-RPP

fragment RPRs-264 had exposed a NES which was partially
obscured in the context of the intact CTD structure when
expressed in unstimulated cells.

CRM-1-dependent NESs commonly conform to the motif
LxxLxL, where L can be the hydrophobic residue L, I, V,
F, or M (7). Examination of the sequence of RBP4
identified a cluster of hydrophobic residues that could form
NES#2 (Figure 3A, upper panel). We selectegh,R ,30, and
M 232 for mutational substitution to alanine in the RRP2e4
sequence, producing RRE 264 FLM-A). Analysis of cells
transfected with GFP-RBR-264FLM-A) showed that this
mutation resulted in a significant increase in nuclear ac-
cumulation compared with GFP-RRBR 64 wWhich was
accompanied by a considerably diminished sensitivity to
LMB, confirming that these mutations had disrupted NES#2
activity in RPRog-264 (Figure 3C,D). Interestingly, GFP-

CTD(FLM-A) was insensitive to LMB treatment, indicating
that NES#2 activity had been disabled (Figure 3E,F).
However, nuclear localization of GFP-RPP CTD(FLM-A)
was significantly lower than that of wild type GFP-RPP
CTD, indicating that NLS activity had also been disabled
(Figure 3E,F). Mutation of Mokola lyssavirus P-protein to
convert Mss (which corresponds to the conservedspin
RPP) to a threonine was reported previously to affect the
P-protein interaction with Mokola virus N-proteii33). It
has been predicted that this mutation would result in
destabilization of core packing of the globular RPP CTD
(29). Itis possible, therefore, that the FLM-A mutation affects
the global structure of the intact CTD, resulting in deactiva-
tion of the NES and the NLS. Thus, although the FLM-A
mutation was useful for mapping the functional NES#2 when
the CTD was substantially truncated in the form of REReq,
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Ficure 4: RPP NES#2 can act as an independent module to cause nuclear exclusion of a heterologous NLS. Cells were transfected to
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express the indicated proteins and analyzed with or without treatment with LMB as described in the caption of Figure 2 8) GFP
NLS shows nuclear accumulation with or without LMB treatment, whereas—&HR4 NLS—RPR;;-233 is clearly excluded from the
nucleus without LMB, but accumulates in the nucleus following LMB treatment. (B) Image analysis confirmed thatJG#HPNLS
accumulates in the nucleus, and nuclear localization is unaffected by LMB treatment, whereas thdL@EMLS—RPR,1-»35 fusion
protein shows significant nuclear exclusion compared with GBP44 NLS. Following LMB treatment GFPUL44 NLS—RPPR;;-238
accumulates in the nucleus to a level not significantly different from that of-@GHRI4 NLS. Results are shown as the meatSEM for

n > 40.

this mutation was not investigated further in the context of
the intact CTD or larger RPP proteins.

RPP NES#2 Can Act Independently To Regulate Nuclear

Targeting by a Heterologous NL$&laving identified key
residues involved in the CRM-1-dependent export of
RPPRos-264, We next tested whether a considerably truncated

RPR21-238 fragment, demonstrating that RPP contains a
modular NES in the CTD within residues 22238.
Regulation of CTD Nuclear Accumulation by Phospho-
rylation. In vitro phosphorylation studies suggest that PKC
phosphorylates RPP at three sites which conform to the S/T
X—K/R consensus PKC phosphorylation site:(SS;;0, and

RPP sequence containing residues representing a minimaf;71) (19). The PKC site serine g is located next to the

NES sequence, and lacking the RPP NLS residues,, (K

predicted NLS residues KKY¥, in the primary sequence

Ra60), could mediate nuclear export as an independent moduleof RPP (Figure 3A, upper panel) and adjacent to a patch of

and cause relocalization of a heterologous NLS to the
cytoplasm. The LxxLxL is a minimal motif, and functional
NESs will require additional flanking residue3y; therefore,

to produce a minimal functional RPP NES, we selected the
sequence RBR-235 Which contains the six residues that
form the LxxLxL motif (Fo27—M2sz) and the six N-terminal
and six C-terminal residues that flank this motif. For a
heterologous NLS we used the UL44 NLS (residues421
433 of hCMV ppUL44 RQ0)), which contains a short, basic
NLS sequence (PNTKKQK) that is imported to the nucleus
via the classical import pathway involving th&3 importin
heterodimerZ0). The UL44 NLS acts as a module conferring
nuclear accumulation to GFP when GFP-UL44 NLS fusion
protein is expressed in mammalian cells (Figure 4). To test
the ability of RPR,1-233t0 cause nuclear export of the GFP
UL44 NLS fusion protein, we produced a construct that
expresses GFP, UL44 NLS, and RRP,3sas a single fusion
protein with the NLS and putative RPP NES expressed in
tandem (GFP-UL44 NLS—RPR»1-239). As can be seen in
Figure 4, the attachment of RPR .35 to the UL44 NLS
results in clear nuclear export of the protein in transfected
cells. The nuclear localization of GFRJL44 NLS was
unaffected by LMB treatment (Figure 4B), confirming the
absence of NES activity in the GFP or UL44 NLS sequences;
however, LMB caused a significant increase in nuclear
accumulation of GFPUL44 NLS—RPR21-235 (Figure 4B).
The nuclear accumulation of GFRJL44 NLS—RPPR1-»38

in LMB-treated cells was not different from accumulation
of GFP-UL44 NLS in untreated cells (Figure 4B). Thus,
the UL44 NLS is functional in the context of both fusion
proteins, and the predominantly cytoplasmic localization of
GFP-UL44 NLS—RPR;;-238 in untreated cells is due to
nuclear export driven by a CRM-1-dependent NES in the

positive potential on the surface of the CTD, which includes
the residues K4 and Rgo that are required for RPP nuclear
import (11, 29). No functional effect has previously been
attributed to 910 phosphorylation, but the functions of NLSs
and NESs are commonly regulated by phosphorylatin (
6).

To examine whether PKC phosphorylation might affect
NLS/NES#2 activity, we first tested the effect of the PKC
agonist PMA on RPP nucleocytoplasmic distribution. Treat-
ment of cells transfected to express GFP-RPP P3 or GFP-
RPP CTD with PMA produced a significant inhibition of
nuclear localization, implying that PKC activation shifted
the CTD from nuclear import toward nuclear export (Figure
5). The effect of PMA could be inhibited by LMB treatment,
resulting in significantly increased nuclear localization of
GFP-RPP P3 and GFP-RPP CTD in cells treated with LMB
and PMA compared with PMA alone (Figure 5). Thus, the
altered nuclear accumulation appears to involve CRM-1
activity. Treatment of cells transfected to express GFP-&®KC
with PMA resulted in relocalization of GFP-PKCrom the
cytoplasm to membrane structures as expected, confirming
the efficacy of this PMA treatment to activate PKC (not
shown).

As PMA can produce pleiotropic cellular effects, we next
examined the effect of modification oL directly. Sioin
the RPP CTD was mutated to alanine (RPP CTRS)
and aspartic acid (RPP CTD43)), and these sequences
were cloned into pEGFP-C1 as above. The alanine-
substituted derivative cannot be phosphorylated, whereas the
aspartic acid derivative possesses a negative charggeat S
which mimics a constitutively phosphorylated state. Expres-
sion of GFP-RPP CTD(A) produced nuclear accumula-
tion not different from that of GFP-RPP CTD, but GFP-
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Ficure 5: PKC activation affects nuclear localization of RPP. (A) Cells were transfected to express the indicated proteins and analyzed as
described in the caption of Figure 2, with or without treatment with 2.8 ng/mL LMB3fb and/or 1uM PMA for 1 h prior to CLSM. (B)

Image analysis shows that nuclear localization of both GFP-RPP P3 and GFP-RPP CTD is significantly decreased by PMA treatment and
that LMB treatment significantly inhibits this effect. Results are shown as the se8BM for n > 50.
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Ficure 6: PKC phosphorylation site,& affects nuclear import/export of the RPP CTD with dependence on CRM-1. (A) Cells were
transfected to express the indicated protein and analyzed as described in the caption of Figure 2. (B) Image analysis revealed that nuclear
accumulation of GFP-RPP CTD{%A) does not differ significantly from GFP-RPP CTD in cells treated with and without LMB, and both
proteins show nuclear accumulation greater than that of GFP alone (shown as a dotted line). Nuclear localization of GFP-RPP)CTD(S

is decreased to a level lower than that of GFP alone (shown as dotted line). The nuclear accumulation of GFP-RREDTER{Gnificantly

increased by LMB treatment. Results are shown as the me&8&EM for n > 50.

RPP CTD(S:D) was consistently less nuclear than GFP- DISCUSSION

RPP CTD or GFP protein alone (Figure 6). When treated ] ) )

with LMB, GFP-RPP CTD(8D) became significantly more In this study we identify a CRM-1-dependent NES
nuclear, showing that nuclear distribution of this protein was (NES#2) in the C terminus of RPP for the first time. We
dependent on CRM-1 activity (Figure 6). To confirm that show thgt nuc!ear I_o_callzatlon pf truncated RPP, in which
the mutated proteins (RPP CTR{®), RPP CTD(S:D)) the previously identified l\_I-termmaI _NES (NES#1) ha_s been
expressed at levels similar to that of the wild type protein, disrupted or removed, is determined by the reciprocal
we calculated the mean cellular fluorescence intensity activities of the newly discovered NES#2 and the NLS and
corrected for background for the transfected cell populations ¢&n be regulated by phosphorylation at a proximal PKC site.
as described under Experimental Procedures, finding thatThe NLS, NES#2, and PKC phosphorylation sites are found
mean fluorescence intensity for cells expressing GFP-RPPClosely associated in a single globular domain at the C
CTD, GFP-RPP CTD(SPD), and GFP-RPP CTD(BA) was terminus of RPP. Our da_ta indicate t_hat Jux_tap05|t|on|n_g_of
187.6, 192.3, and 205.0, respectively, so the mean cellularthese sequences in a single domain provides an efficient

fluorescence intensity did not differ by9.2%; the fluores- ~ molecular mechanism by which RPP can simultaneously
cence intensity of cells expressing GFP-P3 (186.9) was alsoregulate the opposing signals to shift the balance between
within this range. nuclear export and import.

Thus, it appears that phosphorylation gf,8auses a shift The sequence containing key RPP NES#2 residues
in the competing activities of the NLS/NES targeting (NFEQLKM) conforms to the loosely conserved NES motif
sequences to reduce nuclear accumulation of the protein. LxxLxL (where L is L, M, F, I, or V), which typically
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contains several charged residugs A more extensive NES
consensus sequence (L-x(2,3)-[LIVFM]-x(2,3)-L-x-[LI]) has
been predicted35), and it is likely that NES#2 activity
involves one or more of the neighboring hydrophobic
residues in the CTD, but mutation ofJ; Lasg and M is
clearly sufficient to inhibit nuclear export. The crystal
structure of the CTD (residues 18@97) has been solved
(29), allowing us to map these NES#2 residues in the domain
(Figure 7). A key observation from mapping the NES is that
the hydrophobic residues are oriented to the interior of the
CTD structure: k7 is buried in the CTD core, 4 is
oriented to the inside, and M is only partially exposed
(Figure 7A). NES#2 contains an amphipathig 8elical
structure (Figure 7B)1(1, 29), so that the hydrophilic residues
(N226, E228 Q220, K231), Which emerge from the opposite side
of the helix to k27 Laso, and Mgy, are exposed at the CTD
surface (Figure 7B,C), with &g forming negative surface
potential (Figure 7D). Consideration of the sequence/structure
of known NESs indicates a tendency to form amphipathic
o-helices 7), and the RPP NES#1 is predicted tods@elical
at residues 5256 (11, 29). Thus, NES#2 is similar to
conventional NESs but differs in the helical structure it forms.
The export activity of certain NESs is known to be
regulated by molecular masking/unmasking and/or phospho-
rylation 6—9, 36, 37), and our data are consistent with both
forms of regulation playing a role in NES#2 activity. The
inward orientation of the NES#2 hydrophobic residues
(Figure 7A) suggests that they will not be readily accessible
to CRM-1 unless the CTD undergoes some conformational
change. It is notable that although P3 and RPP CTD both
accumulate in the nucleus of transfected cells in the absence
of LMB, the shorter fragments, RRfg-264 and RPR1_23s,
cause pronounced nuclear exclusion, suggesting that the NES
is activated/exposed in these truncated proteins. Furthermore,
the fact that functional NES activity is maintained by the
18-residue RPB;_ 235 fragment demonstrates that the RPP
NES is a short, independent targeting module. These data
are consistent with observations made in other proteins where
masked NESs have been exposed by truncation of the
holoprotein 86, 38, 39). The nuclear exclusion seen for
RPRos-264 could not be directly attributed to deactivation
of RPP NLS activity as RP4gs-264 Still showed significant
FiGUre 7: Location of NES#2, NLS, and,$ residues in the 3D nuclear accumulation (comparable to that of the RPP CTD)
structure of the RPP CTD monomer. (A) Surface representationswhen the NES#2 was inactivated by mutation. Thus, it

(upper panel) and corresponding ribbon diagrams of secondary ;
structure with side chains represented as sticks (lower panel) ofalppears that NES#?2 represents a strong export signal, but

the RPP CTD, residues 18@97. The left panel shows a front view My be negatively regulated by conformational restraints in
of the round face of the CTD, and the right panel shows the view RPP CTD and RPP P3 at steady state.

rotated 90 with the flat face f) and round facerj indicated. Of That the RPP CTD structure can be dynamically regulated
the side chains of the hydrophobic NES#2 residues (side chainsjg suggested by the exposure of a masked epitope in the CTD

shown in magenta), M. is only partially exposed, 430is oriented _ ; : ; : ]
toward the CTD interior, andJ is buried. The side chains of the upon N-RNA interaction15). The CTD mediates interac

basic residues implicated in NLS activity {K Ko12 K214 and Reg, tions of RF_’P_With several other protei_nls’SI, WhiCh could
shown in blue) and the PKC phosphorylation site;¢Sside chain ~ produce similar effects. As the spatial proximity of key
in yellow) are exposed on the surface of the round face. (B) Ribbon residues involved in nuclear import £, Rze0) is dependent
diagrams of the  amphipathic helical structure of the NES region  gn the conformation of the CTOLY, 29) and these residues

viewed from the side (left panel) and end (right panel) of the helix : : . :
show that the hydrophobic residues,4E Ly, Mass Shown in flank the NES#2 residues in the RPP primary sequence, it

magenta) and charged/polar residuesE{NExzs Qzz0 Kzs1, Shown is an intriguing possibility that conformational changes that
in orange) emerge from opposite sides of the helix. (C) Surface expose NES#2 could also affect the NLS, thus counterbal-

representation of the RPP CTD shows that the NES#2 hydrophilic ancing NES#2/NLS activity and producing rapid, efficient

?ide C”hai;‘s(éi;‘é’_l[aDnge)f are S“trfafel exposed ta?.d p(r0>.<tikr‘na31§_ct). S switching between nuclear import and export. It is also of
in yellow). surface potential representation (with positive : .

potential shown in blue and negative potential in red) shows that !nterest that. the regdugs KKYK, are pred'Cted. to be
Sxo (in yellow) is adjacent to the negative surface potential inNvolved in interaction with N-RNA as well as in NLS

produced by Es activity (11, 29), so it is possible that certain intermolecular

P
e *:‘a
= iy BEL

t
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interactions could mask/unmask nuclear transport signals
both by intermolecular steric hindrance and by induction of
intramolecular conformational changes.

Our data indicate that PKC phosphorylation at;0S
switches the CTD from a configuration where the NLS is
dominant to one where NES#2 is dominant, thus biasing RPP
CTD localization from the nucleus to the cytoplasmu.es
exposed on the CTD round face, adjacent to a region of
positive surface potential produced by residues including
K214R260, Which are necessary for nuclear import (Figure
7A) (11, 29). It is likely that a negative phosphate group at
S0 would affect the positive patch, diminishing the ability
of the NLS residues to mediate nuclear impdtt,(29).
Intriguingly, the hydrophilic residues of the NES#2 helix are
also proximal to & on the CTD surface so that is
immediately adjacent to the negative surface potential
produced by k&g (Figure 7C,D). It has been suggested that
the exposed charged residues of NES helices may be
important in initial interaction with CRM-1, this preceding
local conformational change to permit interaction of CRM-1
with buried hydrophobic residue&)( It is possible that
phosphorylation will have some influence on NES#2 activity,
either by directly affecting the conformation/exposure of the
hydrophobic NES residues or by affecting the interaction of
CRM-1 with the CTD surface exposed hydrophilic NES
residues. Thus, phosphorylation has the potential to affect
nuclear import and export activity in concert.

Although the precise role of phosphorylation in RPP
biology is unclear, it appears that the nucleocytoplasmic
distribution of RPP protein species is regulated by PKC
activation, providing a mechanism whereby rabies virus can
detect and respond to changes in the cellular environment.
One relevant case may be the activation of PKC in response
to interferon, as RPP P1 and P3 are suggested to play key

roles at several stages in rabies virus evasion of cellular 13-

antiviral mechanisms, this involving a number of distinct
activities localized specifically in the nucleus or the cyto-
plasm (3).

In conclusion, we have shown that the closely associated
NLS, NES#2, and §o phosphorylation sites of RPP col-
laborate to control the nucleocytoplasmic distribution of RPP.
Other than these CTD-localized sequences, the N-terminal
NES#1 and centrally located DLC-AS also affect nuclear
localization (L1, 18). Thus, RPP contains a series of distinct
targeting signals that must be coordinated to produce the
appropriate subcellular distribution, this involving regulation
by mechanisms including truncation and phosphorylation.
All of these targeting signals are highly conserved in the
lyssavirus genus, indicating that these mechanisms of
regulated trafficking are common among lyssaviruses and
highlighting the importance of finely regulated nuclear
import/export of P-proteins during lyssavirus infection.
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