Biochemistry2005,44, 1288712895

12887

Nuclear Import of the Respiratory Syncytial Virus Matrix Protein Is Mediated By
Importin 31 Independent of Importinct

Reena Ghildya¥;* Adeline Ho? Kylie M. Wagstafff Manisha M. Diag, Chenoa L. Bartor,Patricia Jan$,
Phillip Bardin? and David A. Jans¥~

Department of Biochemistry and Molecular Biology, Monash:érsity, Clayton, Australia, Department of Microbiology,
Monash Uniersity, Clayton, Australia, Department of Respiratory and Sleep Medicine, Monash Medical Centre,
Clayton, Australia, and Australian Research Council Centre of Excellence for Biotechnology astbfraent, Australia

Receied April 18, 2005; Reised Manuscript Receéd May 30, 2005

ABSTRACT. The matrix (M) protein of respiratory syncytial virus (RSV) plays an important role in virus
assembly through specific interactions with RSV nucleocapsids and envelope glycoproteins in the cytoplasm
as well as with the host cell membrane. We have previously shown that M localizes to the nucleus of
infected cells at an early stage in the RSV infection cycle, where it may be instrumental in inhibiting host
cell processes. The present study uses transient expression of M as well as a truncated green fluorescent
protein (GFP) fusion derivative to show for the first time that M is able to localize in the nucleus in the
absence of other RSV gene products, through the action of amino acidsl&20encompassing the
nucleic acid binding regions of the protein, that are sufficient to target GFP to the nucleus. Using native
PAGE, ELISA-based binding assays, a novel Alphascreen assay, and an in vitro nuclear transport assay,
we show that M is recognized directly by the imporfih nuclear import receptor, which mediates its
nuclear import in concert with the guanine nucleotide-binding protein Ran. Retention of M in the nucleus
through binding to nuclear components, probably mediated by the putative zinc finger domain of M, also
contributes to M nuclear accumulation. This is the first report of the importin binding and nuclear import
properties of a gene product from a negative sense RNA virus, with implications for the function of RSV

M and possibly other viral M proteins in the nucleus of infected cells.

Respiratory syncytial virus (RSVjs the major viral cause
of pneumonia and bronchiolitis in infants and is emerging

The M proteins of other viruses within tiaramyxairi-
daefamily such as Sendai virus and Newcastle disease virus

as a major cause of pneumonia in the elderly. The RSV (NDV) have also been shown to localize in the nucleus at

matrix (M) protein is a major structural protein of RSV, being
essential for RSV replication and passagidy) Although

early stages of virus infectiord( 5). The M protein of
vesicular stomatitis virus (VSV), which belongs to the related

RSV is a cytoplasmic virus able to propagate in enucleated Rhabdeiridae family, has also been found to localize to

cells @), the M protein of RSV localizes to the nucleus of
infected cells early in infection3]. Intriguingly, the nuclei
of RSV infected cells have been shown to be deficient in

the nucleus in infected cell$), with both NDV and VSV
M proteins having been shown to accumulate in the nucleus
of transfected cells7( 8). Whereas nuclear targeting of NDV

transcription, although this has yet to be demonstrated to beM is through a basic nuclear localization signal (NLS), two

a direct effect of nuclear M.
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spatially separated regions appear to be responsible for
nuclear localization of VSV M &, 9). VSV M has been
shown to inhibit host cell transcription by inactivating
essential transcription factors, thereby contributing to the
“host-cell shutoff” observed in VSV-infected cellg)(

The pathway of nuclear import of RSV M and the other
M proteins mentioned is not known. Proteins generally gain
access to the nucleus through the action of NLSs that confer
recognition by members of the importin (IMP) superfamily,
which mediate translocation through the nuclear envelope
(NE)-localized nuclear pore complexes (NPCs). In conven-
tional nuclear protein import, such as that of the simian virus
SV40 large tumor antigen (T-ag), the NLS is recognized by
a heterodimeric complex of IME, which binds the NLS,
and IMP31, which docks the transport complex at the NPC
(10). The NLS substratelMP complex is then translocated
through the NPC by a series of interactions with nucleoporins
that line its central channel. Upon arrival at the nucleoplasmic
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side of the NPC, the NLS-containing substrali®lP com- IMPaJ/g-recognized NLSs with high affinity in the absence
plex is dissociated in the nucleus through binding of the of IMPS (23, 24), was expressed and purified in identical
monomeric guanine nucleotide-binding protein Ran in its fashion, as was GST alone.
GTP-bound form to IMP (11). Numerous nuclear import Native Gel ElectrophoresissFP-M(116-183), and His-M
pathways have been described in which BB not required, labeled with 5-iodoacetamino-fluorescein as previously
IMPS1 or homologues thereof being sufficient to interact reported (IAF-M) @5) were used in gel shift assays to
with the NLS-containing substrate as well as the NPC and determine interaction with IMPs. IAF-M or GFP-M or
Ran. IMRx-independent, IMB1-mediated nuclear import has  control GFP fusion proteins {525 pmol), with or without
been described for parathyroid hormone related protein preincubation (15 min, room temperature) with IMBs 1,
(PTHrP), the sex determining region Y (SRY), T cell protein or predimerizedo/1) at a final concentration of-612.5
tyrosine phosphatase (TCPTP), yeast transcription factoruM in 25 uL, were loaded onto native polyacrylamide gels
GAL4, and telomere binding factor TRF-12—16). and electrophoresed at 80 V for-Z h at 4°C. The position
The present study examines RSV M nuclear import for of the IAF-M or GFP fusion proteins in the gel were
the first time, showing that M is able to localize in the determined by fluorimaging using a Wallac Arthur 1422
nucleus in the absence of other RSV gene products, throughMultiwavelength Fluorimager, with side illumination and
M amino acids 116183, encompassing the previously exposure times of 0.252 s (14, 16, 26). In some cases,
described nucleic acid binding regions, which are sufficient digital images were analyzed using the Image J 1.62 public
to target green fluorescent protein (GFP) to the nucleus. domain software as previously usei(16, 26), where the
Using a range of in vitro assays, we show that M is fluorescence of the shifted band(s) was expressed as a
recognized directly by IMB1, independent of IM&, and fraction of the total fluorescence within the lane of the gel,
that it can mediate M nuclear import in concert with Ran. after the subtraction of background fluorescence. Data were
Retention of M in the nucleus through binding to nuclear plotted and fitted for a sigmoidal function using the Sigma-
components also contributes to M nuclear accumulation. This Plot 8.0 software.
is the first report of the IMP binding and nuclear import ~ ELISA-Based Binding Assan established ELISA-based
properties of a protein from a negative sense RNA virus and assay 21, 22, 25, 27, 28) was used to determine the binding
has implications for the function of RSV M in the nucleus affinity of IMP subunits to RSV M protein. M protein was

of infected cells. coated onto 96-well microtiter plates and incubated with
increasing concentrations of IMP subunits, and bound IMP-
MATERIALS AND METHODS GST was detected using an anti-GST primary antibody, an

alkaline phosphatase-coupled secondary antibody, and the

Construction of M Expression Clones gene was  substratep-nitrophenyl phosphate2(). Data were fitted as
ampllfled from fuII-Iength RSV (A2 Strain) CDNAJ.(7) and pre\/ious]y described to the functi®YBmnax = [Kd +Xx+p
cloned into the pET30a vector (Clontech) for expression as —/(-Ky — x — p)?> — 4pxt]/2p, where x is the total
a hexa-His-tagged fusion protein in bacteria (His-M). The concentration of probe (fre¢ bound IMPs) B is the level
M gene was also subcloned into plasmid vector pSD4.2 (a of IMP bound, andp is the total concentration of protein,
gift from D. S. Lyles, Winston-Salem) in frame with the with the apparent dissociation constaris)(representing
influenza HA epitope (M-HA). M amino acids 13183  the IMP concentration yielding half-maximal binding6j.
were cloned into the Gateway system as previously and fused | »itro Transport AssaysNuclear import kinetics were
in frame C-terminal to the GFP, for expression as a hexa- measured at the single cell level using mechanically perfo-
His-tagged GFP fusion protein in bacteria ((DESTGFPRfB rated HTC rat hepatoma cells in conjunction with confocal
vector (18), or as a simple GFP fusion protein in mammalian |aser scanning microscopy (CLSM) as previously described
cells (PEPI-DESTC vector); the latter was generated from (14, 22). NLS-dependent nuclear protein import can be
the episomally replicating GFP-fusion vector, pEPI-GE8) (  reconstituted in this system through the exogenous addition
using the Invitrogen Gateway vector conversion system (Cat. of cytosolic extract (untreated reticulocyte lysate-Promega
No. 11828-029). Cat. No. L415A), an ATP regenerating system (0.125 mg/

Protein Expression in Bacteriawith the exception of mL creatine kinase, 30 mM creatine-phosphate, 2 mM ATP),
hexa-His tagged human (h) IMR which was purified under ~ GTP (2 mM), and 70 kDa Texas Red-labeled dextran (Sigma
native conditions as previously reported, hexa-His-tagged- Chemical Co.) to monitor nuclear integrity, and transport
fusion proteins were expressed and purified under denaturingsubstrate (0.2 mg/mL IAF-labeled M). Where cytosolic
conditions (8 M urea) X4, 20), followed by refolding on a  extract was omitted, 45 mg/mL BSA was used, and where
NTA-affinity column and elution at 200 mM imidazole. indicated, transport assays were also performed using reticu-
Proteins were subsequently dialyzed, concentrated using docyte lysate preincubated for 15 min at room temperature
Centricon (30 000 MWCO), and stored in small aliquots at with anti-IMP antibodiesZ9). Some experiments were also
—70°C until use. Control molecules used were hexa-His- performed in the presence of either the NE-permeabilizing
tagged GFP alone() and GFP-T-ag(111135), containing agent CHAPS (0.025%), 3QIM GTPyS (nonhydrolyzable
the IMPo/S-recognized T-ag NLS (PKKKRK%?) (18). GTP analogue, Calbiochem) to block Ran activity, or 10 mM
Mouse (m) IMRx2 andf1 proteins used in binding experi- EDTA to assess the dependence on divalent cations. GFP-
ments were expressed previously in bacteria as glutathioneT-ag(111135) (18) was used as a positive control. Image
Stransferase (GST) fusion proteins and purified by affinity analysis of CLSM files using the Image J 1.62 software
chromatography using glutathione sephar@ie 22). Trun- enabled determination of the nuclear-to-cytoplasmic ratio
cated mouse IM&2, lacking the first 69 amino acids [Fn/c, the ratio of nuclear (Fn) to cytoplasmic (Fc) fluores-
and therefore in contrast to full-length INPable to bind cence, after the subtraction of fluorescence values due to
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background/autofluorescence], with the results plotted and 0.020

curve fitting performed using the Kaleidagraph 2.1 software

to determine the nuclear transport kinetic parameters as .

previously describedid, 22). 0.015 : IMPa/g Kd = 12 nM

Expression of M in Mammalian Cellsl-HA was linear-
ized with Sall and transcribed into mMRNA using the SP6
mMessage mMachine transcription kit (Amicon). Vero cells
were grown to 80% confluency in 35-mm Petri dishes and
transfected with 2tg of mMRNA (M-HA) or plasmid DNA
encoding GFP (pEGFPC1) or GFP-M(116-183) mixed 0.005
with 2 uL of lipofectamine in a total volume of 106L of
Opti-MEM as per the manufacturer's recommendations
(Invitrogen). Cells transfected with pEGFE1 or GFP- 0 ‘ ‘ ‘ )
M(110—183) were imaged live by CLSM 24 h later. Cells 0 100 200 300 400
transfected with M-HA were fixed with 4% formaldehyde,
fqllow_ed t.)y permeablllze_ltlon Wlth 0.2% Triton X_—lOO_, and Ficure 1: IMPg but not IMRx interacts with RSV M with high
visualization of M-HA using rabbit polyclonal antibodies to affinity as determined using an ELISA-based binding assay.
HA (Sigma) and fluorescein-conjugated secondary antibodiesmicrotiter plates were coated with His-M and incubated with
and CLSM. increasing concentrations of recombinant GST-IMBs £, or

e ; _ predimerizedo/3 complex). Bound IMPs were detected using an
Alphascreen Assayin Alphascreen (amplified lumines anti-GST primary antibody, an alkaline phosphatase-coupled sec-

cent proximity homogeneous assay) bead-based assay (Pefndary antibody, and the substrateitrophenyl phosphate. Results
kin-Elmer) was used to estimate the affinities of binding of are from a single experiment performed in triplicate representative
biotin-labeled IMP-GSTs or GST alone (biotinylated using of three separate experiments, with the apparent dissociation
the Sulfo-NHS-Biotin reagent, according to the manufac- constantsKq) for IMP/M binding indicated.

turer’s instructions, Pierce) to hexa-His-tagged M proteins.
Binding of IMP to M brings the streptavidin-coated donor
and Nickel-chelate-acceptor beads in sufficiently close
proximity (200 nm) to enable transfer, upon photoactivation,
of excited singlet oxygen from donor to acceptor bead to
result in emission at 528620 nm. Assays were performed
in triplicate in an OptiPlate 384-well white opaque microtiter-

IMPB Kd = 14 nM

0.010

OD/min/pmol

IMPo Kd = 102 nM

Importin (nM)

as well as the mIMB&/f heterodimer but not in the presence
of mIMPa. (data not shown). All results were consistent with
the idea that nuclear import of M is likely to be mediated
by IMPS, independent of IMB.

Nuclear Import of RSV M Is Dependent on I§IPTo
assess the ability of recombinant M to localize in the nucleus,

plate (Perkin-Elmer), whereby 30 nM hexa-His-tagged M prote?n nuclear transport was examined in vitro using
proteins were added to each well, followed by increasing Mechanically perforated HTC rat hepatoma cells; NLS-

amounts of IMP in PBS (137 mM NaCl, 6.25 mM MPO,, dependent nuclear protei_n_ import can be reconstituted in this
2.5 mM NaHPQ,) and incubated for 30 min at room system through the addition of exogenous cytosol and an
temperature, after which/L of a 1:10 dilution (in PBS) of ~ ATP-regenerating systerag, 29, 30). IAF-M was found to
the acceptor beads anduL of 2.5% BSA were added and accumulate stronglly in the nuclei of perforat_ed cells bot_h in
incubated for 90 min at room temperature. A total qill the presence and in the absence of cytosolic factors (Figure
of a 1:10 dilution of the Donor beads was then added to 2A) but to much higher levels (nuclear-to-cytoplasmic ratio

give a final volume of 2&L, and the mixture was incubated ~ (F1/C) of ca. 20, representing 20-fold higher levels in the
at room temperature for 2 h. The assay was then measuredlucléus compared to the cytoplasm) in the presence of

on a PerkinElmer FusionAlpha plate reader. Triplicate values €X09€nous cytosol (Figure 2C), compared to in its absence
were averaged, and the data were fitted to a sigmoidal (Fn/c of ca. 9, Figure 2D). Half-maximal accumulation was
function using SigmaPlot 8.0. achieved within 6 min in the presence of cytosol. Clearly,

maximal M nuclear import is dependent on cytosolic factors,

RESULTS although there is some nuclear accumulation of M in its
absence, in part through M’s ability to diffuse into the
RSV M Is Recognized with High Affinity by IMPAs nucleus and accumulate by binding to nuclear components

mentioned, RSV M protein localizes to the nucleus of cells (see below).

early in infection 8). To assess whether M may enter the  As previously 27), dependence on IMPs was tested by
nucleus through a conventional IMP-dependent pathway, adding specific anti-IMP antibodies to the in vitro transport
recombinant M was expressed in bacteria and purified, andsystem. Nuclear accumulation was reduced ca. 80% in the
IMP binding assessed using an established ELISA-basedpresence of anti-IMPL antibodies, indicating the dependence
binding assay, previously used to determine binding affinities of M nuclear import on IMB1; anti-IMPo. antibodies, in

of various NLS-containing protein22, 29). M was found contrast, slightly enhanced nuclear import (Figure 2AC). A
to bind with high affinity to both mIMB1 (Ky of 14.6 + similar trend was observed in the absence of cytosol (Figure
0.2 nM, n = 2) and the mIMI&/g heterodimer iq of 11.1 2AD), where nuclear accumulation was not affected by anti-
+ 1.2 nM, n = 2) but only with low affinity to mIMRx (Kq IMPS1 antibodies but was slightly enhanced by anti-iMP

of 122 + 21 nM, n = 2) (Figure 1). IMP binding to antibodies; this may imply that residual IMPremains in
recombinant M labeled with IAF (IAF-M) was also assessed the system after the removal of cytosol, as we have
by native gel electrophoresis followed by fluorimaging, with previously shown in the case of INP(14, 31). Nuclear
IAF-M showing altered mobility in the presence of mIldP  accumulation of the control molecule GFP-T-ag(+1B5)



12890 Biochemistry, Vol. 44, No. 38, 2005 Ghildyal et al.

C + cytosol
251 + anti-IMPa
A 5 min 25 min Fnlc _ no addition
-4
+ cytosol 2
no 15
addition
101
51 = + anti-IMP
+ anti- # = ¥
¥ 03 —
IhEe ot P 0 10 20 30 40
. D 2 - cytosol
g Fnlc
+ anti- 20
IMPB
15
. = + anti-IMPao
- cytosol 10f > + anti-IMPB
. i no addition
5.
0
0 10 20 30 40
+ cytosol
B b Al i 257 no addition
Fnic | = o

No addition + anti-IMPa.  + anti-IMP

+ anti-IMPa
~ + anti-IMPp

20 30 40
Time (min)
Ficure 2: IMPS mediates RSV M nuclear import. (A) Nuclear import of IAF-M was reconstituted in vitro in mechanically perforated
HTC cells in the absence or the presence of exogenous cytosol, with or without (no addition) pretreatment with anti-IMP antibodies (40
ug/mL) in the presence of an ATP regenerating system. CLSM images were acquired at the indicated times for accumulation of IAF-M into
intact nuclei. That the nuclei of the perforated cells were intact was shown by exclusion of 70 kDa Texas Red-labeled dextran (not shown).
(B) Nuclear import for GFP-T-ag(1+1135) was reconstituted as in panel A and CLSM images acquired after 25 min for accumulation of
GFP-T-ag(11+135) in intact nuclei. (C) The nuclear import kinetics of IAF-M protein in the presence of exogenous cytosol in the absence
or the presence of antibody to either IM®Br 5 was determined by image analysis of CLSM images such as those in panel A. Measurements
shown are for the meatt SEM from a single typical experiment, from a series of three separate experiments where each data point for the
nuclear-to-cytoplasmic ratio (Fn/c) represents the meanld separate measurements for each of Fn (nuclear fluorescence), Fc (cytoplasmic
fluorescence), and background fluorescence. Data were fitted for the functior Fimii,ax (1 — €79, where Fn/gaxis the maximal level
of nuclear accumulatiork is the rate constant, artds the time in min. (D) Nuclear import kinetics of IAF-M protein in the absence of
exogenous cytosol, in the absence or the presence of anti-IMP antibodies, analyzed as in panel C. (E) Nuclear import kinetics of GFP-T-
ag(111-135) in the presence of cytosol and in the absence or presence of antibodies to IMPs, determined as in panel C.

was inhibited by both anti-IM& and -IMR31 antibodies inhibition) on nuclear accumulation of the GFP-T-ag(¥11
(Figure 2BE), demonstrating their functionality and that the 135) (Figure 3C); that accumulation was not completely
effects on IAF-M were specific. In the absence of cytosol, blocked by GTRS is attributable in part to the fact that,
anti-IMP antibodies had little or no effect on the nuclear like M, GFP-T-ag(111+135) is small enough to be able to
accumulation of M (Figure 2D), consistent with the idea that enter the nucleus by passive diffusion (although in this case,
M accumulates to a certain extent in the nucleus via there is no ability to accumulate by binding to nuclear factors;
diffusion/binding to nuclear components (see below). The see below). As expected (Figure 3B), G3*had little effect
transport data thus substantiated the gel shift and ELISA on transport of IAF-M in the absence of cytosol. Taken
results, indicating the dependence of M nuclear import on together, the results presented in Figure3lindicate that
IMPS and lack of dependence on IMP although there may be a contribution of diffusion/binding
Nuclear Import of RSV M Is Dependent on Ra@he role to nuclear components, maximal nuclear accumulation of M
of Ran in M nuclear import was tested by assessing the féquires an active pathway dependent on fMid Ran but
ability of the non-hydrolysable GTP analogue, GEP to not requiring IMRy; in fact, IMPa. appeared to inhibit M
inhibit M nuclear accumulation in vitro. G reduced the ~ nuclear import.
maximal nuclear accumulation of IAF-M by ca. 60%, RSV M Binds to Nuclear Componentgiclear accumula-
indicating the dependence of M nuclear import on Ran tion of proteins can occur, in part, through nuclear retention
(Figure 3A). This was comparable to the effect (ca. 50% via binding to DNA or nuclear-localized proteins, as has been
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FiGure 3: Nuclear import of M is inhibited by the nonhydrolyzable  Ficure 4: M is retained in the nucleus through interaction with
GTP analogue GT#S. Nuclear import of IAF-M (A, B) or GFP- nuclear components. Nuclear import of IAF-M and the control GFP-
T-ag(111-135) (C) was reconstituted in vitro in mechanically T-ag(111-135) molecule was reconstituted in vitro in mechanically
perforated HTC cells in the presence (A, C) or absence (B) of perforated HTC cells in the absence or presence of 0.025% CHAPS
exogenous cytosol, with or without the nonhydrolyzable GTP and in the presence or absence of exogenous cytosol. (A) Visualiza-
analogue GTPS (300uM). CLSM images acquired after 25 min  tion of nuclear uptake was performed using CLSM after 5 min at
are shown; that the nuclei of the perforated cells were intact was room temperature, with nuclear integrity monitored by exclusion
indicated by exclusion of 70 kDa Texas Red-labeled dextran (not of 70 kDa Texas Red-labeled dextran (not shown) in the absence,
shown). Quantitative analysis of CLSM images (rightmost panels) or entry thereof in the presence of CHAPS (as per Figure 5). (B)
was performed as described in the legend to Figure 2. The Fn/c was quantitated as described in the legend to Figure 2.

shown for proteins such as the HIV-1 Tat prote7)(and performed with or without short preincubation of M protein
the angiogenic factor angiogenir2Q). To test for this with 10 mM EDTA (Figure 5). Strikingly, EDTA signifi-
possibility in the case of M, the NE-permeabilizing detergent cantly reduced nuclear accumulation over 50% in the absence
CHAPS was used in the in vitro transport system; under theseof CHAPS, implying dependence of M nuclear accumulation
conditions, with no barrier to diffusion between nucleus and on metal ions, most likely through the ZFD. This was in
cytoplasm, proteins can only accumulate within the nucleus stark contrast to the control protein GFP-T-ag(2185),
through binding to nuclear component7). IAF-M was which showed no inhibition of nuclear accumulation by
found to accumulate in the nucleus in the presence of CHAPSEDTA treatment, in fact indicating a slight enhancement of
both in the presence and in the absence of exogenous cytosatuclear import. Nuclear accumulation of IAF-M in the
(Figure 4AB) to levels ca. 6-fold those in the cytoplasm. presence of CHAPS was also inhibited by EDTA treatment
Although the significance is not clear, we occasionally also (Figure 5C, right panel). The implication was that metal
observed accumulation of RSV M within the nucleolus of chelation specifically inhibited nuclear import of M, presum-
mechanically perforated HTC cells in the presence of ably through preventing nuclear retention through the ZFD
CHAPS. This was in stark contrast to the GFP-T-ag(111 rather than through a general effect on the cellular nuclear
135), which, as shown previousl®2Y), does not bind to  transport machinery.
nuclear components (Figure 4B) and fails to accumulate in  The RSV M Nuclear Targeting Sequence Resides within
the nucleus in the presence of CHAPS. Amino Acids 116183. As mentioned, RSV M protein
Metal lon Chelator Inhibits RSV M Nuclear Accumulation localizes to the nucleus of infected cells early in infection
and DNA BindingM (aa 1106-150) has been predicted to (3). To confirm that this activity is intrinsic to M, and
contain a zinc finger binding domain (ZFDRBZ). To independent of other RSV components in the infected cell,
investigate the possibility that the M ZFD plays a role in transfection experiments were performed using RNA encod-
nuclear accumulation/binding to nuclear components, trans-ing HA-tagged M (Figure 6B, left panel). Immunostaining
port experiments in the absence or presence of CHAPS wereof the fixed cells followed by image analysis clearly
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Ficure 5: M nuclear accumulation in the absence or presence of CHAPS is inhibited by the metal chelator EDTA. Nuclear import of
IAF-M and the control GFP-T-ag(1+1135) molecule was reconstituted in vitro in mechanically perforated HTC cells in the presence of
exogenous cytosol, in the absence or the presence of 0.025% CHAPS, as described in the legend to Figure 4. (A) Visualization of nuclear
uptake was performed using CLSM after 5 min at room temperature (A), with nuclear integrity monitored by exclusion of 70 kDa Texas
Red-labeled dextran (TR-D70) in the absence or entry thereof in the presence of CHAPS as indicated. (B, C) Nuclear (Fn/c) accumulation
was quantitated as described in the legend to Figure 2C; the data in panel C are presented as a percentage of maximal accumulation of
IAF-M in the absence of CHAPS.

demonstrated M’s ability to localize in the nucleus in the binding experiments (Figure 6C), results from native gel
absence of other RSV components (Figure 6B, left panel). electrophoresis/fluorimaging indicating recognition of GFP-
In addition to the putative ZFD implicated as being M(110—183), but not of GFP alone, by both miiyiRand
important for RSV M’s ability to accumulate in the nucleus hIMPg, in a fashion similar to full-length M (compare to
in vitro (see above), its central domain contains two Figure 1). GFP-M(116183) also bound to mIM&/g, in a
sequences (amino acids 12030 and 154172) believed fashion similar to full-length M (Figure 1). M amino acids
to be responsible for nucleic acid binding (see Figure 6A). 110-183 thus represent the residues within M responsible
As a first step toward mapping the location of the sequencesfor IMPS binding. That binding by mIMP and hIMR3
within RSV M responsible for recognition by IMR and yielded different electorphoretic mobilities in the native gels
nuclear import, we generated a mammalian cell expressionis attributable to the fact that the m and hIMPs are GST-
construct expressing M amino acids H183 fused to GFP.  and hexa-His-tagged fusions, respectively. Native gel elec-
Figure 6B shows that M residues 11083 alter the trophoresis/fluorimaging was also used (not shown) to
localization of GFP from diffusely throughout the cell determine that IMP residues 2485 are responsible for
(middle panel) to predominantly nuclear (right panel) (change binding RSV M amino acids 110183.
in Fn/c from 1 to 2.4), implying that these residues contain A modified amplified luminescent proximity homogeneous
the NLS of M. assay (Alphascreen) (manuscript in preparation) was used
To test whether this region is responsible for IBIP to compare the binding affinities for His-M and GFP-
interaction, a hexa-His-tagged GFP-M(H1B3) derivative M(110—183) of biotinylated mIMB-GST and a “nonauto-
was expressed in bacteria and purified for use in in vitro inhibited” truncated form of mIMR (TrIMPa)-GST, able
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Ficure 6: M amino acids 116183 mediate nuclear localization and IgIBinding. (A) Schematic diagram of M protein showing the
nucleic acid binding regions (black) and the region (white box), including the putative ZFD (amino acig45)Ocontained within

GFP-M(116-183). Numbers refer to the residue numbers in the M sequence. (B) Vero cells were transfected to express full-length M with

a HA fusion tag (left panel), GFP (middle panel), or GFP-M(2183) (right panel). Subcellular localization of M-HA was visualized 8
h after transfection by immunofluorescence and CLSM as described in Materials and Methods. GFP and GFPL8B)LIalization

was visualized by CLSM of live cells 24 h after transfection. Image analysis was performed on the CLSM images as described in the

legend to Figure 2C. The results represent the me&BEM (0 > 10). (C) 5uM bacterially expressed GFP-M(11A83) was incubated
with 10 uM GST tagged mouse or hexa-His-tagged humangMBnIMPS or hIMP3, respectively) or predimerized mIM®31 for 15 min

at room temperature prior to native PAGE and fluorimaging. The positions of GFP-M@U83) and complexes with IMPs are indicated.
(D) Alphascreen assay. His-M or hexa-His-GFP-M(3183) were incubated with increasing concentrations of biotinylatedolvis?

IMPS-GST, or GST itself as a control, and an Alphascreen bead-based assay, performed as described in Material and Methods, used to

determine the affinity of binding. Sigmoidal curve fitting (regression coefficien.984) was performed using the SigmaPlot software,
with the calculatey's indicated; results are from a single experiment performed in triplicate representativ& gieparate experiments.

to bind IMPa/g3-recognized NLSs with high affinity in the
absence of IMB (23, 24). As indicated in Figure 6D, the
binding properties of His-M and GFP-M(11183) were
essentially identical, IMP binding to a markedly higher
extent ¢ 3-fold), and with greater affinityq of 1.4+ 0.7
nM, n = 3, and 1.4+ 0.6 nM, n = 2 for full-length and
M110—-183, respectively) than TrIM# That the GST
moiety did not influence binding significantly was indicated
by the fact that biotinylated GST alone did not markedly
bind either M protein (Figure 6D). Results confirmed that
M amino acids 116183, additional to being sufficient to
target GFP to the nucleus, contained the fMinding site
within M.

DISCUSSION

import pathway distinct from that of T-ag, which uses an
IMPa/-dependent classical pathway, but comparable to that
of PTHrP, TRF1, and HIV-1 Revl@, 13, 16, 33). Indeed,

the nuclear import pathway of PTHrP resembles that of M
very closely (3); both PTHrP and M are small enough to
diffuse through the NPC and accumulate to some extent in
the absence of cytosolic factors through binding to nuclear/
nucleolar components, but efficient nuclear accumulation in
both cases requires active transport dependent orf [afie
Ran. Our preliminary analysis in the case of RSV M (Figure
5 and unpublished results) indicates that M may potentially
be retained in the nucleus through binding to DNA se-
guences, dependent on its ZFD, but this needs to be
confirmed using various other approaches.

The various IMP binding experiments show that M is

The present study represents the first delineation of the capable of associating with both IMRNnd IMR/$3, the latter

nuclear import pathway of a paramyxovirus M protein and

probably being mediated through IMPas IMRu itself, and

also the first for a gene product from a negative sense RNA a truncated, nonautoinhibited derivative thereof, are unable

virus. We have shown that the RSV M protein residues-110
183 are sufficient to mediate nuclear localization of GFP
via a pathway dependent on IMP and Ran but not IM&.
Additionally, we have shown that interaction with nuclear
components may contribute to M accumulation in the
nucleus. Thus, M utilizes an IMA-dependent nuclear

to bind M with high affinity (Figures 1 and 6D, and data
not shown). Antibodies to IMP but not IMRx impair M
nuclear accumulation in vitro, while the nonhydrolyzable
GTP analogue GT§S inhibits M nuclear import, demon-
strating the dependence of M nuclear import on [iMé&hd
Ran. Interestingly, antibodies to IMRenhanced M nuclear
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import to a certain extent, implying that INPinhibits M our report has far-ranging implications. Since paramyxovirus
nuclear import, which has previously been observed for the replication occurs entirely within the cytoplasm, it seems
IMPS-recognized PTHrP and TRF1 nuclear import cargoes clear that the concerted nuclear targeting of a viral protein
(13, 16). Since the IMR/fS heterodimer can clearly bind M is likely to be required to achieve a specific effect on host
as shown here, this inhibition does not appear to be due tocell nuclear processes such as transcription/RNA splicing/
competition for binding sites on IMPbut perhaps indicates  ribosome assembly. The M proteins of various negative sense
that the M—IMPa/ complex is not “productive” for nuclear  viruses have indeed been implicated in causing the cytopathic
import, as has been reported for various kiB-recognized effects associated with infection, with VSV M, for example,
but not import cargoes such as histone H1 and ribosomalshown to be involved in the inhibition of host cell transcrip-
protein rpL23a 84, 35). A “nonproductive” interaction of  tion and in causing the characteristic cell rounding observed
M with IMPo/f would be expected to inhibit M nuclear in VSV-infected cells 40, 41). Insight into RSV M'’s
import and would explain the enhancement of M nuclear functions in the nucleus, whether through DNA/RNA bind-
import by antibodies to IMR. ing, or some other mechanism, will be crucial to understand-
Our results here show for the first time that M residues ing pathogenesis mediated by RSV and the role therein of
110-183 are sufficient to target GFP to the nucleus and bind M. Importantly, it may also assist in identifying new targets
to IMPS with high (nanomolar) affinity. Intriguingly, M to enable the future development of urgently needed anti-
residues 118183 appear to possess nucleic a&6) pinding RSV therapeutics.
activity, which could potentially mask the NLS activity in a
fashion analogous to the transcription factors GALd@nd ~ ACKNOWLEDGMENT
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