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The respiratory syncytial virus (RSV) matrix (M) protein is localized in the nucleus of infected cells early
in infection but is mostly cytoplasmic late in infection. We have previously shown that M localizes in the
nucleus through the action of the importin �1 nuclear import receptor. Here, we establish for the first time that
M’s ability to shuttle to the cytoplasm is due to the action of the nuclear export receptor Crm1, as shown in
infected cells, and in cells transfected to express green fluorescent protein (GFP)-M fusion proteins. Specific
inhibition of Crm1-mediated nuclear export by leptomycin B increased M nuclear accumulation. Analysis of
truncated and point-mutated M derivatives indicated that Crm1-dependent nuclear export of M is attributable
to a nuclear export signal (NES) within residues 194 to 206. Importantly, inhibition of M nuclear export
resulted in reduced virus production, and a recombinant RSV carrying a mutated NES could not be rescued
by reverse genetics. That this is likely to be due to the inability of a nuclear export deficient M to localize to
regions of virus assembly is indicated by the fact that a nuclear-export-deficient GFP-M fails to localize to
regions of virus assembly when expressed in cells infected with wild-type RSV. Together, our data suggest that
Crm1-dependent nuclear export of M is central to RSV infection, representing the first report of such a
mechanism for a paramyxovirus M protein and with important implications for related paramyxoviruses.

The Pneumovirus respiratory syncytial virus (RSV) within
the Paramyxoviridae family is the most common cause of lower-
respiratory-tract disease in infants (7). The negative-sense sin-
gle-strand RNA genome of RSV encodes two nonstructural
and nine structural proteins, comprising the envelope glyco-
proteins (F, G, and SH), the nucleocapsid proteins (N, P, and
L), the nucleocapsid-associated proteins (M2-1 and M2-2), and
the matrix (M) protein (1, 7, 11). Previously, we have shown
that M protein localizes in the nucleus at early stages of infec-
tion, but later in infection it is localized mainly in the cyto-
plasm, in association with nucleocapsid-containing cytoplasmic
inclusions (13, 16). The M proteins of other negative-strand
viruses, such as Sendai virus, Newcastle disease virus, and
vesicular stomatitis virus (VSV), have also been observed in
the nucleus at early stages of infection (32, 40, 48). Interest-
ingly, the M proteins of all of these viruses, including RSV,
play major roles in virus assembly, which take place in the
cytoplasm and at the cell membrane (11, 12, 24, 34, 36, 39), but
the mechanisms by which trafficking between the nucleus and
cytoplasm occurs are unknown.

The importin � family member Crm1 (exportin 1) is known
to mediate nuclear export of proteins bearing leucine-rich nu-
clear export signals (NES) (8, 9, 18, 19, 37, 42, 43), such as the
human immunodeficiency virus type 1 Rev protein (4). In the
case of the influenza virus matrix (M1) protein, binding to
the influenza virus nuclear export protein, which possesses a

Crm1-recognized NES, appears to be responsible for its export
from the nucleus, bound to the influenza virus RNA (3).

We have recently shown that RSV M localizes in the nucleus
through a conventional nuclear import pathway dependent on
the nuclear import receptor importin �1 (IMP�1) and the
guanine nucleotide-binding protein Ran (14). In the present
study, we show for the first time that RSV M possesses a
Crm1-dependent nuclear export pathway, based on experi-
ments using the specific inhibitor leptomycin B (LMB) (25),
both in RSV-infected cells and in green fluorescent protein
(GFP)-M fusion protein-expressing transfected cells. We use
truncated and point-mutated M derivatives to map the Crm1-
recognized NES within the M sequence and show that Crm1-
dependent nuclear export is critical to the RSV infectious
cycle, since LMB treatment early in infection, inhibiting M
export from the nucleus, reduces RSV virion production and a
recombinant RSV carrying a NES mutation in M was unable to
replicate, probably because M deficient in nuclear export could
not localize to areas of virus assembly, as shown in RSV-
infected cells transfected to express GFP-M. This is the first
report of a Crm1-mediated nuclear export pathway for a
paramyxovirus M protein, with implications for the trafficking
and function of other paramyxovirus M proteins.

MATERIALS AND METHODS

Cell and virus culture. RSV strain A2, a gift from Paul Young (Department of
Microbiology, University of Queensland, Australia), was used throughout the
present study. Human alveolar epithelial A549 cells, and African green monkey
kidney Vero cells were grown in Dulbecco modified Eagle medium containing
10% fetal bovine serum.

Transfection. Transfection of Vero cells was performed using Lipofectamine
(Invitrogen Australia; 1:1 mix of DNA and reagent), and cells were cultured for
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24 h before analysis by confocal laser scanning microscopy (CLSM; see below);
when LMB treatment was used, it was added 18 h posttransfection for 6 h prior
to CLSM and image analysis.

Infection and immunofluorescence. Vero cells were grown to 80% confluence
on glass coverslips before being infected at a multiplicity of infection (MOI) of
3 with RSV strain A2 (13); certain cultures had LMB added to the culture
medium to a final concentration of 2.8 ng/ml for 12 h at 6 or 18 h postinfection
(p.i.). The medium was then replaced with fresh medium without LMB, and cells
were cultured further up to 48 h p.i. Under these treatment conditions, LMB has
been shown to have no cytotoxic effects (21). At the indicated times p.i., cells
were fixed with 4% formaldehyde, permeabilized with 0.2% Triton X-100, and
immunostained with a monoclonal antibody specific for M (MAb�M) (38) and
Alexa Fluor 488-conjugated secondary antibody (Invitrogen), followed by
CLSM.

CLSM and image analysis. Fixed and live (transfected) cell samples were
imaged as previously (14); single sections of 0.5 �m were obtained with Olympus
�100 oil immersion lens using a Yokogawa spinning-disk confocal with Andor
Ixon EMCCD camera and IQ software. ImageJ v1.62 public domain software
was used as described previously (20, 27) to determine the nuclear/cytoplasmic
fluorescence ratio (Fn/c), which was determined by using the equation: Fn/c �
(Fn � Fb)/(Fc � Fb), where Fn is the nuclear fluorescence, Fc is the cytoplasmic
fluorescence, and Fb is the background fluorescence (autofluorescence).

Virus production. Cell-associated RSV was estimated by using standard pro-
cedures (44). Briefly, the culture supernatant was removed, and cells were lysed
in serum-free medium (218 mM sucrose, 7.1 mM K2HPO4, 4.9 mM sodium
glutamate, 1% [wt/vol] bovine serum albumin), clarified by centrifugation, and
stored at �80°C until required. The RSV titer was determined on Vero cells used
as indicators with crystal violet staining, and the 50% tissue culture infectious
dose (TCID50)/ml was calculated using the Spearman-Karber equation (33).
Titers for each virus-containing cell lysate were determined three times on
independent culture sets.

M expression constructs. RSV M coding sequences containing both, only one,
or neither of the proposed NES were generated by PCR from full-length RSV
cDNA (23) and introduced into the Gateway system utilizing the pDONR207
entry vector and pEPI-DESTC mammalian expression destination vector as
described previously (14). A QuikChange site-directed mutagenesis kit (Pro-
mega) was used to perform site-specific mutations within the putative nuclear
localization sequences (NLS) and NES in the full-length M clone as previously
(41). Each reaction was performed according to the manufacturer’s recommen-
dations and contained 10 ng of template DNA and 80 ng of each primer.
Resultant clones were identified by using restriction analysis followed by DNA
sequencing.

The plasmid pRev-GFP encoding the GFP-Rev(2-116) fusion protein contain-
ing the Crm1-recognized NES within the pEPI-DESTC mammalian expression
destination vector was generated by using standard Gateway procedures (41) and
used as a positive control for LMB action; GFP-Rev is largely cytoplasmic in the
absence of LMB and strongly nuclear and/or nucleolar in its presence. Plasmid
DNA encoding GFP (pEGFP-C1; Invitrogen) was used in all experiments as a
negative control for LMB action.

All expression constructs used in the present study expressed their encoded
proteins to similar levels, as determined by determination of fluorescence inten-
sity by image analysis (NIH Image software).

Western blotting. RSV-infected and uninfected Vero cells were collected by
trypsin treatment at 6 and 24 h p.i. and fractionated into nuclear and cytoplasmic
extracts by using an NE-PER reagent kit (Pierce Biotechnology) according to the
manufacturer’s recommendations; the total protein concentration in each frac-
tion was estimated using Bradford reagent (Bio-Rad). The fractions were mixed
with reducing Laemmli sample buffer (26), boiled, and electrophoresed on a 4 to
20% precast polyacrylamide gel (Life Gels); 25 �g of each sample was loaded per
lane. The separated proteins were transferred to nitrocellulose and probed with
Rabbit�M (15) diluted 1:1,000 in 0.05% milk in phosphate-buffered saline (pH
7.2) containing 0.05% Tween 20 (PBST). Bound antibody was detected with
alkaline phosphatase-conjugated secondary antibodies, followed by Western
Blue stabilized substrate for alkaline phosphatase (Promega).

Transfection of RSV-infected cells. RSV-infected Vero cells were transfected
with indicated GFP-M expression constructs at 6 h p.i., fixed, and permeabilized
as described above and then probed with polyclonal goat anti-RSV antibody
(Chemicon), followed by Alexa Fluor 568-conjugated donkey anti-goat antibody.
Cells were imaged for GFP and Alexa Fluor 568 using CLSM.

Generation and recovery of mutant recombinant RSV. The shuttle vector
pGEM-HX was constructed by cloning the HindIII-XhoI fragment (positions
3280 to 4482) of the RSV antigenome (6) into pGEM-7Z(�). The HindIII-NcoI
cassette of GFP-M(NLSm) or GFP-M(cNES) containing the mutated NLS or

cNES, respectively, was cloned into the same reading frame of pGEM-HX,
creating pGEM-HX(NLSm) and pGEM-HX(cNES). These plasmids were di-
gested with SpeI and XhoI to enable the coding sequences for the NLS and NES
mutated M genes to be subcloned into vector D51 (45), predigested using the
same restriction sites. Finally, the AatII-XhoI fragment of the mutant D51
constructs was cloned into the full-length antigenome (D53). The mutant D53
plasmids were used for RSV recovery as described previously (45, 47). For some
attempts at recovery for the cNESm mutant, 100 ng of pTM1-M (46) was added
to the initial transfection, and supernatants were added to cells transfected to
express GFP-M.

Growth of mutant recombinant RSV. Cells were infected with recombinant
wild-type (rA2) or the NLS mutant (rA2NLSm) at an MOI of 0.1 or 3 or
equivalent volumes of culture supernatant from the apparently lethal cNES
mutant (rA2cNESm). Virus was harvested at the times indicated, and the virus
titer was determined as described above.

RESULTS

M shows nuclear and cytoplasmic localization during the
RSV infection cycle. M subcellular localization during RSV
infection was examined by immunofluorescence and quantita-
tive CLSM imaging. As previously observed, it localized pri-
marily in the nucleus of RSV-infected Vero cells, with exclu-
sion from nucleoli, at 6 h p.i. (Fig. 1A). At 18 h p.i., M was
localized in the cytoplasm as well as the nucleus, with specific
staining in cytoplasmic inclusions. At 30 h p.i., most of the M
protein was present in cytoplasmic inclusions, with some stain-
ing in the nucleus and at the cell membrane. The few remain-
ing live cells at 48 h p.i. (note the characteristic cytopathic
effects and changed morphology) showed M localized in the
cytoplasmic inclusions and at the cell membrane, with some
cells showing predominantly nuclear localization of M, a find-
ing possibly indicative of secondary infection. These results
were supported by image analysis of the digitized CLSM im-
ages (see below and Fig. 2B) and confirmed by Western blot-
ting (Fig. 1B), where RSV-infected Vero cells were fraction-
ated into nuclear and cytoplasmic extracts, and probed for M
protein. M was found to be predominantly nuclear at 6 h p.i.
but present in both the cytoplasm and the nucleus at 24 h p.i.,
an observation consistent with the CLSM data. That M was not
observed in the cytoplasmic fraction at 6 h p.i. is not due to
unequal loading in the gel since all lanes were loaded with
equal amounts of total protein (25 �g) of the requisite sample.
The fact that RSV-infected cells have high amounts of M in the
cytoplasm at later times coincident with very low nuclear ac-
cumulation shows that the cytoplasmic localization is not due
to excess M having saturated all nuclear sites and suggests that
M may utilize a specific nuclear export mechanism to localize
to the cytoplasm.

The Crm1-specific inhibitor LMB increases M nuclear ac-
cumulation in RSV-infected cells. To assess whether M cyto-
plasmic localization late in infection may be attributable to
Crm1-dependent nuclear export, RSV-infected cells were
treated with the Crm1-specific inhibitor LMB early in infec-
tion, i.e., from 6 to 18 h p.i. (Fig. 2A, middle panels), or later
in infection, i.e., from 18 to 30 h p.i. (Fig. 2A, right panels).
LMB has a short half-life (3 to 6 h) in culture medium (25),
and the additions as performed here resulted in short periods
of Crm1 inhibition, allowing the effect of inhibiting Crm1 ac-
tivity during specific time periods of infection on M localiza-
tion to be assessed.

In RSV-infected cells treated with LMB from 6 to 18 h p.i.,
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M was found to be mostly nuclear at 18 h p.i., with very few
LMB-treated cells showing localization in cytoplasmic inclu-
sions compared to untreated samples (Fig. 2A left panels; see
also Fig. 1A). At 30 h p.i. M was more nuclear compared to
untreated samples, although there was significant staining in
cytoplasmic inclusions, and at 48 h p.i. M localization was the
same as that in untreated samples. In cells treated with LMB
from 18 to 30 h p.i. (Fig. 2A, right panels), M was localized
primarily in the nucleus at 30 h p.i., with some cells also
demonstrating localization at cytoplasmic inclusions. At 48 h
p.i. the localization of M was similar to untreated cells except
that there were fewer cells with predominantly nuclear local-
ization, a finding suggestive of reduced secondary infection.

Quantitative analysis confirmed these results (Fig. 2B). In
RSV-infected cells, M in the absence of LMB (columns labeled
“no add”) was predominantly nuclear at 6 h p.i. with an Fn/c of
�2.8. M became progressively more cytoplasmic with time (an
Fn/c of 1.76 at 18 h and an Fn/c of 0.6 at 30 and 48 h). LMB
treatment from 6 to 18 h p.i. resulted in a significant (P 	
0.0001) increase in the relative nuclear levels of M at 18 h (Fn/c
of 2.7) comparable to those observed at 6 h p.i. in the absence
of LMB, but not at 30 or 48 h p.i. (Fn/c values of 0.38 and 0.37,
respectively) compared to in its absence (Fn/c of 0.5; Fig. 2B).
LMB treatment from 18 to 30 h p.i. (Fig. 2B) resulted in
significantly (P 	 0.0001) higher nuclear levels of M compared
to untreated cells (Fn/c of 1.5) at 30 h p.i. but not at 48 h p.i.
(Fn/c of 0.4).

Together, the results from Western blotting and quantitative
immunofluorescence indicate that M is present in the nucleus
early in infection and in cytoplasmic inclusions later. Impor-
tantly, LMB addition either early or late in infection reduces M
cytoplasmic localization, indicating that M is able to shuttle

into and out of the nucleus, with Crm1 a mediator of its
nuclear export.

Inhibition of nuclear export impairs RSV virus production.
The importance of nuclear export of M to RSV replication was
assessed by monitoring virus production in cells treated with-
out or with LMB for the same time periods as those used above
(Table 1). LMB treatment from 6 to 18 h p.i. led to a significant
decrease in the virus titer at 30 h p.i. compared to untreated
cells (% TCID50/ml 	 10% of untreated cells), implying that
Crm1 activity, and presumably the nuclear export of M, is
required for efficient virus production. At 48 h p.i., the virus
titer in treated cells was still 	20% of that in untreated cells.
LMB treatment later in infection (18 to 30 h p.i.) resulted in a
smaller decrease in the virus titer at 30 h p.i. compared to in its
absence (% TCID50/ml � 74% of untreated cells); by 48 h p.i.,
the virus titer in treated cells had recovered to 
90% of that in
untreated cells. In contrast to early in infection, inhibiting
Crm1-dependent nuclear export, including that of M (Fig.
2), late in infection thus appears to have only a minimal
effect on virus production, probably due to the presence of
cytoplasmic M already bound to nucleocapsids and envelope
glycoproteins prior to LMB treatment at this time. More-
over, once LMB is removed from the culture medium, its
effect appears to be reversible. That LMB treatment affects
RSV virus production through direct effects on M nuclear
export seems likely, since M is the only RSV structural
protein that localizes in the nucleus and that has a Crm1-
dependent nuclear export mechanism. Indirect host cell ef-
fects can be discounted based on the fact that LMB addition
late in infection has reduced impact on virus production
(Table 1) and previous work showing that LMB, as used
here, does not lead to cytotoxic effects (21).

FIG. 1. Dynamic localization of M protein in the nucleus and cytoplasm in RSV-infected cells. (A) Vero cells were infected with RSV, fixed,
and permeabilized at the times indicated, and M localization was visualized using MAb�M and Alexa Fluor 488-coupled secondary antibodies.
Fluorescence imaging was performed in the Yokogawa spinning-disk confocal with Andor Ixon EMCCD camera using a �100 oil immersion
objective lens. Scale bar, 10 �m. (B) RSV-infected Vero cells were collected at 6 and 24 h p.i., separated into nuclear and cytoplasmic fractions,
and electrophoresed on a 4 to 20% polyacrylamide gel. After Western transfer, the blot was probed with Rabbit�M, followed by alkaline
phosphatase-conjugated secondary antibody with bound antibodies detected using Western Blue stabilized substrate for alkaline phosphatase
(Promega). Molecular mass markers are indicated on the right; the position of M is shown on the left. N, nuclear fraction; C, cytoplasmic fraction.
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A NES within M. The M sequence contains several leucine/
isoleucine-rich sequences that represent candidate NES, the
most prominent being the nNES and cNES sequences within
M residues 46 to 60 and residues 194 to 206, respectively (Fig.
3A). Full-length M and truncated GFP fusion derivatives lack-
ing either one or both of these sequences were expressed in
transfected Vero cells, and the effect of LMB on their local-
ization was examined. GFP-Rev(2-116), containing the Crm1-
recognized NES (4, 18, 25, 41) from HIV-1 Rev, was used as a

control for LMB action, being largely cytoplasmic in the ab-
sence of LMB and strongly nuclear/nucleolar in its presence
(Fig. 3BC). In analogous fashion, full-length M was primarily
cytoplasmic 24 h after transfection but localized strongly to the
nucleus (Fn/c of 
2) upon LMB treatment (Fig. 3BC), con-
firming that M can shuttle into and out of the nucleus; Crm1-
dependent nuclear export is dominant over nuclear import.
The GFP-M(1-183) truncated derivative, which lacks the cNES
(see Fig. 3A), showed increased nuclear accumulation in the
absence of LMB compared to the full-length protein (Fig. 3B
and C; Fn/c value of 1.7 compared to 0.8 for the full-length
protein) and reduced nuclear accumulation in the presence of
LMB, a finding consistent with reduced nuclear export activity.
GFP-M(110-210) showed localization and LMB sensitivity
comparable to that of the full-length protein (Fig. 3BC); this is
consistent with possession of an NES. Finally, GFP-M(110-
183), which lacks both nNES and cNES, localized strongly to
the nucleus (Fig. 3BC) and was insensitive to LMB treatment
(Fn/c of 2.4 in the absence or presence of LMB), as expected,
due to lack of a NES and the fact that M residues 110 to 183
contain the IMP�1 recognized NLS (14), used as a negative
control for LMB action in this experiment. Taken together, the
data suggest that the cNES is a likely candidate as the key NES.

This possibility was tested directly using site-directed mu-
tagenesis, whereby the central leucine/isoleucine residues (200
to 203) within cNES were substituted by alanine to yield
M(cNESm), while comparable substitutions were made within
the nNES to generate M(nNES1m) and M(nNES2m) (Fig.
4A). For comparison, a site-directed mutant was generated
where the 156KK within the putative bipartite NLS were mu-
tated to 156TT (Fig. 4A; also see reference 14). Expression
constructs encoding the four mutants were transfected into
Vero cells and analyzed for subcellular localization in the ab-
sence or presence of LMB (Fig. 4B and C). Both nNES mu-
tants appeared to differ very little from wild-type M in terms of
nuclear accumulation in either the absence or presence of
LMB (Fig. 4BC). In contrast, however, mutation of the cNES
led to strong nuclear localization even in the absence of LMB
(Fig. 4B and C; Fn/c of 2.54), which was not increased in the
presence of LMB (Fn/c of 2.51). The mutational analysis was
thus consistent with the cNES being the key NES within M,
responsible for its cytoplasmic localization in the absence of
LMB by mediating Crm-1-dependent nuclear export. By com-
parison, the NLSm mutant was unable to localize to the nu-
cleus either in the absence or in the presence of LMB (Fig. 4B
and C; Fn/c values of 0.42 and 0.33, respectively), implying that
the NLSm mutation had abolished NLS activity.

FIG. 2. LMB treatment increases nuclear localization of M protein
in RSV-infected cells. (A) RSV-infected Vero cells were treated with
2.8 ng of LMB/ml from 6 to 18 h (middle) or from 18 to 30 h (right)
p.i. as indicated, fixed, and stained, and M localization was visualized
by CLSM as described in Fig. 1A. Similarly stained infected untreated
cells are shown on the left for direct comparison. Scale bar, 10 �m.
(B) Image analysis was performed on CLSM files such as those shown
in panel A to determine the Fn/c (i.e., the ratio of nuclear [Fn] to
cytoplasmic [Fc] fluorescence after subtraction of the fluorescence due
to background autofluorescence) as described previously (20, 28). The
results represent the means � the standard errors of the mean (SEM;
n � 35) from a single experiment, representative of two similar exper-
iments, with statistically significant differences between Fn/c values in
the absence or presence of LMB as indicated.

TABLE 1. LMB treatment inhibits RSV virus production

Time of LMB
(4 �g/ml) addition

Mean log TCID50/ml � SEa at: % TCID50/mlb at:

30 h p.i. 48 h p.i. 30 h p.i. 48 h p.i.

No added LMB 5.27 � 0.8 5.4 � 0.44 100 100
6–18 hpi 4.24 � 0.87 4.67 � 0.46 9.33 18.6
18–30 hpi 5.14 � 0.78 5.37 � 0.43 74 93

a The data represent three separate experiments, each performed in triplicate.
b Compared to the TCID50/ml in the absence of LMB, which was taken as

100%.
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Crm1-mediated nuclear export is essential for virus assem-
bly. The cNESm and NLSm mutations that ablated the cNES
or NLS, respectively, in the M gene were inserted into an
antigenome cDNA clone of RSV. These plasmids were then
used to recover M mutant recombinant RSV (rA2cNESm and
rA2NLSm), using a previously described RSV reverse genetics
system (6). It proved possible to recover rA2NLSm in three of
three experiments, suggesting that the NLS mutation did not
abolish virus production. In contrast, we were unable to re-
cover rA2cNESm after seven attempts and multiple infection
cycles over 5 days. Rescue could not be affected even using
coexpression of GFP-M, the implication being that the NES
mutation completely prevents virus production, which is con-
sistent with the NES being critical to M’s role in RSV infection.
In all experiments, recombinant wild-type virus (rA2) was ef-
ficiently rescued. To investigate the rA2NLSm virus further, a
multicycle growth (MOI � 0.1) assay was used. The rA2NLSm

virus showed slower replication kinetics (Fig. 5A) relative to wt
rA2 and no increase in infectious virus titer in a single step
growth assay (MOI � 3) (Fig. 5B); these results are compara-
ble to those for rA2 lacking NS2, where the virus is viable in
cell culture but shows delayed growth kinetics (45). In addition,
the localization of M in rA2NLSm-infected cells at early (6 h)
and late (24 h) times after infection was examined by CLSM
and image analysis (Fig. 5C and D) and compared to that in
rA2-infected cells. M was present diffusely throughout the
whole cell at 6 h in cells infected with rA2NLSm (Fn/c �
1.09 � 0.16) but was predominantly nuclear in cells infected
with rA2 (Fn/c � 2.26 � 0.25); at 24 h after infection, M was
predominantly cytoplasmic in both samples. Clearly, the NLS
mutation leads to loss of nuclear accumulation of M at early
times in infection.

Nuclear export-deficient M does not colocalize with regions
of virus assembly and budding. One hypothesis to explain the

FIG. 3. Subcellular localization of RSV M truncated derivatives in living, transfected Vero cells. (A) Schematic diagram of the M sequence and
truncated GFP-M constructs highlighting the nuclear targeting sequences, including the binding site for IMP�1 (14) within amino acids 110 to 183,
and the putative nNES and cNES sequences shown in the single-letter code. The numbers refer to the M amino acid sequence. (B) Subcellular
localization of full-length and truncated M proteins in transfected Vero cells in the absence or presence of LMB. Vero cells were transfected to
express the GFP-M or GFP-Rev(2-116) fusion proteins as indicated and treated either without (�LMB) or with 2.8 ng of LMB/ml (�LMB) for
6 h prior to live CLSM imaging at 24 h posttransfection using a �100 oil immersion objective lens as described previously (41). Scale bar, 10 �m.
(C) CLSM files such as those in panel B were analyzed as described in the legend to Fig. 2B. The results shown are for the means � the SEM
(n � 20) determined from a single experiment, representative of two similar experiments, with significant differences between the Fn/c values in
the absence or presence of LMB as indicated.
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role of M’s NES in RSV infection is that it is crucial for the
targeting of M to the cytoplasm to enable its localization at
sites of virus assembly. Since rA2cNESm could not be recov-
ered, we set out to investigate this by expressing GFP-M and its
GFP-NLSm and GFP-cNESm mutants in cells infected with
RSV. Colocalization of GFP proteins with regions of RSV
assembly and budding was analyzed 24 h later by CLSM fol-
lowing probing of fixed cells for RSV proteins (Fig. 6). As
described previously (22), RSV can be observed budding from
the cell surface; GFP-M and the nuclear import-impaired mu-
tant (GFP-NLSm) were found to colocalize extensively with
regions containing RSV proteins (yellow regions in top and
middle images on the right), suggesting that they participate in
virus assembly and are able to be packaged into the virus.
GFP-cNESm, in contrast, did not colocalize with RSV proteins

(bottom, no yellow regions in right image) and was not ob-
served in any of the budding virus structures which have been
observed by others (5, 17, 35). The clear implication is that the
cNES mutation, by preventing shuttling of M to the cytoplasm,
prevents its role in virus assembly. This is presumably the basis
for it proving impossible to recover rA2cNESm, underlining
the critical role of NES in RSV infection.

DISCUSSION

This study represents the first report of the nuclear export
mechanism of an M protein belonging to the Paramyxovirus
family, with important implications for the role of M proteins
of negative-strand viruses such as those from Sendai virus,
NDV, and VSV, regarding their roles in virus assembly (39)

FIG. 4. RSV M contains a Crm1-recognized NES as shown by analysis of point mutant derivatives. (A) Schematic diagram of the mutational
substitutions within the nNES, cNES, and NLS sequences, with mutated residues shown in lowercase letters (see also Fig. 3A). (B) Subcellular
localization of NES and NLS mutants of M protein in transfected Vero cells in the absence or presence of LMB. Vero cells were transfected to
express either GFP alone or GFP-M fusion proteins as indicated and treated either without or with 2.8 ng of LMB/ml as indicated 6 h prior to
live cell CLSM imaging as described for Fig. 3. Scale bar, 10 �m. (C) CLSM files such as those in panel B, were analyzed as described in the legend
to Fig. 2B. The results shown are for the means � the SEM (n � 30) determined from a single experiment, representative of two similar
experiments, with significant differences in the Fn/c values between the absence and presence of LMB as indicated.
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and their propensity to localize in the nucleus early in infection
(32, 40, 48). Like RSV M, these proteins appear to have the
ability to be exported into the cytoplasm, raising the possibility
that they may also possess nuclear export mechanisms analo-
gous to those implicated here for RSV M.

Our data show that RSV M is exported out of the nucleus in
RSV-infected cells by a Crm1-dependent mechanism, through
the action of the cNES (amino acids 194 to 206), which ensures
that it is predominantly cytoplasmic in the transfected cell
context in the absence of LMB. Mutational substitution of the
central hydrophobic residues of the cNES inactivate the NES,
rendering M predominantly nuclear and no longer sensitive to
LMB. The clear implication is that the cNES is the dominant
targeting signal under normal conditions. Without direct bind-
ing data for Crm1 association with M, we are, of course, unable
to assert formally that Crm1 recognizes the cNES directly, but
the fact that cNES is a classic leucine-rich NES, and targeted
leucine mutations therein abolish its activity, strongly implies
that this is the case. That the NES is critical to the function of

M in the context of RSV is indicated by the fact that recom-
binant RSV carrying a mutated NES could not be recovered, in
contrast to an NLS mutated virus, the clear implication being
that the NES within M is essential for RSV virus production.
The basis for this appears to be the critical role of the NES in
directing M to the cytoplasm to enable localization to sites of
virus assembly as demonstrated in the localization experiments
with GFP-M derivatives in infected cells (Fig. 6). Specifically,
nuclear-export-deficient GFP-M does not colocalize with sites
of virus assembly in infected cells, in contrast to wild-type and
nuclear-import-impaired GFP-M derivatives. Clearly, nuclear
export of M is critical for RSV replication to enable M protein
to coordinate the various assembly steps in the cytoplasm (15,
16, 31). Consistent with this idea, Crm1-mediated nuclear pro-
tein export at the appropriate time during infection (before
18 h p.i.) appears to be necessary for efficient virus assembly.
That precisely timed localization of M at different subcellular
locations is required for optimal virus assembly is also sup-
ported by the fact that rA2NLSm, which shows reduced nu-

FIG. 5. Mutation of the cNES or NLS of M leads to loss in replication fitness. (A) Vero cells were transfected with plasmids encoding the RSV
genome coding for wild-type M (rA2), nuclear-import-impaired M (rA2NLSm), or nuclear-export-deficient M (rA2cNESm). Virus was rescued
from the supernatant and used to infect A549 cells; samples were collected every day for 5 days and titers of the infectious virus were determined
as described in the text. rA2NLSm was recovered from all three rescued attempts, whereas rA2cNESm could not be recovered in seven attempts
(data not shown). The data are shown as the logPFU/ml over time (means � the SEM of triplicate samples). (B) Vero cells were infected with
rA2 or rA2NLSm virus at an MOI of 3; samples were collected at indicated times, and titers of infectious virus were determined as described in
the text. (C) Vero cells infected as in panel B were fixed, permeabilized, and analyzed for subcellular localization of M, as described in the legend
to Fig. 1, at 6 h and 24 h p.i. (D) CLSM files such as those in panel C were analyzed as described in the legend to Fig. 2B. The results shown are
for the means � the SEM (n � 15) determined from two similar experiments, with significant differences in the Fn/c values between the two virus
infections as indicated.
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clear localization of M at 6 h p.i. is impaired in virus produc-
tion (Fig. 5). That the observed decrease in virus titer when
RSV-infected cells were treated with LMB was likely to be due
to effects on M rather than cellular factors could be concluded
based on the fact that LMB addition later in infection had a
reduced effect; if host cell export cargoes were the key targets
of LMB in this context, the time of addition of LMB with
respect to infection would not be expected to have differential
effects on the kinetics of virus production. Since M is the only
RSV structural protein known to localize in the nucleus of
infected cells and, as shown here, possesses a Crm1-dependent
nuclear export pathway, it can be postulated that the effects of
LMB on RSV replication are very likely to be due directly to
the observed inhibition of M nuclear export (Fig. 2).

We have previously shown that M localizes to the cytoplasm
late in infection. This can now be understood in terms of M’s
specific ability to be exported out of nucleus by Crm1, and its
ability to interact with M2-1 and associate with the cytoplasmic
inclusions, where it inhibits RSV transcriptase in the later
stages of infection (16, 31). This implies that a key nuclear role
of M may be to ensure that viral replication and/or transcrip-
tion in the cytoplasm proceed until a certain level of virus
protein and RNA expression is reached. Influenza virus M1,
whose nuclear export is mediated by the interacting nuclear

export protein (see the introduction), is also known to inhibit
virus transcriptase activity, with a similar sequestration of M1
protein away from the vRNP observed in the early stages of
influenza virus infection (3). Based on our previous work show-
ing that the nuclei of RSV-infected cells are deficient in tran-
scription (13), together with the work of others regarding a
35% reduction in cellular transcription in RSV-infected cells
(30), it seems likely that nuclear RSV M may serve to inhibit
host cell transcription, as has been shown for VSV M (2). The
mechanism by which M localizes in the nucleus is through the
action of its IMP�1-recognized bipartite NLS (Fig. 4B and C)
(14), which appears to be the dominant targeting signal early in
infection. Although the cellular signals triggering cNES-depen-
dent relocalization of M from nucleus to cytoplasm later in
infection have not been examined here, it seems likely that this
process may, at least in part, be regulated by phosphorylation
of M (29). Additional to the NLS, M residues 110 to 183
possess DNA-binding ability (14), which could conceivably
mask the NLS in a fashion analogous to the chromatin remod-
eling factor SRY (10), where binding to specific DNA se-
quences competes with IMP�1 binding and facilitates nuclear
export.

In conclusion, we have shown here for the first time that the
M protein of RSV is actively exported from the nucleus via a

FIG. 6. cNES mutated M cannot localize to sites of virus assembly. Vero cells were infected with RSV at MOI of 3 and transfected to express
the indicated GFP-M derivatives at 6 h p.i. Cells were cultured for a further 18 h, fixed, permeabilized, and probed for RSV proteins using a goat
anti-RSV antibody, followed by Alexa 568-conjugated donkey anti-goat antibody. Cells were imaged for RSV proteins (left panels) and GFP-M
(middle panels) to identify regions of colocalization (yellow coloration in the merged images shown on the right); filamentous virus is indicated
by arrowheads.
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NES/Crm1-dependent pathway which is essential for virus as-
sembly. Together with its IMP�1-mediated nuclear import
pathway (14), this presumably represents the basis of M’s abil-
ity to be either nuclear or cytoplasmic at specific stages of the
infectious cycle. Based on the fact that LMB treatment inhibits
RSV virus production in infected cells, and the inability of
cNES mutated RSV to be rescued, RSV M export from the
nucleus may well prove to be a useful target for the develop-
ment of anti-RSV therapeutics, which have thus far proved
elusive.
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