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For any of the enveloped RNA viruses studied to date, recognition of a specific RNA packaging signal by the
virus’s nucleocapsid (N) protein is the first step described in the process of viral RNA packaging. In the murine
coronavirus a selective interaction between the viral transmembrane envelope protein M and the viral ribo-
nucleoprotein complex, composed of N protein and viral RNA containing a short cis-acting RNA element, the
packaging signal, determines the selective RNA packaging into virus particles. In this report we show that
expressed coronavirus envelope protein M specifically interacted with coexpressed noncoronavirus RNA
transcripts containing the short viral packaging signal in the absence of coronavirus N protein. Furthermore,
this M protein-packaging signal interaction led to specific packaging of the packaging signal-containing RNA
transcripts into coronavirus-like particles in the absence of N protein. These findings not only highlight a novel
RNA packaging mechanism for an enveloped virus, where the specific RNA packaging can occur without the
core or N protein, but also point to a new, biologically important general model of precise and selective
interaction between transmembrane proteins and specific RNA elements.

The process of packaging the viral genome is a critical step
in the assembly of infectious viruses. For any of the enveloped
RNA viruses studied to date, the association of an intracellular
form of viral genomic RNA with the nucleocapsid protein is
the first step in the process of selective genome packaging into
virus particles. A specific RNA element(s), usually referred to
as a packaging signal (PS) or an encapsidation signal, which is
present in intracellular viral genomic RNA, determines the
selective and specific binding of viral nucleocapsid protein to
the viral genomic RNA. Subsequently, the viral ribonucleopro-
tein (RNP) complex containing viral RNA and the nucleocap-
sid protein binds to a viral envelope protein(s) at the virus
budding site, which leads to the budding of virus particles
containing the viral RNP complex. In some enveloped viruses,
an interaction between the viral RNP complex and envelope
proteins drives the budding of virus particles (21, 31, 34, 41),
while in other enveloped viruses, the viral RNP complex is
dispensable for viral envelope formation and production of
virus particles. A typical example of the latter phenomenon is
observed in coronavirus envelope formation; coronavirus-like
particles (VLPs) that are morphologically similar to infectious
virus particles are produced in the absence of viral RNP com-
plex (37).

The murine coronavirus mouse hepatitis virus (MHV) con-
tains three envelope proteins, S, M, and E, and a helical nu-
cleocapsid consisting of N protein and a large single-stranded,
positive-stranded RNA genome (19, 33). S protein is dispens-
able for viral nucleocapsid packaging and viral assembly (13,
15, 30). M protein and E protein are essential for viral enve-

lope formation and release of virus particles; VLPs are re-
leased from cells that express both M protein and E protein
(37). M protein, the most abundant transmembrane envelope
glycoprotein in the virus particle and in infected cells, is char-
acterized as having three domains: a short N-terminal ectodo-
main, a triple-spanning transmembrane domain, and a C-ter-
minal endodomain (1). E protein is present in only minute
amounts in infected cells and in the viral envelope, and yet it
plays a central role in coronavirus morphogenesis (7). The viral
genomic RNA and N protein form the helical nucleocapsid
structure, which exists inside the viral envelope (6, 33).

In infected cells, MHV synthesizes the intracellular form of
genomic RNA, mRNA 1, and six to seven species of sub-
genomic mRNAs. These virus-specific mRNAs comprise a
nested set with a common 3� terminus and a common leader
sequence of approximately 72 to 77 nucleotides (nt) at the 5�
end (18, 32). All MHV mRNAs associate with N protein to
form RNP complexes (2, 27); however, only the mRNA 1-RNP
complex is efficiently packaged into the virus particles. Previ-
ous studies demonstrated that only mRNA 1 and the viral
genomic RNA, but not subgenomic mRNAs, contain a 190-nt-
long PS (9, 36). A specific interaction occurs between the viral
transmembrane envelope protein M and the mRNA 1-N pro-
tein complex at the budding site in infected cells (27), and the
190-nt-long PS mediates the specific interaction between M
protein and the mRNA 1-N protein complex (or other RNP
complexes containing the PS) to drive the specific packaging of
RNA into virus particles (28). How M protein selectively and
specifically recognizes the PS-containing RNP complex is un-
known. We previously suggested two models to explain the
mechanism of specific recognition of PS-containing RNP com-
plexes by M protein (28). One was that M protein recognizes a
specific helical nucleocapsid structure formed by the mRNA
1-N protein complex. The binding of N protein to the PS might
trigger the formation of helical nucleocapsid structure. In this
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model, both M protein and N protein contribute to the selec-
tive packaging of specific RNA species into virus particles.
Another model was that the direct interaction of M protein
with the PS in the PS-containing RNP complex is responsible
for the selectivity in RNA packaging.

The present study investigated the mechanism by which
MHV M protein selectively recognizes PS-containing RNP
complexes. We found that expressed M protein specifically
interacted with coexpressed noncoronavirus RNA transcripts
containing the PS in the absence of N protein. Furthermore,
this M protein-PS interaction led to specific packaging of the
PS-containing RNA transcripts into VLPs in the absence of N
protein. Our study revealed that MHV employs a novel mech-
anism of specific and selective RNA packaging, in which the
specific interaction between M protein and the PS determines
the selectivity and specificity of RNA packaging in the absence
of the core or N protein. Furthermore, MHV M protein is the
first viral transmembrane protein that binds to a specific viral
RNA element in the absence of any other viral proteins.

MATERIALS AND METHODS

Cells and viruses. DBT cells were used for DNA transfection and production
of VLPs (12), while BHK cells were used for the preparation of Sindbis virus
pseudovirions. RK13 cells were used for the production and titer determination
of recombinant vaccinia virus vTF7-3 (10).

Preparation of Sindbis virus pseudovirions. The Sindbis virus vector express-
ing MHV S protein (pSinS) was constructed by inserting the entire open reading
frame of MHV type 2 (MHV-2) S protein (39) into the StuI site of a Sindbis virus
pseudovirion expression vector, pSinRep5 (5) (Invitrogen, San Diego, Calif.).
Sindbis virus pseudovirions, SinM (22), SinE (22), SinN (27), SinLacZ, and SinS
were produced as described previously (22).

DNA transfection. Subconfluent monolayers of DBT cells were infected with
vTF7-3 at a multiplicity of infection of 5 for 1 h at 37°C. At 1 h postinfection, the
cells were transfected with 20 �g of plasmid DNA by a lipofection procedure
(14), and at 4 h postinfection the cells were superinfected with Sindbis virus
pseudovirions.

Labeling of proteins, immunoprecipitation, and SDS-PAGE. Infected cells
were labeled with 100 �Ci of Tran35S-label/ml of medium for 5 h from 7 to 12 h
post-Sindbis virus pseudovirion infection. Cell lysates were prepared at 12 h
post-Sindbis virus pseudovirion infection with lysis buffer (1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] in phosphate-
buffered saline) (23), and the intracellular MHV-specific proteins were immu-
noprecipitated with anti-MHV N monoclonal antibody (MAb) J3.3, anti-MHV
M MAb J1.3 (8), anti-E protein peptide-2 antibody (40), and the non-MHV
MAb H2KkDk (H2K), as described previously (15). For protein analysis, the
immunoprecipitated proteins were incubated at 37°C for 30 min in sample buffer
to prevent M protein aggregation (33) and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE). RNAs were extracted from immunoprecipitated sam-
ples as described previously (27).

Purification of VLPs. The cell culture medium from infected cells was col-
lected at 12 h post-Sindbis virus pseudovirion infection and briefly centrifuged to
remove cell debris. Released radiolabeled VLPs were partially purified by ultra-
centrifugation on a discontinuous sucrose gradient consisting of 50, 30, and 20%
sucrose prepared in NTE buffer (0.1 M NaCl, 0.01 M Tris-HCl [pH 7.5], 0.001 M
EDTA) (22). After centrifugation at 26,000 rpm for 16 h at 4°C in a Beckman
SW28 rotor, VLPs at the interface of 30 and 50% sucrose were collected. In the
case of RNase A treatment, the samples (in sucrose prepared in NTE buffer)
were treated with 0.5 ng of RNase A per ml of interface for 30 min at room
temperature. The samples were further purified on a continuous sucrose gradient
of 20 to 60% sucrose at 26,000 rpm for 18 h at 4°C. The VLPs, in the fractions
corresponding to the reported density of coronavirus VLPs (1.14 to 1.16 g/cm3)
(22, 37), were collected and pelleted by ultracentrifugation in a Beckman SW28
rotor at 26,000 rpm for 3 h at 4°C. The pellets were suspended in the lysis buffer.

Analysis of VLP RNA and intracellular RNA. Purified VLPs were suspended
in the lysis buffer, and RNA was extracted from VLP lysates by established
methods (24). The intracellular RNA was extracted from cytoplasmic lysates as
described previously (25). After DNase treatment (38), RNAs were denatured
and separated on a 1% agarose gel containing formaldehyde (23). After elec-

trophoresis, Northern blot analysis was performed with a digoxigenin-labeled
random-primed probe (Boehringer) specific to the chloramphenicol acetyltrans-
ferase (CAT) gene (27, 38); the RNAs were visualized with the DIG luminescent
detection kit (Boehringer).

RESULTS

Envelope M protein selectively interacts with PS-containing
non-MHV RNA transcript in the absence of N protein. The
specific and selective interaction between M protein and PS-
containing RNP complexes drives the specific packaging of
PS-containing RNAs into MHV particles (28). In all known
enveloped RNA viruses studied thus far, N protein or capsid
protein plays an essential role in viral RNA packaging. How-
ever, the role(s) of N protein in MHV RNA packaging is
unknown. In coexpression experiments testing packaging of
non-MHV RNA with inserted PS in the presence of combina-
tions of various expressed MHV proteins, we attempted to
understand how M protein selectively recognizes PS-contain-
ing RNP complexes. We were particularly interested in deter-
mining whether N protein is essential for this selective inter-
action. DBT cells were infected with a recombinant vaccinia
virus, vTF7-3, which encodes the T7 RNA polymerase (10).
One hour later, the cells were independently transfected with
either plasmid PS5A, which contains the entire CAT gene
under the dual controls of the T7 promoter and the T7 termi-
nator, or plasmid PS5B190, which carries the MHV 190-nt PS
positioned downstream of the CAT gene (Fig. 1A). RNA tran-
scripts are expressed from transfected PS5A and PS5B190 in
vTF7-3-infected cells (28, 38). At 4 h post-vTF7-3 infection,
which was 3 h post-plasmid transfection, cultures from both
plasmid transfections were superinfected with one or combi-
nations of three Sindbis virus expression vectors: SinM
pseudovirion (expressing MHV M protein), SinN pseudovirion
(expressing MHV N protein), and SinLacZ pseudovirion (en-
coding the �-galactosidase protein) (22, 27). Cell extracts were
prepared at 12 h post-Sindbis virus pseudovirion infection and
used for coimmunoprecipitation analysis with anti-M MAb or
control anti-H2K MAb. RNA was extracted from the immu-
noprecipitated samples and treated with DNase (28, 38).
Northern blot analysis with a CAT sequence-specific probe
showed that PS5A and PS5B190 RNA transcripts were ex-
pressed at similar levels (Fig. 1). Strikingly, anti-M MAb co-
immunoprecipitated PS5B190 RNA transcript from cells co-
expressing PS5B190 RNA transcript and only the M protein as
well as from cells coexpressing M protein and N protein with
the same transcript (Fig. 1B and C). Anti-M MAb did not
coprecipitate PS5A transcripts from coexpressing cells, nor did
it coprecipitate PS5B190 transcripts from cells coexpressing
�-galactosidase. Anti-H2K MAb did not coimmunoprecipitate
either PS5B190 or PS5A transcript, establishing that the coim-
munoprecipitation with anti-M MAb was specific. Consistent
with a previous study (27), SDS-PAGE analysis showed that
only M MAb and not H2K MAb immunoprecipitated M pro-
tein (data not shown). These data demonstrated that coex-
pressed M protein bound to expressed PS-containing RNA
transcripts in the absence of other MHV functions, including N
protein. Furthermore, these data strongly suggested that the
PS was a signal for binding the envelope transmembrane pro-
tein, M.
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PS-containing RNAs are selectively packaged into VLPs in
the absence of N protein. The finding that M protein bound to
PS-containing RNA transcripts in the absence of N protein led
us to investigate whether the PS-containing RNA transcripts
could be packaged into VLPs in the absence of N protein.
Expression of two coronavirus envelope proteins, M and E,
results in the production of VLPs (3, 37), which are indistin-
guishable from authentic coronavirus virions in size and shape
(37); S protein is nonessential for coronavirus assembly (13, 15,

30, 37). vTF7-3-infected DBT cells were independently trans-
fected with the PS5B190 plasmid or the PS5A plasmid. The
cells were superinfected with a mixture of Sindbis virus
pseudovirions. PS5A transcript served as a negative control for
testing the specificity of RNA packaging. Because coexpression
of M and E protein is required for VLP production (37),
omission of E protein expression served as a negative control
for the VLP production. Cells were radiolabeled, and culture
fluids and cell extracts from coexpressing cells were collected
at 12 h post-Sindbis virus pseudovirion infection. The PS5B190
and PS5A RNA transcripts were expressed similarly in all the
samples (Fig. 2A). The released VLPs were purified by sucrose
gradient centrifugation, and the fractions corresponding to
VLP density (22, 37) were collected. The corresponding frac-
tions in the negative control samples were also collected. VLP
production was measured through detection of M protein in
the sucrose fractions (22, 37); similar amounts of VLPs were
produced from the cells coexpressing M and E proteins or M,
N, and E proteins. As expected, VLPs were not produced from
cells coexpressing M and S proteins or coexpressing M and N
proteins (Fig. 2B). A similar amount of PS5B190 transcript was
easily detected in the released VLPs from the cells coexpress-
ing M and E proteins and the PS5B190 RNA transcripts, as
well as from cells additionally coexpressing N protein (Fig.
2C). In contrast, only a very low level of PS5A transcript was
detected in the released VLPs (Fig. 2C). Also, only trace
amounts of expressed RNA transcripts were detected in the
supernatant from cells coexpressing M and N proteins or M
and S proteins (Fig. 2C). Analysis of the intracellular proteins
showed that both M and E proteins accumulated to similar
levels in the expressing cells (Fig. 2D). N and S proteins also
accumulated to similar levels in the expressing cells (data not
shown). These data demonstrated that coexpression of M, N,
and E proteins and the RNA containing the PS resulted in the
production of VLPs containing the RNA transcripts. Most
importantly, our data convincingly demonstrated that coex-
pression of M and E proteins and RNA containing the PS
resulted in the production of VLPs containing the RNA tran-
scripts; surprisingly, N protein was dispensable for RNA pack-
aging.

To further confirm that the PS5B190 RNA transcripts were
indeed packaged within the VLPs, the samples containing the
released VLPs were treated with RNase A. If the RNA tran-
scripts are present within the VLPs, then the RNAs should be
inaccessible to RNase A and hence resistant to RNase A treat-
ment. Partially purified VLPs, released from cells expressing
PS5B190 RNA transcripts and M protein and E protein, were
incubated in the presence of RNase A. Subsequently the VLPs
were purified by ultracentrifugation, and the RNAs were ex-
tracted from the purified VLPs. As a control, the intracellular
RNAs extracted from the same cells were also subjected to the
same RNase A treatment under the same buffer conditions.
Northern blot analysis revealed that the intracellular RNAs
extracted from the same cells were completely degraded by the
same RNase A treatment (Fig. 3), demonstrating that the
experimental condition for RNase treatment was appropriate.
In contrast, no degradation of PS5B190 RNA transcripts oc-
curred after RNase A treatment of the VLPs (Fig. 3), demon-
strating that PS5B190 RNA transcripts were indeed selectively
packaged into VLPs.

FIG. 1. Specific interaction of M protein with the PS-containing
RNA transcripts in the absence of N protein. (A) Schematic diagrams
of the structures of plasmids PS5A (PS�) and PS5B190 (PS�). T7 pr,
T7 promoter; T7 ter, T7 terminator. (B and C) Northern blot analysis
of expressed RNA transcripts from RNA-expressing cells coinfected
with SinM and SinN pseudovirions (M protein � N protein) (B) or
infected with either SinM pseudovirion (M protein) or SinLacZ pseu-
dovirion (�-galactosidase protein) (C). Equal volumes of cell lysates
were immunoprecipitated with anti-M protein MAb (anti-M) and a
control MAb (anti-H2K). Intracellular (i.c.) RNAs and coimmunopre-
cipitated RNAs were analyzed by Northern blot analysis with a probe
that binds to the CAT gene sequence. The arrows indicate expressed
RNA transcripts. Each panel shows representative data from triplicate
experiments. RNAs extracted from 105 cells and 106 cells were ana-
lyzed for the intracellular RNA lanes and the anti-M and anti-H2K
lanes, respectively. The anti-M and anti-H2K lanes were exposed eight
times longer than the intracellular RNA lanes.
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DISCUSSION

The present study revealed a novel paradigm for viral ge-
nome packaging, in which the selective and specific interaction
between a viral envelope protein and a viral cis-acting RNA
element (PS) determines the exclusivity of viral RNA packag-
ing. MHV N protein binds to all MHV mRNAs as well as
expressed non-MHV RNA transcripts in infected cells (2, 27),
which makes it difficult to explain how the formation of N
protein-mRNA 1 RNP complex might lead to the specific
packaging of RNA into virus particles. The present study con-
vincingly demonstrated the selective interaction of M protein
with PS-containing RNA in the absence of N protein, thereby
indicating that the mechanism of recognition of PS-containing
RNA by M protein does not require the formation of RNP
complex with N protein. Furthermore, remarkably, N protein
was not necessary for RNA packaging. A specific interaction of
a viral envelope protein with a viral RNA element, like the PS,
that occurs independently of a nucleocapsid protein with sub-
sequent specific RNA packaging into VLP or virus particles,
also in the absence of a nucleocapsid protein, has not been
described for any RNA virus. Furthermore, MHV M protein is
the first example of a viral transmembrane protein that binds
to a specific viral RNA element in the absence of any other
viral structural proteins. Our data were consistent with the
observation that MHV M protein cosediments with MHV
genomic RNA, but not MHV N protein, in Renografin density
gradient centrifugation of NP-40-solubilized MHV particles
(33). Currently, it is not clear whether M protein directly in-
teracted with the PS. If M protein directly binds to PS, then
MHV M protein may be the first example of a transmembrane
protein that binds to a specific RNA element; M-PS binding
represents a novel type of macromolecular interaction with a

FIG. 2. Nucleocapsid-independent RNA packaging into VLPs.
[35S]methionine-cysteine-labeled VLPs were purified from culture
fluid of the cells expressing PS5B190 (PS�) or PS5A (PS�) RNA
transcripts and the MHV-specific proteins. (A) Intracellular (i.c.)
RNAs were extracted from the cytoplasmic lysates and analyzed by
Northern blot analysis as described in the legend to Fig. 1. The intra-
cellular RNAs extracted from 3 � 105 cells were applied to each lane.
(B) Release of M protein in VLPs. A part of the purified VLP lysate
was immunoprecipitated with anti-M protein MAb and analyzed by
SDS-PAGE. Only the section of the autoradiogram with M protein is
shown. (C) Northern blot analysis of VLP RNAs. VLP RNA was
extracted from purified VLPs and analyzed by Northern blot analysis
as described above. VLPs released from 107 cells were used for analysis
of VLP RNAs. Panel C was exposed eight times longer than panel A.
(D) Intracellular expression levels of M protein and E protein. Cyto-
plasmic lysates were immunoprecipitated with anti-M protein MAb
and anti-E protein peptide-2 antibody and analyzed by SDS-PAGE.
Only the sections of the autoradiogram with M protein and E protein
are shown. Each panel shows representative data from triplicate ex-
periments.

FIG. 3. Northern blot analysis of VLP-associated RNAs after
RNase A treatment. Partially purified VLPs, released from cells coex-
pressing PS5B190 (PS�) RNA transcripts, M protein, and E protein,
were incubated in the presence (RNase �) or absence (RNase �) of
RNase A and subsequently purified by ultracentrifugation. VLP-asso-
ciated RNAs were extracted from purified VLPs. Intracellular (i.c.)
RNAs were extracted from the cytoplasmic lysates of the same cells
and incubated in the presence (RNase �) or absence (RNase �) of
RNase A. Partially purified VLPs released from 2 � 107 cells and 3 �g
of intracellular RNA were used for RNase A digestion. Northern blot
analysis was performed as described in the legend to Fig. 1 to examine
the susceptibility of VLP-associated RNAs and intracellular RNAs to
RNase A treatment. Each panel shows representative data from trip-
licate experiments.
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clear biological significance. The nature of binding of M pro-
tein to PS deserves further study.

Bos et al. (3) reported the production of infectious MHV
defective-interfering (DI) particles in vTF7-3-infected cells
that were transfected with five different plasmids expressing
the synthetic MHV DI RNA containing the PS and all four (M,
N, S, and E) MHV structural proteins (3). In that study, cul-
ture fluid was collected from expressing cells, and a mixture of
the culture fluid and MHV was used to infect MHV-suscepti-
ble cells. Following overnight incubation, supernatant was col-
lected for subsequent passages. After several undiluted pas-
sages of the supernatant, accumulation of DI RNA was
demonstrated, implying the packaging of expressed DI RNA
into VLPs in the coexpressing cells. The present data were
consistent with the observation by Bos et al. that MHV non-
structural proteins are not necessary for RNA packaging into
VLPs. However, neither the specificity and selectivity of DI
RNA packaging nor the role of N protein in DI RNA pack-
aging was examined in the study reported by Bos et al. (3).

Using the Semliki Forest virus (SFV) expression system,
others have shown that infectious enveloped particles or vesi-
cles containing the vesicular stomatitis virus envelope G gly-
coprotein and vector RNA can be produced after expression of
this protein (29), but in that system, the vector RNA is ran-
domly incorporated into the vesicles; there is no selectivity in
RNA packaging. With use of the SFV expression system, the
random packaging of SFV-derived mRNAs into SFV-encoded
murine leukemia virus Gag VLPs was also reported. The SFV-
derived mRNAs compensated for the absence of retroviral
mRNAs in the VLPs (26). These mRNAs were packaged de-
spite the lack of any retroviral PS sequences. In a sharp con-
trast, our study demonstrated an absolutely specific and selec-
tive nucleocapsid-independent packaging of the PS-containing
RNA into VLPs.

Based on this study and other studies, we propose a model to
elucidate the mechanism of RNA packaging in MHV. Since
MHV N protein binds to all MHV mRNAs in infected cells (2,
27), probably N protein binds to the intracellular form of
genomic RNA, mRNA 1, during nascent mRNA 1 synthesis or
as soon as mRNA 1 is synthesized on intracellular membranes
(4, 11). M protein, which accumulates and probably oligomer-
izes in the intermediate compartment between the endoplas-
mic reticulum and the Golgi complex (16, 20, 35), binds to the
PS present in mRNA 1; this binding determines the selective
genomic RNA packaging and excludes the packaging of MHV
subgenomic mRNAs lacking the PS. After the binding of M
protein to the PS, N protein that is associated with mRNA 1
interacts with the oligomerized M protein (6, 27). Subsequent-
ly, the M protein-mRNA 1 RNP complex undergoes virion
morphogenesis in concert with E protein.

These data provoke a question about the biological role of N
protein in MHV. As shown here, N protein appears to be
dispensable for MHV RNA packaging. M-N interaction, how-
ever, might compensate for defects in viral envelope formation
due to mutation in M protein (17). N protein may play a crucial
role early in infection; for example, after virus uncoating, one
of the functions of N protein may be to deliver the viral RNP
complex to the appropriate compartment for initiation of viral
replication.
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