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The measles virus (MV) P gene codes for three proteins: P, an essential polymerase cofactor, and V and C,
which have multiple functions but are not strictly required for viral propagation in cultured cells. V shares the
amino-terminal domain with P but has a zinc-binding carboxyl-terminal domain, whereas C is translated from
an overlapping reading frame. During replication, the P protein binds incoming monomeric nucleocapsid (N)
proteins with its amino-terminal domain and positions them for assembly into the nascent ribonucleocapsid.
The P protein amino-terminal domain is natively unfolded; to probe its conformational flexibility, we fused it
to the green fluorescent protein (GFP), thereby also silencing C protein expression. A recombinant virus
(MV-GFP/P) expressing hybrid GFP/P and GFP/V proteins in place of standard P and V proteins and not
expressing the C protein was rescued and produced normal ratios of mono-, bi-, and tricistronic RNAs, but its
replication was slower than that of the parental virus. Thus, the P protein retained nearly intact polymerase
cofactor function, even with a large domain added to its amino terminus. Having noted that titers of cell-
associated and especially released MV-GFP/P were reduced and knowing that the C protein of the related
Sendai virus has particle assembly and infectivity factor functions, we produced an MV-GFP/P derivative
expressing C. Intracellular titers of this virus were almost completely restored, and those of released virus were
partially restored. Thus, the MV C protein is an infectivity factor.

Measles (MV) is an enveloped virus with a nonsegmented
negative-strand RNA genome belonging to the Morbillivirus
genus of the Paramyxoviridae family (37). The MV genome, as
that of other Paramyxoviridae, including the model species
Sendai virus (SeV), is tightly encapsidated by nucleocapsid (N)
proteins, each one covering exactly 6 bp and forming a nucle-
ase-resistant helical ribonucleocapsid (RNP) (19, 50). As ini-
tially inferred by analogy with SeV, the MV N protein is divided
in a large well-conserved core domain, comprising most of the
protein and supporting self-assembly and RNA binding (6),
and a hypervariable small carboxyl-terminal tail that is intrin-
sically disordered (38). The N protein tail is also required for
the RNP to act as a template for viral RNA synthesis (5, 15, 65).

Two others proteins are part of the RNP, the polymerase (L,
for large) and the phosphoprotein P, a polymerase cofactor.
The viral polymerase transcribes the six MV genes into
mRNAs in a sequential and polar manner (26). At each gene
junction transcription is terminated and reinitiated, leading to
the production of monocistronic mRNAs. When the polymer-
ase complex does not stop at gene junctions, bicistronic or
polycistronic mRNAs are produced (11). In the replicative
mode, the polymerase complex never stops at gene junctions,
producing complete copies of the viral genome.

The P protein of Paramyxoviridae also has distinct functional
domains (37). The carboxyl-terminal half is most conserved
and contains regions required for transcription, in particular

the polymerase-binding region (4, 13, 59) and sequences re-
sponsible for RNP binding (27, 54). In addition, it contains a
coiled-coil motif responsible for oligomerization (14, 60); sta-
ble tetramers are the active form of SeV P for replication and
transcription (36). The P protein extreme-carboxyl-terminal
domain (amino acids 459 to 507) triggers an unstructured-to-
structured transition of the N protein tail (38). The P protein
amino-terminal domain (amino acids 1 to 231) is unstructured
in solution and may undergo induced folding upon binding to
monomeric N protein (34). This domain provides several ad-
ditional functions required for replication and contains the
conserved phosphorylation sites (37).

The MV P gene encodes the two additional proteins C and
V from overlapping open reading frames (ORF) accessed by
different mechanisms. The V protein shares the unstructured
amino-terminal domain of the P protein, but its 68 carboxyl-
terminal highly conserved amino acids forming a zinc-binding
domain (47) are translated from a different ORF accessed by
the cotranscriptional insertion of a pseudo-templated G resi-
due (10). V proteins of Paramyxoviridae are dispensable for
replication in cultured cells (17, 55) but are essential for viru-
lence (18, 35, 55, 62). Their main function may be interference
with host defense mechanisms, in particular interferon activa-
tion (46, 52, 53). The amino-terminal part of the SeV V protein
regulates viral genome replication (29, 61).

The C protein, produced by translation of an ORF initiated
19 nucleotides downstream of the P/V start codon, colocalizes
with the MV RNP in infected cells (2). Recombinant viruses
defective for C protein expression grow well in certain cultured
cells (48) but not in human peripheral blood mononuclear cells
(20). The MV C protein reduces viral transcription in a chlor-
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amphenicol acetyltransferase reporter mini-genome assay (51)
and inhibits the type I interferon response (56).

In the present study, we joined a reporter protein (green
fluorescent protein [GFP]) to either end of the N or P protein
and verified whether the hybrid proteins retained their func-
tions. Remarkably, hybrid GFP/P and GFP/V proteins were
able to functionally substitute standard P and V proteins even
in a viral infection context. We also found that C protein
expression silencing interfered with particle infectivity.

MATERIALS AND METHODS

Cells and viruses. Vero (African green monkey kidney) cells were maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum,
penicillin, and streptomycin at 37°C and 5% CO2. 293-3-46 helper cells (49) were
grown in Dulbecco’s modified Eagle’s medium and 10% fetal bovine serum in the
presence of 1.2 mg of G418/ml.

To prepare virus stocks, Vero cells were infected at a multiplicity of infection
(MOI) of 0.05 50% tissue culture infective doses (TCID50)/cell with the relevant
virus and incubated at 37°C. Cells were scraped in Opti-MEM (Gibco), and
particles were released by two freeze-thaw cycles. Titers were determined by
TCID50 titration on Vero cells according to the Spearman-Kärber method (32).

Virus growth kinetics were obtained by inoculating Vero cells at an MOI of
0.03 TCID50/cell. At the indicated time points, supernatants were clarified by
centrifugation and cells were scraped in Opti-MEM (Gibco) and subjected to
freeze-thaw cycles. Released and cell-associated viral titers were determined by
TCID50 titration.

Plasmid construction. The GFP ORF was fused upstream or downstream of
the N or P ORFs. The two coding regions were connected through a flexible
glycine-rich linker (5�-TCTGGAGGTTCCGGAGGTACCGGTGGA) contain-
ing the restriction site BspEI (underlined) to facilitate subsequent cloning. Two
restriction sites were introduced upstream of the first ORF (SalI and MluI) or
downstream of the second ORF (AatII and SphI) to facilitate cloning in the pCG
intermediate vector with SalI and SphI. Then, the full-length MV plasmids were
obtained by transfer of a MluI-AatII fragment in p(�)MV(IrGFP)P (63).

To produce the fusion proteins N/GFP and P/GFP, cDNAs encoding N, P, or
GFP ORFs were obtained by PCR using the following primers (restriction sites
used are underlined in the primer sequences): 5�-GCAGTCGACGCGTCATG
GCCACACTTTTAAGG (SalI-MluI) and 5�-GTACCTCCGGAACCTCCTGA
GTCTAGAAGATTTCTG (BspEI) for the N ORF; 5�-GCAGTCGACGCGTC
ATGGCAGAAGAGCAGG (SalI-MluI) and 5�-GTACCTCCGGAACCTCCA
GACTTGATTATTATCTTCATCA (BspEI) for the P ORF; 5�-GAGGTTCC
GGAGGTACCGGTGGAGTGAGCAAGGGCGAG (BspEI) and 5�-GCAGC
ATGCGACGTCGTTACTTGTACAGCTCGTCCA (SphI-AatII) for the GFP
ORF.

To produce the fusion proteins GFP/N and GFP/P, cDNAs encoding N, P, or
GFP ORFs were obtained by PCR using the following primers (restriction sites
as above): 5�-GAGGTTCCGGAGGTACCGGTGGAGCCACACTTTTAA
GGAG and 5�-GCAGCATGCGACGTCGTCAGTCTAGAAGATTTCTGTC
for the N ORF; 5�-GAGGTTCCGGAGGTACCGGTGGAGCAGAAGAGCA
GGCAC and 5�-GCAGCATGCGACGTCGCTACTTCATTATTATCTTCA
for the P ORF; 5�-GCAGTCGACGCGTCATGGTGAGCAAGGGCG and
5�-GTACCTCCGGAACCTCCAGACTTGTACAGCTCGTCCA for the GFP
ORF.

For each construct, the two ORFs were linked in a three-way ligation and
cloned in the intermediate pCG vector by using the SalI-BspEI-SphI restriction
sites, thus yielding the four plasmids pCG-N/GFP, pCG-P/GFP, pCG-GFP/N,
and pCG-GFP/P. Full-length plasmids were obtained by transferring the MluI
and AatII fragments in the additional transcription unit located between P and
M in the full-length MV genome p(�)MV(IrGFP)P, resulting in the following
four plasmids: p(�)MVaddN/GFP, p(�)MVaddP/GFP, p(�)MVaddGFP/N,
and p(�)MVaddGFP/P (Fig. 1A). The integrity of all constructs was verified by
sequencing.

To produce full-length plasmids with the N or P genes replaced by a hybrid
GFP gene, site-directed mutagenesis was performed using the QuikChange sys-
tem (Stratagene). To obtain p(�)MV-N/GFP, a BsiWI restriction site was in-
troduced downstream of the N gene stop codon in pCG-N-P [intermediate
plasmid containing the N ORF and part of the P ORF, fragment ScaI-StuI from
p(�)MV-NSe (58)]. The same restriction site (underlined) was introduced
downstream of the GFP stop codon in pCG-N/GFP, using primers 5�-GTGTA
CAATGACAGAAATCTTCTAGACTAGCGTACGGTGCGAGAGGCCGA

GGACCAG and 5�-GCATGGACGAGCTGTACAAGTAGCGACGTACGAT
GCAAGCTGATCTTTTTCCCTCTGCC. After mutagenesis, the BstXI-BsiWI
fragment from pCG-N/GFP, containing the N/GFP coding sequence was trans-
ferred to pCG-N-P in exchange for the corresponding fragment containing only
N. Then, p(�)MV-N/GFP was obtained by transfer of a SfiI-SacII fragment in
p(�)MV-NSe.

To obtain p(�)MV-GFP/P, the MluI restriction site (underlined) was intro-
duced upstream the ATG of the P gene in pCG-N-P using the following primer:
5�-CCATCCACTCCCACGATTGGAGCAGACACGCGTCTAGATGGCAG
AAGAGCAGGCACGCC. A MluI-SacII fragment was transferred from pCG-
GFP/P in the MluI-mutagenized pCG-N-P. Then, p(�)MV-GFP/P was obtained
by transfer of a SfiI-SacII fragment in p(�)MV-NSe. The integrity of all con-
structs was verified by sequencing.

Finally, to obtain a virus expressing GFP/P as well as the C protein, the C gene
ORF was amplified by PCR using the following primers: 5�-CAGCCCATCAA
CGCGTATGTCAAAAACGGACTGGAATGC and 5�-TCGATCGCGAGAC
GTCTCATCAGGAGCTCGTGGATCTCC. The MluI and AatII sites (under-
lined) were introduced upstream or downstream of the C gene, respectively, to
allow cloning in the additional transcription unit of p(�)MV(IrGFP)H, resulting
in p(�)MV-addC. p(�)MV-GFP/P-addC was generated by transfer of the PacI-
SpeI fragment from p(�)MV-addC to p(�)MV-GFP/P.

Recombinant virus recovery. Recombinant MVs were generated essentially as
described previously by Radecke et al. (49). Briefly, the helper cell line 293-3-46
stably expressing MV N, MV P, and T7 polymerase was transfected by calcium
phosphate precipitation using the ProFection kit (Promega) with two plasmids,
one coding for the relevant MV genome and the other for the MV polymerase
(pEMCLa). Three days after transfection, the helper cells were overlaid on Vero
cells, appearance of infectious centers was monitored, and then single syncytia
were picked and propagated on Vero cells.

Purification of viral particles. Vero cells (5 � 106) were infected at an MOI
of 0.05 and incubated at 32°C until 80 to 90% of all nuclei were found in syncytia.
Before the start of syncytium lysis, supernatants were collected and clarified by
centrifugation at 20,000 � g for 20 min at 4°C. The supernatant was then
transferred into a 12-ml polypropylene tube (Sorvall) and pelleted by velocity
centrifugation (100,000 � g for 90 min at 4°C) through 20% sucrose onto a 60%
sucrose cushion prepared in TNE buffer (10 mM Tris-HCl [pH 7.5], 100 mM
NaCl, 1 mM EDTA). The virus-containing interphase fraction was harvested,
diluted to less than 30% sucrose by addition of TNE buffer, and pelleted by 90
min of centrifugation at 100,000 � g. All liquid was carefully removed, and the
pellet was dissolved in 50 �l of urea buffer (200 mM Tris-HCl [pH 6.8], 8 M urea,
0.1 mM EDTA [pH 8], 5% sodium dodecyl sulfate [SDS], 0.03% bromophenol
blue) containing 1.5% dithiothreitol and denatured for 10 min at 90°C for
fractionation on SDS-polyacrylamide gels as described below.

FIG. 1. Genomes of recombinant MVs. (A) MVs expressing hybrid
proteins in addition to the standard N or P proteins. The MV genome
is represented with its 3� end on the left, and its six genes are indicated
by capital letters. The ATUs coding for the hybrid proteins are inserted
between the P and M genes. (B) MVs expressing hybrid proteins in
place of the standard proteins.
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Western blot analysis of cell extracts. Cells (4 � 105) were infected with an
MOI of 0.1 and, 36 h later or when 70 to 80% of the nuclei were found in
syncytia, washed in phosphate-buffered saline (PBS), incubated for 10 min at 4°C
in lysis buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 0.4% deoxycholate, 1%
Igepal [Sigma]) containing protease inhibitors (Complete mix [Roche]) and 1
mM phenylmethylsulfonylfluoride, and centrifuged at 5,000 � g for 10 min at
4°C. The supernatants were denatured with urea buffer for 10 min at 90°C.
Samples were fractionated on SDS-polyacrylamide gels, blotted to polyvinyli-
dene difluoride membranes, and subjected to enhanced chemiluminescence de-
tection using antibodies specific for MV N, P, H, F, V, C, or GFP as indicated.

Antibodies. For N and P detection, mouse monoclonal anti-N antibody (cl25)
(23) and an anti-P rabbit polyclonal serum were kindly provided by D. Gerlier.
For F and H protein detection, rabbit antipeptide antisera recognizing the 14
carboxyl-terminal F protein amino acids or the 14 amino-terminal H protein
amino acids were used (8). For V and C protein detection, similar rabbit anti-
peptide antisera recognizing the respective carboxyl-terminal amino acids were
generated. For this endeavor, the peptide (C)DTRIWHHNLPEIPE (the amino-
terminal cysteine was added for coupling purposes), corresponding to MV V
amino acids 286 to 299, and the peptide CKLQKEGRSTSS, corresponding to
MV C amino acids 176 to 186, were synthesized and coupled to keyhole limpet
hemocyanin. These conjugates were used to produce a rabbit antiserum. A
commercially available monoclonal antibody (Boehringer) was used to detect the
GFP-tagged proteins.

Total RNA extraction and Northern blot analysis. Vero cells (5 � 105) on
six-well plates were infected and incubated at 37°C until extensive cytopathic
effect was observed. Total RNA was isolated using the RNeasy mini kit (QIA-
GEN). Northern blot analysis was performed as described previously (11).
Briefly, total RNA was separated by electrophoresis on a 1% agarose formalde-
hyde gel, transferred to a nylon membrane (Amhersham), and analyzed with a
digoxigenin (DIG)-labeled probe (DIG RNA labeling kit; Boehringer [42]) cor-
responding to 851 bp of MV N mRNA or 787 bp MV H mRNA (11).

Confocal microscopy. Infected Vero cells (5 � 103 cells in chamber slides [Lab
Tec]) were fixed with PBS–2% paraformaldehyde at room temperature. Cells
were washed with PBS and then fixed with the ProLong antifade kit (Molecular
Probes) and analyzed with a Zeiss LSM 510 confocal microscope.

RESULTS

Production of recombinant MV expressing a GFP hybrid
protein in addition to the N or P protein. We generated hybrid
proteins in which the GFP coding region was fused in frame
with either end of the N or P coding regions. A flexible linker
(SGGSGGTGG [single-letter amino acid code]) was added
between the domains to increase the probability of the inde-
pendent folding function. This linker contributes to preserve
GFP function in other contexts (41). After transfection of the
plasmids expressing hybrid proteins N/GFP, GFP/N, P/GFP, or
GFP/P in Vero cells, proteins of the expected molecular mass
were detected (data not shown).

The hybrid genes N/GFP, GFP/N, P/GFP, and GFP/P were
then subcloned into a plasmid providing the MV transcription
regulatory elements in the form of an additional transcription
unit (ATU) located in the 3�-untranslated region of the P gene
(Fig. 1A). The structure of the four recombinant MV genomes
with an ATU expressing an additional hybrid protein is shown
in Fig. 1A. Virus rescue was attempted on helper 293-3-46 cells
(49). All four viruses were rescued, and efficiently propagated
through the monolayer, and they expressed GFP (Fig. 2A to D,
upper panels), indicating that interference effects from the
hybrid proteins, if any, were small.

Only the N/GFP and GFP/P proteins are incorporated in
viral particles. We then addressed the question of whether the
intracellular distributions of the hybrid proteins were compat-
ible with their functions. This analysis indicated that N/GFP,
P/GFP, and GFP/P were excluded from the nuclei and con-
centrated in the perinuclear region as the other viral proteins

(Fig. 2A, C, and D, upper panels). This localization was similar
to that of unmodified N or P proteins (8). In contrast, GFP/N
was concentrated in cytoplasmic patches (Fig. 2B, upper
panel), thus suggesting exclusion from replication centers.

Growth kinetics of the four recombinant viruses indicated
that the maximal cell-associated virus titers were similar (Fig.
2A to D, bottom panels) and only slightly lower than those of
the control virus (1.8 � 106 TCID50/ml) (Fig. 2E). The control
virus was derived from p(�) MV-NSe (58). In particular, MV-
addP/GFP (Fig. 2C, bottom panel) reached almost identical
titers with a similar kinetics as the parental control. Maximal
supernatant titers of the four recombinant viruses (Fig. 2A to
D, bottom panels) were in a similar but slightly lower range
than the control and were reached at later time points. These
data suggest that certain hybrid proteins may have a slight
inhibitory effect on viral replication and particle release but are
not dominant negative.

To investigate whether the hybrid proteins retained func-
tional interactions with the unmodified N and P proteins, we
asked whether they were incorporated in viral particles iso-
lated from the supernatants of infected cells. The Western
blots in Fig. 2F document hybrid protein incorporation in
particles of two recombinant viruses: in MV-addN/GFP and
MV-addGFP/P, an anti-GFP antibody detected the hybrid pro-
teins (Fig. 2F, lanes 3 and 8, respectively). The GFP/P protein
was detected at similar levels as P by using an anti-P antibody
(Fig. 2F, lane 6), whereas N/GFP was not detected with an
anti-N antibody (Fig. 2F, lane 1) and, thus, its incorporation
levels must be much lower than those of N. The GFP/N and
P/GFP hybrid proteins were excluded from viral particles (Fig.
2F, lanes 2 and 4 and lanes 5 and 7, respectively).

A recombinant MV expressing GFP/P in place of P can be
rescued but replicates inefficiently. Having shown that the two
hybrid proteins N/GFP and GFP/P are incorporated into viral
particles, albeit with different efficiencies, we asked whether
they could functionally replace the standard proteins. To this
purpose we replaced the standard genes in the infectious MV
cDNA with the genes coding for the hybrid proteins, producing
the recombinant genomes MV-N/GFP and MV-GFP/P (Fig.
1B). We failed to rescue the MV-N/GFP virus, in spite of
consistent monitoring of isolated green cells 3 days after trans-
fection of the full-length genome in the helper cell line (Fig.
3A). This suggests that RNA replication and transcription did
initially occur, possibly based on the endogenous N protein
present in the helper cell line, but that N/GFP was then unable
to support efficient virus replication. In contrast, MV-GFP/P
was rescued, although it propagated on Vero cells only to low
titers (Fig. 3B): maximum titers of cell-associated and released
viruses were reduced by about 100 and 3,000 times, respec-
tively, compared to the control virus (Fig. 3B).

MV-GFP/P produces a balanced ratio of all proteins but no
C protein. Having shown that infectious viral particle produc-
tion by MV-GFP/P is strongly reduced, we sought to charac-
terize the cause of this effect. Suspecting defective polymerase
processivity resulting in transcription and protein expression
unbalance, we analyzed the amount of N, hemagglutinin (H),
and fusion (F) proteins available at 24, 36, 48, and 60 h after
infection with the three viruses at the same MOI (Fig. 3C). A
significant delay in the production of these three viral proteins
was observed for MV-GFP/P compared to MV (Fig. 3C, com-
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pare lanes 6 to 8 with lanes 2 to 4). MV-addGFP/P protein
expression kinetics was similar to that of the control MV (Fig.
3C, compare lanes 10 to 12 with lanes 2 to 4). Thus, this
analysis indicated a significant delay in MV-GFP/P protein
expression without detecting an unbalance in viral protein syn-
thesis.

We then analyzed the expression of the P gene products
using antibodies specific for the P, V, or C proteins (Fig. 3D,
top, center, or bottom panel, respectively) in Western blot
assays. As expected, P and V proteins of standard molecular
mass were detected in cells infected with the parental MV
(lanes 1), whereas larger P and V proteins were seen in MV-
GFP/P-infected cells (lane 2) and a mixture of the two forms
was found in MV-addGFP/P-infected cells (lane 3). C protein
expression was not detectable in MV-GFP/P-infected cells
(Fig. 3D, bottom panel, lane 2). The C protein is encoded by an
ORF for which the start codon is moved from 19 to more than
700 nucleotides downstream of the P/V ORF AUG upon in-

sertion of the GFP ORF. As a result, C protein expression is
silenced.

MV-GFP/P produces normal ratios of mono- and polycis-
tronic RNAs but replicates slowly. All three P gene proteins
have been assigned functions in transcription or the control of
replication. To analyze viral transcription in MV-GFP/P-in-
fected Vero cells, we extracted total RNA and performed
Northern blotting using either N or H probes (Fig. 4). In
control MV-infected cells, in addition to the monocistronic
transcripts, polycistronic transcripts were produced when the
viral polymerase failed to recognize an intercistronic stop-start
signal (Fig. 4A and B, lanes 4 to 6). In MV-GFP/P- or MV-
addGFP/P-infected cells (Fig. 4A and B, lanes 7 to 9 or 1 to 3,
respectively) the ratios of the monocistronic and polycistronic
RNAs, as well as the ratio between different monocistronic
mRNAs, were similar to those observed in MV-infected cells.
This indicated that in spite of the presence of an additional
GFP domain in the P protein and the absence of the C protein,

FIG. 2. Characteristics of the viruses expressing additional hybrid proteins. Vero cells were infected with recombinant viruses expressing hybrid
proteins in addition to the viral proteins MV-addN/GFP (A), MV-addGFP/N (B), MV-addP/GFP (C), or MV-addGFP/P (D). (A to D) Expression
of the hybrid GFP proteins in infected cells (top panels) and titers of cell-associated (squares) or released (diamonds) virus (bottom graphs). All
titers were determined in triplicate. Means and standard deviations are indicated. Small standard deviation intervals are occasionally covered by
the symbols. (E) Titers of control MV virus. (F) Western blot of purified virus particles. The viruses used for infection are indicated above each
lane, the antibodies used for analysis are shown below the gels, and the proteins detected are shown on the sides.
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mRNA termination, polyadenylation by repeated copying of a
short poly(U) stretch, and reinitiation are not impaired in
MV-GFP/P.

Remarkably, the amount of each viral mRNA species de-
tected in infections with MV-GFP/P was about 30 times lower
than that detected in MV infections started with the same MOI
(Fig. 4, both panels, compare lanes 7 to 9 and 4 to 6; note that
10 times more total RNA from cells infected with MV-GFP/P
than from cells infected with the other viruses was loaded). We
suspect that the GFP domain added to P slows down transcrip-
tion and replication of MV-GFP/P.

C protein expression partially restores MV-GFP/P infectiv-
ity. Since MV-GFP/P transcription was slower but otherwise
not qualitatively impaired, it seemed possible that the main
reason for reduced production of infectious particles was C
protein expression silencing. We thus attempted to compen-
sate these defects by adding to the MV-GFP/P genome a
transcription unit expressing C (Fig. 1B, bottom). The corre-
sponding virus, named MV-GFP/P-addC, was rescued and ex-
pression of the C protein was confirmed by Western blotting
(Fig. 5A, lane 4). Other viral proteins were also analyzed and
were found to be produced at similar levels as those of the

parental virus (MV-GFP/P) (Fig. 5A, top panel, N in lanes 3
and 4, and data not shown).

We then measured the kinetics and maximum titer of cell-
associated and released virus produced in MV-GFP/P-addC
infections (Fig. 5C, lower panel). Maximum cell-associated
virus titers were about 50 times higher than in MV-GFP/P
infections (Fig. 5C, center panel) but remained about three
times lower than in MV infections (Fig. 5C, upper panel); the
kinetics of MV-GFP/P-add C infectious particle production
was intermediate between those of MV-GFP/P and MV. Titers
of released MV-GFP/P-addC were about 20 times higher than
those of MV-GFP/P but remained about 100 times lower than
those of MV.

The kinetics of viral protein expression in MV-GFP/P-addC
infections (data not shown) was similar to that with MV-GFP/P
(Fig. 3C). Thus, C protein expression restoration did not im-
prove transcription or replication. On the other hand, it re-
sulted in 50-times-higher titers of cell-associated virus (Fig.
5C). We conclude that the main role of the C protein in this
system is to support the production of infectious virus particles.

To examine C protein incorporation, we analyzed the pro-
tein composition of released viral particles concentrated on

FIG. 3. Characteristics of the viruses expressing hybrid proteins in place of N or P. (A) Rescue cell line 293-3-46 transfected with full-length
MV-N/GFP analyzed by fluorescence microscopy. (B) Titers of cell-associated or released virus produced during infection of Vero cells with MV
(black columns) or MV-GFP/P (gray columns). Titers were determined based on the TCID50. (C) Western blot analysis of Vero cells infected with
the viruses indicated at the top at different time points (24, 36, 48, and 60 h) using anti-Fcyt (top panel), anti-Hcyt (center panel), or anti-N (bottom
panel) antibodies. (D) Western blot analysis of Vero cells infected with MV (lane 1), MV-GFP/P (lane 2), or MV-addGFP/P (lane 3) or uninfected
(lane 4). Membranes were blotted with antibodies against P (top), V (center), or C (bottom).
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sucrose gradients. When similar amounts of N protein (corre-
sponding to different virus titers) were loaded on each lane
(Fig. 5B), roughly similar amounts of H protein were detected
(lanes 2 to 4) in MV, MV-GFP/P, and MV-GFP/P-addC par-
ticles. Thus, lack of C protein did not cause a marked N-H
incorporation unbalance. C protein was detected at low levels
in the MV control particles (Fig. 5B, lane 2, bottom panel) and
at levels only slightly above background in MV-GFP/P-addC
particles (Fig. 5B, lane 4, bottom panel). Thus, MV C, as for
SeV C (28), is a low-abundance structural protein that en-
hances particle assembly and stabilizes infectivity.

DISCUSSION

We have studied selected functions of the proteins encoded
by the MV P gene. We demonstrated that the P protein accu-
rately functions as a polymerase cofactor, even when GFP is
attached to its amino terminus. In addition, we showed that the
C protein enhances particle assembly and functions as an in-
fectivity factor.

Conformational flexibility of the P and V protein common
amino-terminal domain. A nearly perfect cylindrical domain
42 Å long and 24 Å in diameter (45) was added to the common
amino terminus of the P and V proteins without significantly
compromising function. In contrast, when the same GFP beta-
can domain was added to either the N protein termini or to the
P protein carboxyl terminus, it strongly impaired their stability
or their functions.

When GFP was added to the N protein amino terminus,
which is part of the well-conserved core supporting RNP self-
assembly, it caused a change in protein localization and re-
duced protein stability, possibly due to steric hindrance. When
added to the N protein carboxyl terminus, which is intrinsically
disordered and exposed on the RNP outer surface, it did not
cause protein instability but allowed only inefficient RNP in-
corporation and also slightly slowed down virus replication
(Fig. 2A). Moreover, N/GFP did not functionally replace N.
Thus, we suspect that GFP added to the N protein amino
terminus interferes with replication and transcription to a
point impeding virus rescue.

The hybrid P protein with GFP added to its carboxyl termi-
nus was expressed, but it was not incorporated in virus particles
and may not be functional. Since the extreme carboxyl-termi-
nal domain is the region of P responsible for the interaction
and the induced folding of the N protein carboxyl-terminal tail
(3, 33, 38), it is not surprising that GFP addition to this ter-
minus interferes with its function. On the other hand, the P
protein amino-terminal domain is natively unfolded (34) and,
therefore, we suspected that it would be more tolerant to
modification.

Two P protein domains have been characterized structurally:
the tetramerization domain (a coiled-coil; amino acids 320 to
446) (60) and the 60-amino-acid carboxyl-terminal N-binding
domain (3, 30). In the case of SeV, the tetrameric P protein
carboxyl-terminal half has been modeled into a 160-Å-long rod

FIG. 4. MV-GFP/P transcription is delayed but not qualitatively altered. Shown is a Northern blot analysis on total RNA purified from Vero
cells infected with the viruses indicated at the top. Membranes were incubated with DIG-labeled N (A) or H (B) RNA probes. The positions of
the mono-, di-, and selected tricistronic mRNAs and of the antigenomes are indicated on the side. Note that 10 times more total RNA from cells
infected with MV-GFP/P than from cells infected with the other viruses was loaded, as indicated above the gels.
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with a radius of gyration of 48 Å (3). The P protein coiled-coil
has been proposed to act as a molecular axle that allows tet-
rameric P protein rotation while L slides along N proteins
arranged in the RNP (36). In this model the carboxyl terminus
protrudes from one end of the P tetramer and makes contacts
with the N protein carboxyl-terminal tail on the parental RNP.
During replication the P amino terminus would recognize in-
coming monomeric N proteins, positioning them for assembly
into the nascent RNP (36).

Our data suggest that four 42-Å-long, 24-Å-diameter GFP
cylinders protruding from one end of the tetrameric rod do not
interfere with the initial monomeric N protein binding and
with their subsequent delivery to the nascent RNP. Indeed
MV-addGFP/P particles incorporated similar levels of P and
GFP/P (Fig. 2F, lane 6), an observation consistent with struc-
tural and functional equivalence between the unmodified and
the hybrid protein.

The number of P proteins incorporated in Paramyxoviridae
particles is probably in the hundreds range (37). Since each P
protein in a recombinant MV-GFP/P is fluorescent, this should
allow visualization of single viral particles by microscopic anal-

ysis. Indeed, this is the case (data not shown), but the hetero-
geneous nature of MV particles (50) and the high particle-to-
infectivity ratio complicate the analysis of productive viral
entry. Nevertheless, the availability of recombinant viruses ex-
pressing GFP/P in place of P does allow the real-time study of
the cellular compartmentalization of MV replication and tran-
scription.

C protein as infectivity factor. The P gene of Paramyxoviri-
dae codes for P/V or C on overlapping ORFs. Most Paramyxo-
viridae express a single C protein (37, 43), but SeV produces a
set of four proteins with staggered amino termini. Paramyxo-
viridae C proteins have been assigned three different functions:
transcriptional regulators, infectivity factors, and host control.
C proteins have been recognized as down-modulators of
mRNA synthesis and genome amplification using synthetic
mini-genomes as templates (7, 16, 51) and have also been
implicated in viral assembly: a SeV mutant defective for the
expression of all four C proteins variants produces particles
that are largely noninfectious and have anomalous morpholo-
gies and a broad sedimentation profile (28).

C proteins also antagonize the antiviral action of interferons
(21). The interactions of the SeV and MV C proteins with the
interferon system are complex and involve different STAT
proteins (22, 24, 25, 43, 56). While the MV C protein is not
essential for virus propagation in Vero cells (48), probably
because these cells don’t have a functional interferon system, it
is required in human peripheral blood mononuclear cells or in
HeLa cells to support high viral titers (20, 56).

Here we report that a C-protein-defective MV expressing
hybrid GFP/P and GFP/V proteins produces particles that
have strongly reduced infectivity and that particles of a deriv-
ative of this virus expressing C have partially restored infectiv-
ity. It was previously shown that a C-defective MV retains
intracellular titers similar to those of the parental strain ex-
pressing C protein (48). We have confirmed this observation
but have also monitored titers of released virus approximately
100 times lower than those of the parental virus (data not
shown). Taken together, these data suggest that the MV C
protein is an infectivity factor.

The human immunodeficiency virus virion infectivity factor
(Vif) is a low-abundance structural protein (31, 44) that se-
questers a cellular RNA-modifying cytidine deaminase (39, 40,
57, 64). It is interesting that infection of MV and other nega-
tive-strand RNA viruses can be restricted by another RNA-
modifying enzyme, an adenosine deaminase (1, 9, 12). How-
ever, not all negative-strand RNA viruses whose genomes were
modified by adenosine-to-inosine hypermutation have a C pro-
tein homologue that could be inactivated. The possible role of
MV C in stabilizing virus particles is currently under investi-
gation.
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