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We present evidence that the formation of NP-P and P-L protein complexes is essential for replication of the
genome of Sendai defective interfering (DI-H) virus in vitro, using extracts of cells expressing these viral
proteins from plasmids. Optimal replication of DI-H nucleocapsid RNA required extracts of cells transfected
with critical amounts and ratios of each of the plasmids and was three- to fivefold better than replication with
a control extract prepared from a natural virus infection. Extracts in which NP and P proteins were
coexpressed supported replication of the genome of purified DI-H virus which contained endogenous
polymerase proteins, but extracts in which NP and P were expressed separately and then mixed were inactive.
Similarly, the P and L proteins must be coexpressed for biological activity. The replication data thus suggest
that two protein complexes, NP-P and P-L, are required for nucleocapsid RNA replication and that these
complexes must form during or soon after synthesis of the proteins. Biochemical evidence in support of the
formation of each complex includes coimmunoprecipitation of both proteins of each complex with an antibody
specific for one component and cosedimentation of the subunits of each complex. We propose that the P-L
complex serves as the RNA polymerase and NP-P is required for encapsidation of newly synthesized RNA.

Sendai virus, a paramyxovirus, contains a 15-kb negative-
stranded RNA genome which is found both in the virion and
in infected cells as an RNase-resistant nucleocapsid by
virtue of its tight association with the abundant nucleocapsid
protein NP (60 kDa) (8). Two other viral proteins, P (62 kDa)
and L (-250 kDa), are associated with the nucleocapsid and
function as the RNA-dependent RNA polymerase (10, 11,
25). Three additional Sendai virus structural proteins, HN,
F, and M, are associated with the envelope of the virion. For
negative-stranded RNA viruses, it is the nucleocapsid and
not naked RNA which serves as the template for RNA
synthesis by the viral polymerase. Transcription initiates at
the 3' end of the nucleocapsid, sequentially yielding leader
RNA and the viral mRNAs (9, 17, 20). RNA replication
requires the simultaneous synthesis and encapsidation of
genome RNA which occurs via the synthesis of a full-length,
plus-stranded, encapsidated RNA intermediate (27).
We have used the Sendai virus defective interfering par-

ticle DI-H as the template for the study of genome replica-
tion (1, 3, 22). The DI-H genome RNA is 1,411 nucleotides
long (about 9% the size of the nondefective genome), con-
tains sequences from the 5' end of the genome RNA,
including a portion of the L cistron, and has copy-back
termini, with 110 nucleotides of the 3' terminus complemen-
tary to the 5' terminus (2, 19). In previous work we showed
that purified NP protein would support the replication of
intracellular DI-H nucleocapsids, but not of purified virus,
which required the addition of infected cell extracts for
nucleocapsid RNA replication (1, 22). These data suggested
that NP protein alone was sufficient for the elongation and
encapsidation of preinitiated replicating RNA present in
intracellular nucleocapsids but that additional viral proteins
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may be required specifically for the initiation of replication
and encapsidation needed with purified virus.
A mammalian expression system for Sendai virus proteins

was recently described (4), for which expression of trans-
fected plasmids containing the Sendai virus NP, P/C, or L
gene cloned downstream of the T7 promoter is provided by
infection of cells with a recombinant vaccinia virus express-
ing T7 RNA polymerase (7). All three viral proteins were
shown to be required for DI-H nucleocapsid RNA replica-
tion in vivo (4). The limitation of this system is that genome
replication in the cell requires the coexpression of all three
viral genes, so that one cannot distinguish the individual
steps in this process. For this purpose we have extended this
methodology to assay specific steps of nucleocapsid RNA
synthesis from purified viral templates in extracts of the
infected, transfected cells. This system has the significant
advantage that individual proteins can be synthesized alone
or in combinations and extracts may be mixed to study the
possible interactions of the viral proteins. We present both
biological and biochemical data suggesting that Sendai virus
DI nucleocapsid RNA replication requires two distinct com-
plexes: a P-L complex as the RNA polymerase and an NP-P
complex as the substrate for the encapsidation of newly
synthesized RNA.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Sendai virus (Harris strain)
and the Sendai virus defective interfering particle DI-H were
propagated in embryonated chicken eggs and purified as
described previously (3). Recombinant vaccinia virus con-

taining the gene for the phage T7 RNA polymerase (VVT7)
(7) was obtained from Edward Niles (SUNY, Buffalo, N.Y.)
and grown in Vero cells. Transfections and infections for
RNA replication assays were performed in human A549
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cells. Immunoprecipitation of viral proteins utilized a rabbit
anti-Sendai virus antibody [ot-SV(3)] and monoclonal anti-
bodies to the Sendai virus NP protein a-NP (M8, from A.
Portner, Memphis, Tenn.) and P protein ot-P (1.180, from D.
Kolakofsky, Geneva, Switzerland). A rabbit antibody was
generated against a trpE-Sendai virus L fusion protein (a-L).
The EcoRI-EcoRV fragment (nucleotides (1953 to 3795) of a
Sendai virus L cDNA (clone G36, from D. W. Kingsbury)
was cloned downstream of the N-terminal two-thirds of the
trpE gene of the pATH11 vector (12, 16). The trpE-L fusion
protein (molecular weight, ca. 95,000) was separated by
electrophoresis on a 2% low-melting-point agarose-0.1%
sodium dodecyl sulfate (SDS) gel and identified by staining
with Coomassie blue. The fusion protein (280 ,ug) was cut
out, melted, emulsified with Freund's complete adjuvant,
and used to immunize a rabbit by intramuscular inoculation.
The rabbit was given a booster injection with the protein in
incomplete adjuvant at 1-month intervals, and sera was
removed 2 weeks later. The a-L antibody was specific for
Sendai virus L protein by Western immunoblot analysis of
purified virus and immunoprecipitation (data not shown).

Infection and transfection. Subconfluent cultures of A549
cells in 60-mm-diameter dishes (approximately 4 x 106 cells)
were infected with VVT7 at a multiplicity of infection of 2.5
for 1 h at 37°C and then transfected as indicated in the figure
legends, utilizing lipofectin (Bethesda Research Laborato-
ries) with one or more circular plasmids containing the
Sendai virus NP, P/C, or L gene cloned individually in
pGEM, downstream of the T7 promoter (4). The transfected
cells were incubated at 37°C in Opti-MEM medium (GIBCO)
containing penicillin and streptomycin. We found that the
level of DI-H RNA replication increased linearly with ex-
tracts prepared up to 16 h after transfection and then
remained constant to 22 h (data not shown). For these
experiments, cytoplasmic extracts were prepared 18 h after
transfection.

In vitro replication and RNA analysis. Cytoplasmic ex-
tracts and the soluble protein fraction of the VVT7-infected
plasmid-transfected or Sendai virus-infected control cells
were prepared by lysolecithin permeabilization, essentially
as described previously (3). After 1 min with lysolecithin, 3
ml of wash solution was added to dilute the lysolecithin and
the solution was aspirated. The cells were then drained for 4
min and scraped into a modified reaction mixture containing
0.1 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid), pH 8.5, 0.05 M NH4Cl, 7 mM KCI, 4.5 mM
magnesium acetate, 2 p,g of dactinomycin per ml, 1 mM each
of dithiothreitol, spermidine, ATP, GTP, and UTP, lO,M
CTP, 10% glycerol, and 0.5 U of RNasin (Promega Biotec)
per ,ul. The cells were lysed by pipetting, and the nuclei and
cell debris were pelleted in a microcentrifuge at 4°C. The
supernatant was removed, and one of the following tem-
plates was added: purified detergent-disrupted (0.1% Triton
X-100) DI-H virus (3 ,ug) or polymerase-free DI-H RNA NP
template (1 ,ug) prepared from virus stripped of associated
proteins by detergent-high salt treatment and then banded
twice on CsCl gradients. Samples (100 ,ul, from 4 x 106 cells)
were incubated with [a-32P]CTP (500 ,uCi/ml; New England
Nuclear) at 30°C for 2 h and then treated with micrococcal
nuclease (1 ,ug/ml) for 1 h at 37°C to digest any nonencapsi-
dated RNA. The replication products were purified by
sedimentation on a 5-ml step CsCl gradient prepared by
layering from the bottom the following ingredients: 2 ml of
40% CsCl, 2 ml of 20% CsCl, 0.9 ml of 30% glycerol, in
buffer containing 25 mM HEPES, pH 7.5, 2 mM EDTA, and
50 mM NaCl. Centrifugation was at 36,000 rpm for 16 h at

4°C in a Beckman SW55 rotor. The nucleocapsid band at the
20 to 40% CsCl interface was collected and pelleted at 50,000
rpm for 90 min at 4°C in the SW55 rotor. The nucleocapsid
RNA was isolated by treatment with proteinase K (250
,ug/ml) for 30 min at 37°C, by phenol-chloroform extraction,
and then by ethanol precipitation. The purified RNA was
analyzed by electrophoresis on 1.5% agarose-acid-urea gels
(3) which were dried and exposed to Kodak X-Omat film.
The replication products were cut from the gel and quanti-
tated by Cerenkov counting.

Protein analysis. For immunoprecipitation, A549 cells (2 x
107) were infected with VVT7 and transfected with pGEM-
NP, pGEM-P/C, or pGEM-L as described in the figure
legends. At 4 h posttransfection, the medium was removed
and the proteins were labeled with Trans-35S-label (ICN
Pharmaceuticals, Inc.; 50 to 75 ,uCi per ml) in cysteine- and
methionine-free minimum essential medium (ICN) plus 10%
Dulbecco's minimum essential medium (GIBCO-BRL) for
18 h at 37°C. Cell extracts were prepared in 200 ,u of reaction
mix salts (RM salts; 0.1 M HEPES [pH 8.5], 0.05 M NH4CI,
7 mM KCI, 4.5 mM magnesium acetate, 1 mM dithiothreitol,
1 mM spermidine, 10% glycerol), using the lysolecithin
procedure. Separate extracts were mixed as indicated in the
figure legends and incubated at 30°C for 1 h. The soluble
protein fraction from each was prepared as described previ-
ously (1). Samples (100 ,ul) were incubated with 2 RI of the
appropriate antibody (see figure legends), collected with
inactivated Staphylococcus aureus Cowan strain, and ana-
lyzed on 10% polyacrylamide-SDS gels as described previ-
ously (22). 35S-labeled soluble protein fractions of cell ex-
tracts were also fractionated by centrifugation through a
gradient of 5 to 20% (vol/vol) glycerol in RM salts at 29,000
rpm for 46 h at 4°C in an SW41 rotor. Aliquots (1 ml) were
collected and 0.5 ml was immunoprecipitated by using a
mixture of 2 ,u each of a-SV and a-L antibodies or 2 RI of the
monoclonal antibodies and analyzed as above.

RESULTS

Optimization of conditions for in vitro genome replication.
To determine whether an extract from VVT7-infected, plas-
mid-transfected cells would support replication of DI-H
virus nucleocapsid RNA in vitro, we initially transfected the
NP, P/C, and L plasmids at 2, 1, and 0.5 ,ug per dish,
respectively. A cytoplasmic extract of these cells did sup-
port limited replication of the genome of detergent-disrupted
DI virus. Since the level of replication was poor, a series of
titrations were performed to optimize the system. When the
amounts of P/C and L plasmids were fixed at different levels,
DI-H replication first increased with increasing NP plasmid
but then was inhibited at higher levels relative to the positive
control, which was replication with an extract of Sendai
virus-infected cells (Fig. 1A to C). There was no replication
in the absence of NP plasmid, showing the requirement for
this protein. The data show in each case about a 1:2 ratio of
transfected NP-P/C plasmids for optimal nucleocapsid RNA
replication, suggesting that a fixed ratio of these proteins was
important.
When pGEM-P/C was titrated in the replication assay,

keeping NP and L constant, 5 ,g of pGEM-P/C gave the
greatest level of nucleocapsid RNA replication, which was
fourfold better than that of the control Sendai virus extract
(Fig. 2A). No replication occurred in the absence of P/C and,
furthermore, excess P/C plasmid inhibited replication, as
had excess NP plasmid. In a similar titration of pGEM-L, 0.5
,g gave maximal replication, although a fairly broad range of
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FIG. 1. Titration of pGEM-NP for optimal in vitro replication of
the genome of purified DI-H virus. Subconfluent A549 cells were
infected with Sendai virus (SV) or VVT7 as indicated, and the
VVT7-infected cells were transfected with constant amounts of
pGEM-L and pGEM-P/C and increasing amounts of pGEM-NP as
indicated in each panel. Cytoplasmic extracts were prepared 18 h
after transfection and incubated with detergent-disrupted, purified
DI-H virus in the presence of [a-32P]CTP. The samples were treated
with micrococcal nuclease, and product nucleocapsids were purified
by banding on CsCl gradients. The nucleocapsid RNA was isolated
and analyzed as described in Materials and Methods. The position of
the DI-H RNAs is indicated on the left.
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FIG. 2. Titration of pGEM-P/C and pGEM-L for optimal in vitro
replication of purified DI-H virus RNA. Subconfluent A549 cells
were infected with Sendai virus (SV) or VVT7 as indicated above
each panel, and the VVT7-infected cells were transfected with
constant amounts of pGEM-NP and pGEM-L and increasing
amounts of pGEM-P/C (panel A) or with constant amounts of
pGEM-NP and pGEM-P/C and increasing levels of pGEM-L (panel
B) as indicated above each gel. Cytoplasmic extracts were incubated
with purified DI-H virus, and the RNA replication products were
analyzed as described in the legend to Fig. 1. The positions of the
DI-H RNAs are indicated.

L (0.25 to 1.5 ,ug) showed relatively little change (Fig. 2B).
Much higher levels ofL plasmid (2.5 to 5.0 Fg), however, did
inhibit the reaction. In contrast to the absolute requirement
for both NP and P, limited DI-H replication (25%) did occur
in the absence of pGEM-L (Fig. 2B, lane 2). Thus, critical
concentrations of all three plasmids and presumably the viral
protein products were required for in vitro DI-H nucleocap-
sid replication. For most of the subsequent experiments 2, 5,
and 0.5 p,g of NP, P/C, and L plasmids, respectively, were
used to transfect cells.

Coexpression of Sendai virus proteins required for genome
replication. To determine which proteins were required for in
vitro replication, cells were transfected with various combi-
nations of plasmids and extracts were tested with purified
DI-H virus as template. As indicated for Fig. 1 and 2,
cotransfection of the L, P, and NP plasmids gave greater
than threefold better in vitro replication than did an extract
of Sendai virus-infected cells (Fig. 3, lanes h and a). No
nucleocapsid RNA replication occurred in extracts of cells
transfected with any of the individual plasmids alone (Fig. 3,
lanes b-d) or with the combination of NP and L or P and L

(Fig. 3, lanes f and g). Some replication occurred with only
the NP and P proteins (Fig. 3, lane e) as noted earlier (Fig.
2); however, it varied from 15 to 40% in different experi-
ments, with an average value of 25%. These data suggested
that the polymerase already present in virus was sufficient
for some nucleocapsid RNA replication with NP and P but
not with NP alone; however, the level was stimulated by
additional polymerase.
We also tested the activity of the soluble protein fraction

of cells transfected with various plasmids. Again there was
good replication with an extract with P, L, and NP, a lesser
amount with NP and P, and none with NP alone (Fig. 3,
lanes 1, k, and j). The soluble protein fractions that replicated
the DI nucleocapsid RNA were threefold less active than the
corresponding total cell extract upon quantitation (note the
difference in exposure times), which was probably due to
partial inactivation during the processing step. Immunopre-
cipitation and gel analysis of 5S-labeled Sendai virus pro-
teins from these soluble protein fractions showed that coex-
pression of P with NP or all three proteins yielded 2.5-fold
more soluble NP than when NP was expressed alone (data
not shown). The limited amount of NP protein in the latter
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Vaccinia virus (T7) coexpressed in the same cell (Fig. 4, lane b). In this sample,
. NfP .' ~ __anextract of mock-infected cells was mixed with that of the

NlI, P L NE NI-I PNn N ; triply transfected cells as a control for any effect of addi-
P L L tional cell protein in these mixed samples, and replication

b c d e f g h1 i C was about half of that observed when both sets of cells were
transfected with all three plasmids (Fig. 4, lane a). No
replication occurred with P and L, plus or minus added NP
(Fig. 4, lanes c and j), or NP and L, plus or minus added P

£ (Fig. 4, lanes d and i). Thus, NP and P were not functional
* /., when mixed after being expressed separately. The addition
U: W of L protein synthesized separately slightly increased the

level of nucleocapsid RNA replication observed with NP and
P (Fig. 4, lanes e and f) but clearly did not restore it to the
level obtained when all three proteins were synthesized
together. Interestingly, the addition of other combinations of

0 1 1 15 1 0 COO 1 0 22 1tO proteins to the NP and P extract did not increase but rather
i virus proteins required for in vitro replication of inhibited replication (Fig. 4, lanes g and h). In these cases,
Subconfluent A549 cells were infected with Sendai the total level of P or NP plasmid exceeded the optimum and
nd the VVT7-infected cells were transfected with was probably inhibitory as seen earlier in the titrations of
_M-NP (2 ,ug), pGEM-P/C (5 pg; indicated as P), or each plasmid in the same cells.

as indicated at the top. Cytoplasmic extracts We had originally shown that nucleocapsids of purified
or the soluble protein fractions (lanes j through 1) virus and those isolated from infected cells differed in the

vith purified DI-H virus, and the RNA replication requirements for genome replication (1). When we
ialyzed as described in the legend to Fig. 1. Lanes proteinte plasmid-drivenoex resso cytem, hen we-xposed three times longer than lanes a through i. tested the plasmid-driven expression system, however, the
ilication is indicated on the bottom relative to protein requirements for replication of intracellular nucleo-
all three plasmids as 100%. capsids were, surprisingly, identical to those with purified

virus as the template. No replication occurred with any of
the individual plasmids, including NP, and maximal RNA

may not be in a functional form, since it did replication was observed from extracts only when all three
cleocapsid RNA replication. plasmids were transfected into the same cells (data not
blishment of the in vitro system we could test shown). Possible explanations for why NP prepared bio-
?, P, and L proteins must be coexpressed or chemically can support some replication, whereas NP ex-
-sized individually and then mixed to restore pressed alone cannot, are discussed below.
und that mixing extracts from sets of cells in Complexes of proteins required for in vitro DI-H RNA NP
the three proteins was expressed separately template replication. To study the requirements for expres-
t DI-H RNA replication (data not shown). sion of the RNA polymerase, we next utilized as template
ation occurred when all three proteins were the DI-H RNA NP which lacked endogenous polymerase

after its purification on CsCl gradients. All replication should
now be dependent on the addition of exogenous viral pro-

N_________________N___________ INP_________NP__Pteins. With the coexpression of all three proteins, the RNA
NPNi' P T: g 'INP IL MNP template was replicated at about 40% of the level

P P NI' Pl L '
L L t V observed with purified virus (Fig. 5A, lanes b and a, respec-

N'I' Nt' N|P N P INP tively), although approximately equivalent amounts of each
p - LL ' F' P) P template were added. That the RNA NP template was, in
L I . .fact, free of endogenous polymerase was shown by the
a b c d e f g 1 3absence of replication with a cell extract containing only NP

and P proteins compared with that of the control (Fig. 5A,
lanes g and f, respectively). Interestingly, the addition of an
extract with theL protein to theNP and P extract did not

gF- qp-- -;;i^ restore RNA replication (Fig. 5A, lane h). In other mixing
experiments, the addition of various combinations of the
polymerase subunits to an NP and P extract inhibited
replication (Fig. 5A, lanes c to e). The inhibition again
seemed to be due to altering the ratios of the proteins.
These data suggested that, in addition to an NP-P com-

60 100 1 4 53 39 27 14 2 1 plex, the polymerase subunits might also be required as a
complex. We tested this hypothesis by first lowering the P

pression of Sendai virus proteins is required for in plasmid by half (P/2), because P is the protein in common
of DI-H virus RNA. Subconfluent A549 cells were between the two complexes, and the total level of each
VT7, and then groups A and B were transfected protein could not exceed fixed levels. Various combinations
io DNA (-) or with the indicated combinations of of plasmids were transfected, and cell extracts were assayed
), pGEM-P/C (5 pg; indicated as P), or pGEM-L with the RNA NP template (Fig. 5B). Compared with~smic extracts from -2 x 106 cells in group A were

ncecpi N elcto ihaltrepoen lnl similar amount of extract indicated below from nucleocapsid RNA replication with all three proteins (lane
eplication of DI-H virus RNA was assayed as a), NP and P/2 gave no replication either alone (lane b) or
legend to Fig. 1, and the percent replication is with P/2 or L added separately (lanes c and d, respectively).
bottom relative to transfection with all three However, the addition of P/2 and L that were coexpressed

a.

I

L
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FIG. 5. Coexpression of Sendai virus proteins is required for in
vitro replication of CsCl-purified DI-H RNA NP template. Subcon-
fluent A549 cells were infected with VVT7, and then group A, B, or

C was transfected with no DNA (-) or various combinations of
pGEM-NP (2 pLg), pGEM-P/C (5 iLg; indicated as P), P/2 (2.5 pLg), or

pGEM-L (0.5 jig) as indicated above the gels. The cytoplasmic
extracts from -2 x 106 cells in group A were combined with a

similar amount of extract indicated below from group B (panel A),
and the cytoplasmic extracts from -1.3 x 106 cells in group A were

combined with similar amounts of extracts indicated below from
groups B and C (panel B). The replication of either DI-H virus RNA
(panel A, lane a) or CsCl-purified RNA NP template (panel A, lanes
b through h, and panel B) in the mixtures of extracts was assayed as

described in the legend to Fig. 1. The percent replication is indicated
at the bottom of each panel relative to transfection with all three
plasmids as 100%.

gave 24% of optimal replication (Fig. SB, lane f), although
mixing extracts of cells in which P/2 and L were synthesized
separately gave no replication (lane e). This result suggested
that P and L needed to be cotranslated for proper assembly
into the polymerase complex.

Since only 24% of optimal RNA replication was achieved
at P/2 in Fig. SB, it appeared that either the proper ratios of
components were not provided in one or both complexes or

perhaps that a complex in which all three components were

coassembled was required. To address this question, a series

B. DI-H RNA-NP template

F N P S

._ I2.)t.'. s~:, ar [i
L

_I___I -. -
I

1

c: D c C

r, f arn

FIG. 6. Optimization of protein complexes required for DI-H
RNA replication. Sets of A549 cells (group A or B) were infected
with VVT7 and then transfected with constant amounts (in micro-
grams) of pGEM-NP or pGEM-L and increasing pGEM-P/C (desig-
nated P) as indicated above each panel. Cell extracts were prepared
and assayed for replication of either DI-H virus RNA (panel A) or

RNA-NP template (panel B) as described in Materials and Methods.
The percent replication is indicated at the bottom relative to
transfection with all three plasmids as 100%.

of reactions were set up to titrate the individual components
of each putative complex. Using purified virus with endog-
enous polymerase as the template, extracts from cells trans-
fected with a constant amount of NP (2 ,ug) and increasing
amounts P were tested for replication. The optimum for P/C
plasmid was at 4 ,ug (Fig. 6A, lane d) instead of the 5 ,ug
needed in the complete system (Fig. 2). Then with the
optimal NP-P/C plasmids transfected in one dish (Fig. 6A),
P/C was titrated by cotransfection with constant L in another
dish, utilizing the replication assay on RNA NP template
lacking endogenous polymerase (Fig. 6B). The results
showed that P/C and L were each optimal at 0.5 jig, and this
mixture of extracts restored the replicative activity observed
when all three proteins are coexpressed (Fig. 6B, lanes a and
b). In this experiment, the control had twice (200%) the level
of viral proteins used in the experimental reactions so,

e . .. . ....
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6 7 8 9 10

L

P

NP

aiti-NP anti-P

FIG. 7. Immunoprecipitation of Sendai virus protein complexes.
A549 cells (4 x 107) were infected with VVT7 and then transfected
with no plasmids (None) or the pGEM plasmids as indicated. Lanes:
1 to 5, NP (16 ,ug) and P/C (32 p,g; indicated as P); 6 to 10, P/C (40
pg) and L (40 pg). The cultures were labeled with Trans-35S-label,
cell extracts were prepared in RM salts in 200 p,l for samples in lanes
1 to 4 and 6 to 9 and 100 p,l each for the extracts to be mixed (lanes
5 and 10), which were combined and incubated at 30°C for 1 h. The
soluble protein fraction from each extract was prepared, and sam-
ples were immunoprecipitated with either a-NP (lanes 1 to 5) or a-P
(lanes 6 to 10) monoclonal antibody as described in Materials and
Methods.

compared with half of the control (100%), the mixed extract
supported replication (144%) better than the control. In
other experiments in which the extract from the transfected
control was mixed with a mock extract so the total protein
was the same, the mixed extract gave 90 to 100% of the
replicative activity of the positive control (data not shown).
Further increasing the levels of P plasmid relative to L
inhibited replication (lanes c and d). Overall, the data
suggested that two complexes, NP-P and P-L, synthesized
separately under optimal conditions, can be mixed to restore
the full activity seen with cosynthesis of all three proteins.

Biochemical analysis of viral protein complexes. The bio-

a b c a b c a b c a b a b c a b c

logical experiments suggested that replication required com-
plexes of Sendai virus proteins which could only be formed
if the components were cotranslated in the same cell. In
order to provide biochemical support for such complexes,
the radiolabeled viral proteins synthesized in various com-
binations at optimal ratios in transfected cells were analyzed
as described in Materials and Methods. Monoclonal antibod-
ies to the Sendai virus NP or P proteins were employed for
immunoprecipitation of the soluble protein fraction of trans-
fected cells which we had shown gave biological activity
(Fig. 3). As shown in Fig. 7, the a-NP antibody was specific
for NP, since it immunoprecipitated NP but not P protein
when these proteins were expressed separately (lanes 2 and
3, respectively.). However, when NP and P were coex-
pressed, the a-NP antibody coimmunoprecipitated both pro-
teins, suggesting they form a complex (lane 4). Furthermore,
no complex formed when NP and P were expressed sepa-
rately and then mixed (lane 5), consistent with the lack of
biological activity observed under these conditions (Fig. 4).
When NP protein was expressed alone, we found that a large
portion of the protein aggregated and was found in the pellet
fraction during the preparation of the soluble protein fraction
analyzed here. This gave the apparently diminished amounts
of NP in lanes 2 and 5 (Fig. 7), although the total NP protein
synthesized did not change (data not shown).

Similarly, the a-P antibody was specific for P protein (Fig.
7, lanes 7 and 8) but coimmunoprecipitated the L protein
when P and L were expressed together (lane 9). The P-L
complex did not form, however, when the subunits were
synthesized separately and mixed (lane 10), consistent with
the lack of biological activity under these conditions (Fig.
SB). For both P and L proteins, but not for NP, it appeared
that there were prematurely terminated translation products
that were synthesized in this expression system.

Further confirmation for the formation of these complexes
was obtained by glycerol gradient sedimentation of the
radiolabeled soluble protein fraction of cells transfected with
no plasmids (mock), the individual plasmids (not shown), or
either NP and P or P and L plasmids (Fig. 8). The samples
from each gradient were first immunoprecipitated with a
mixture of a-SV and a-L antibodies to visualize all the viral
proteins. In the mock-transfected cells (lanes c), there was a
low background of vaccinia virus proteins. NP alone sedi-
mented in fractions 2 and 3 (not shown), but when NP and P

a b c a b c a b c a b c a b c
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2 3 4 5 6 7 8 9 10 I1 fractionno.

a c

a:NP& P
b: P&L
c: mock

p - anti-NP
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b c
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FIG. 8. Glycerol gradient centrifugation of Sendai virus NP-P and P-L complexes. A549 cells (4 x 107) were infected with VVT7;
transfected with 20 ,ug of pGEM-NP and 40 p.g of pGEM-P/C (lanes a), 40 pLg of pGEM-P/C and 40 jig of pGEM-L (lanes b), or no plasmids
(lanes c); and labeled with Trans-35S-label. The soluble protein fraction from each cytoplasmic extract was separated on a 5 to 20% (vol/vol)
glycerol gradient as described in Materials and Methods. Samples (1 ml) were collected from the top (fraction 1), and 0.5 ml was

immunoprecipitated with a mixture of a-SV and a-L antibodies. Fraction 6 (0.5 ml; lanes a and c) was also immunoprecipitated with a-NP
monoclonal antibody, and fraction 9 (lanes b and c) was immunoprecipitated with a-P monoclonal antibody (bottom panels). Sedimentation
was from left to right. The locations of the viral NP, P, and L proteins are indicated.
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were cosynthesized, NP now sedimented from fractions 2 to
7, that is, NP migrated with P protein sedimenting from
fractions 5 to 8 (lanes a). P alone sedimented in fractions 5 to
8 (not shown). Immunoprecipitation of a sample with the
a-NP monoclonal antibody in the area of overlap (fraction 6)
showed that P coprecipitated (bottom panels) as the NP-P
complex, as was also observed in the unfractionated sample
(Fig. 7). When P and L were cosynthesized, P protein now
sedimented beyond fraction 8 with the L protein in fractions
8 to 11 (lanes b). Immunoprecipitation of lanes b, fractions 9
to 11, with the a-P antibody coprecipitated the P and L
proteins as a complex (shown for fraction 9; Fig. 8, bottom
panels). The P-L complex had a rather broad sedimentation
profile, suggesting that different multimers of the complex
were forming.

DISCUSSION

We have developed an in vitro system for the replication
of DI templates with extracts of cells expressing proteins
from plasmids containing individual virus genes. Nucleocap-
sid RNA replication in these extracts was not only three- to
fivefold better than that obtained with naturally infected cell
extracts but also allowed the independent manipulation of
each viral gene to identify essential protein-protein interac-
tions. Optimal replication required all three nucleocapsid-
associated proteins, NP, P, and L, even though some
endogenous polymerase was present in purified virus. The
critical parameter appeared to be the ratio of the plasmids
used in the transfection, which presumably defines the
relative amounts of each protein expressed in the cells.
When either too little or too much of one protein relative to
the other was present, the level of DI-H genome replication
was suboptimal (Fig. 1 and 2). Similar critical ratios of
proteins were previously observed in vivo for both Sendai
virus (4) and vesicular stomatitis virus (21, 23) replication.
The individual proteins alone or in any combination except
NP and P could not support RNA replication from any
template. The polymerase associated with virus did catalyze
limited replication with just NP and P as the encapsidation
substrate (Fig. 2B); however, coexpression of NP and P in
the same cell was required, since mixing extracts expressing
each protein separately gave no replication (Fig. 4). These
data suggested that NP and P must form the functional
complex concomitant with, or shortly after, their synthesis.
Direct biochemical confirmation of the NP-P complex was
shown by coimmunoprecipitation of both proteins by an
antibody specific for one component either directly from a
total extract or after fractionation on a gradient (Fig. 7 and
8). Furthermore, no protein complex or biological activity
was found by mixing the individually expressed proteins.
When CsCl-purified RNA NP free of polymerase was used

as template, replication was now absolutely dependent on
exogenous NP, P, and L proteins. The NP-P complex gave
no product, and, interestingly, addition of L protein synthe-
sized separately could not rescue replication (Fig. 5A).
These results suggested that the polymerase subunits might
also form a complex. This was confirmed in the biological
and biochemical assays in which coexpression of P and L
gave both nucleocapsid RNA replication as well as coimmu-
noprecipitation and cosedimentation of P and L, whereas
mixing of extracts with the subunits expressed separately did
not (Fig. SB, 7, and 8). These data are still formally compat-
ible with two possible replication models--one in which two
complexes, NP-P and P-L, are required or one with a single
complex of all three proteins. Our indirect evidence favors

the first model, since we found that by optimizing the ratios
of NP and P expressed in one cell, and L and P in another,
the two complexes can be mixed to restore the level of
replication observed with all three proteins together (Fig.
6B).
From these data we propose that two separate complexes,

NP-P and P-L, must be formed prior to their association with
the nucleocapsid template for replication. Direct support for
an NP-P complex comes from the immunoprecipitation and
sedimentation analyses shown here (Fig. 7 and 8) as well as
from previous work for several negative-strand RNA vi-
ruses. For Sendai virus, an NP-P interaction was also
demonstrated by a protein-protein blotting technique and the
binding site on NP was partially characterized (13). Con-
versely, Sendai virus P protein was shown to bind to
holo-nucleocapsids (26) and to CsCl-purified RNA NP (17).
In measles virus, the NP and P proteins were shown to
interact specifically to keep the NP protein in the cytoplasm
(15). Likewise, for vesicular stomatitis virus, an N-P com-
plex has been shown to be necessary for nucleocapsid RNA
replication and encapsidation in vitro (14, 24) and in vivo
(18). Interestingly, in this study cotranslational assembly of
the polymerase complex (P-L) also seemed to be required for
functional replication activity, although in vitro reassembly
of the purified polymerase subunits supported transcription
for vesicular stomatitis virus (6) and Newcastle disease virus
(11). Superimposed on this general model of assembly is the
apparent negative regulatory role of the Sendai virus V and
C nonstructural proteins (4, 5) which have been postulated to
affect the assembly and/or function of the polymerase com-
plex.
We had previously found that NP protein purified bio-

chemically (from nucleocapsids) could support replication
from intracellular nucleocapsids but not from those present
in virus particles (1). Since intracellular nucleocapsids, but
not virion nucleocapsids, are likely to contain templates with
preinitiated RNA chains, this suggested that there might be
viral proteins in addition to NP, which are required for the
initiation of replication and encapsidation as opposed to
elongation, which might require NP alone. In contrast to
those data, we now show that when the viral proteins are
expressed in vivo (by transfection) and used as crude cell
extracts, the protein requirements for encapsidation were
identical, namely an NP-P complex was required for repli-
cation of both DI-H virus and intracellular nucleocapsids.
From the characterization of the putative complexes de-
scribed here, there are probably several reasons for this
apparent contradiction. First, in the plasmid expression
system it appears that NP expressed alone was mostly
aggregated and was not functional with any template. P must
be coexpressed with NP, presumably forming a soluble
complex that was the natural substrate for the encapsidation
step with all templates. The purified NP protein utilized
previously was required in much larger amounts (microgram
levels), perhaps because only a small proportion of the
purified protein was actually functional in comparison to the
physiological levels of active NP-P complex formed in
transfected cells. Nevertheless, the previous observation of
the absence of replication with DI-H virus with purified NP
still suggests that it is the NP-P complex which is essential
for the initiation of encapsidation and that initiation could
not be forced even with large amounts of purified NP,
whereas in the elongation reaction it could. Apparently, the
amount of soluble NP alone that can be achieved in trans-
fected cells was simply not sufficient to support replication
from intracellular nucleocapsids.
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In summary, we present evidence that the cotranslational
expression of the Sendai virus proteins in the complexes
NP-P and P-L is essential for their biological activity in
nucleocapsid RNA replication in vitro. The flexibility of this
expression and assay system should facilitate further study
of the interactions and domains of these essential viral
proteins by directed mutagenesis of the cloned genes.
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