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An Amino Acid of Human Parainfluenza Virus Type 3 Nucleoprotein
Is Critical for Template Function and Cytoplasmic Inclusion Body

Formation
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The nucleoprotein (N) and phosphoprotein (P) interaction of nonsegmented negative-strand RNA viruses is essential for viral
replication; this includes N°-P (N°, free of RNA) interaction and the interaction of N-RNA with P. The precise site(s) within N
that mediates the N-P interaction and the detailed regulating mechanism, however, are less clear. Using a human parainfluenza
virus type 3 (HPIV3) minigenome assay, we found that an N mutant (N ,,5,) did not support reporter gene expression. Using in
vivo and in vitro coimmunoprecipitation, we found that N; ,,,, maintains the ability to form Ny ,,5,°-P, to self-assemble, and to
form N 4;5,-RNA but that N ,,5,-RNA does not interact with P. Using an immunofluorescence assay, we found that N-P interac-
tion provides the minimal requirement for the formation of cytoplasmic inclusion bodies, which contain viral RNA, N, P, and
polymerase in HPIV3-infected cells. N 4,5, was unable to form inclusion bodies when coexpressed with P, but the presence of N
rescued the ability of N ;54 to form inclusion bodies and the transcriptional function of Ny ,,54, thereby suggesting that hetero-
oligomers formed by N and N ,,5, are functional and competent to form inclusion bodies. Furthermore, we found that N ,,4, is
also defective in virus growth. To our knowledge, we are the first to use a paramyxovirus to identify a precise amino acid within
N that is critical for N-RNA and P interaction but not for N°-P interaction for the formation of inclusion bodies, which appear to

be bona fide sites of RNA synthesis.

Human parainfluenza virus type 3 (HPIV3) is a cytoplasmic,
enveloped virus with a nonsegmented negative-strand (NNS)
RNA genome that is classified in the Paramyxoviridae family, in
the order Mononegavirales. It can cause severe respiratory tract
diseases such as bronchiolitis, pneumonia, and croup in infants
and young children (1). However, currently no valid antiviral
therapy or vaccine is available. Thus, further exploration of its
replication mechanism will be helpful in the development of novel
therapeutic approaches. The RNA genome of HPIV3 consists of
15,462 nucleotides and is encapsidated by the nucleoprotein (N;
68 kDa) to form a helical nucleocapsid containing N-RNA that has
the characteristic herringbone-like structure also observed in
other Paramyxoviridae members (2—6). This N-RNA complex
serves as a template to interact with the RNA-dependent RNA
polymerase (RdRp) complex consisting of a large protein (L; 255
kDa) and a phosphoprotein (P; 90 kDa) cofactor; interaction be-
tween N-RNA and RdRp forms an active ribonucleoprotein
(RNP) complex that is necessary for transcription and replication
(2, 7) to generate six monocistronic mRNAs and an antigenome
intermediate. P mRNA encodes a basic protein, designated C, via
the translation of a +1 open reading frame of P mRNA, which is
responsible for inhibiting viral RNA synthesis as well as counter-
acting the host interferon signaling pathway (8, 9). A synergic
association between the L-P and N-RNA templates would there-
fore determine the ability of the RNA polymerase complex to tran-
scribe or replicate.

Pairs of paramyxoviruses, such as HPIV3 and Sendai virus and
canine distemper virus and measles virus, share about 50% nucle-
otide identity, despite the low level of sequence similarity among
known paramyxovirus N genes by sequence comparisons (10—
12). N consists of two major domains that are chemically opposite
in nature: a highly conserved N-terminal core (about 80% of the
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sequence), which forms a globular body, and a hypervariable C-
terminal tail (about 20% of the sequence), which extends from the
N-terminal body (13). The N terminus contains all of the neces-
sary components for N self-assembly and RNA binding to form
N-RNA complex (14-16). Structural assays of the N-RNA com-
plex of some NNS RNA viruses revealed that the RNA is seques-
tered between the N- and C-terminal lobes of the N-RNA complex
(17, 18). The C terminus is mainly responsible for the binding of
the N-RNA complex to P (3, 19-21). Thus, the C terminus is
required for the binding of the N-RNA template to the RNA poly-
merase complex for viral RNA synthesis (22, 23). Studies of the
nucleocapsid of Sendai virus showed that deletion of the C-termi-
nal fragment abrogates the transcriptional activity of the nucleo-
capsid (24) and that the C terminus interacts with P in vitro (15).
Furthermore, it is well known that in measles virus, a putative
helical molecular recognition element within the C terminus of N
can bind to the C terminus of P to undergo an induced folding (3,
25) for recruiting the polymerase complex to the N-RNA com-
plex.

The P of NNS RNA virus is the best-characterized protein of
the replicative complex according to structure analyses. Although
no enzymatic activity has been detected in P, it acts as a cofactor of
L, and L plays a catalytic function within the P-L RNA polymerase
complex and has also been demonstrated to contain posttran-
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scriptional modification activities such as capping, methylation,
and polyadenylation of mRNAs. In addition, L alone is unable to
bind to the N-RNA template, and P acts as a bridge for the binding
of N-RNA template to the polymerase complex by forming the
P-L complex (26,27). P is also organized into two moieties that are
functionally and structurally distinct: an N-terminal domain of P
and a C-terminal domain of P. The N terminus of P chaperones N°
(free of RNA) and forms the N°-P complex to prevent the non-
specific aggregation of N (28) and regulate its assembly on the
nascent genomic RNA during replication (29, 30). The main N°
binding site has been mapped to the extreme N terminus of P in
some Paramyxovirinae (28, 31-34). The C terminus of P contains
the regions responsible for the oligomerization of P and for the
binding of P to L (35, 36), as well as the regions necessary for the
binding of N-RNA template to P. The oligomeric nature of P of
NNS RNA viruses is central to its various functions. For example,
the binding of P to the N-RNA complex involves a simultaneous
interaction between multiple C-terminal arms of the P oligomer
and the exposed C terminus of assembled N (37). Previous studies
demonstrated that P of HPIV3 also forms oligomers, and an oli-
gomerization domain was mapped between amino acids 423 and
457 of P (38). In addition, studies by De et al. (39) indicated that
the extreme N-terminal 40 amino acids of P of HPIV3 are required
for the interaction of P with N to form N°-P, whereas the extreme
C-terminal 20 amino acids of P are indispensable for the interac-
tion of P with the N-RNA template. The most direct evidence for
the extreme N terminus of P binding to N° is from vesicular sto-
matitis virus (VSV), a prototype of NNS RNA viruses: N° lacking
the N-terminal 21 amino acids in complex with the N-terminal 60
amino acids of P was crystallized, and the formation of this com-
plex blocked the intermolecular interaction of adjacent N mole-
cules as well as access of RNA to the RNA binding region (40).
Because RNP is a highly structured RNA synthesis machine,
the assembly of RNP is a critical step in the replication of NNS
RNA viruses, and its function also requires that its individual
components coordinate entirely and tightly. Although the inter-
actions and roles of N, P, and L within RNP of Paramyxovirinae
have been partially clarified, the detailed mechanisms that govern
such functional coupling are largely unidentified. For example, it
is well known that the functions of N of paramyxoviruses require
it to have three essential properties. First, N needs to specifically
bind to a single-strand RNA. Second, N has to polymerize in order
to cover the entire length of the viral genome RNA. Third, the
N-RNA template needs to bind to the P-L polymerase complex.
However, what is not known is (i) how N°-P delivers N to viral
RNA and how P accesses the N-RNA complex and (ii) the precise
site(s) within N that contributes to N° or N-RNA binding to P.
To address these unresolved questions, we explored the rela-
tionship between N-P interaction and RNA synthesis in HPIV3.
To do so, we used in vivo coimmunoprecipitation and a minige-
nome assay to identify a critical residue, L478, within N that is
required for N-RNA but not for N° binding to P and to character-
ize its requirement for viral genome transcription. Via immuno-
fluorescence analysis, we found that individually expressed N, P,
L, and minigenome RNA were all recruited to cytoplasmic viral
inclusion bodies in HPIV3-infected cells but exhibited a diffuse
expression pattern in the cytoplasm of uninfected cells. We also
demonstrated that the association of N with P provides the mini-
mal requirements for inclusion body formation; the N mutant
protein (N 4755) was unable to form inclusion bodies when coex-
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pressed with P, but the presence of N rescued the inclusion body-
forming ability and transcriptional function of Ny 4,4,.

MATERIALS AND METHODS

Cells and virus. HeLa and LLC-MK2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 8% fetal
bovine serum (FBS). BSR-T7 cells were maintained in DMEM containing
8% fetal bovine serum and 1 mg/ml G418. Recombinant vaccinia virus
(vVTF7-3) expressing the bacteriophage T7 RNA polymerase was propa-
gated in HeLa cells,and HPTV3 (NTH 47885) was propagated in LLC-MK2
cells by inoculation at a multiplicity of infection of 0.1.

Plasmid constructs. The plasmids pGEM4-N, pGEM4-P, pGEM4-L,
HPIV3-MG (—), and pOCUS-HPIV3 encoding untagged N, P, L, HPIV3
minigenome, and HPIV3 genome, respectively, have been described pre-
viously. The pGEM4-N ¢cDNA was used as the template for PCR amplifi-
cation in the genetic manipulations to generate all constructs: cDNAs
encoding wild-type N and mutants with a Myc tag at their C terminus
were cloned in pcDNA3.0 (for vIF7-3-driven protein expression), cDNAs
encoding wild-type N and N .., with a Myc epitope tagged at their C
terminus were also cloned in pCAGGS, cDNAs encoding wild-type N with
a hemagglutinin (HA) tag at the C terminus were cloned in pcDNA3.0,
and cDNA encoding wild-type N with a Flag tag at the C terminus was
cloned in pCAGGS. The pGEM4-P cDNA was used as the template for
PCR amplification. PCR products encoding wild-type P and P with the
C-terminal 100 amino acids deleted (PAC100) with an HA tag at their N
terminus were cloned into pGADT?7 (for vIF7-3-driven protein expres-
sion); PCR product encoding wild-type P with an HA tag at its N terminus
was also cloned into pCAGGS. The plasmid encoding the wild-type L
fused with enhanced green fluorescent protein (eGFP) was generated by
PCR using pGEM4-L as the template, and PCR products were cloned into
pEGFP-N1. The PCR-based approach also was applied to construct the
HPIV3 minigenome plasmid HPIV3-MG-CAT carrying the chloram-
phenicol acetyltransferase (CAT) reporter gene used in the in vitro tran-
scription. The PCR products of CAT were cloned into HPIV3-MG (—) to
replace the luciferase gene. Plasmids carrying the HPIV3 genome contain-
ing point mutations within the N gene were constructed as follows. First,
pOCUS-HPIV3 carrying the full-length genome of HPIV3 was digested
with Sall and Eco91], and the fragment of about 5.4 kb containing N, P,
and M genes was purified and religated into pET-30a-c (+) to generate
pET-30a-N-M. Point mutations in the N gene were introduced by over-
lapping PCR to generate desired mutations in pET-30a-N-M. Plasmid
pET-30a-N-M containing desired mutations was used as the template for
further amplification; the PCR products were ligated with pOCUS-HPIV3
digested by Sall and Eco911 to generate plasmids pOCUS-HPIV3-N| 4755
and pOCUS-HPIV3-N, ;.. The details of the construction process of all
the plasmids can be obtained upon request. All constructs were verified by
sequencing.

In vivo HPIV3 minigenome assay. The in vivo minigenome assay was
performed as described earlier (41) with minor modifications. HeLa cells
in 12-well plates were grown to 90% confluence and infected with vTF7-3.
One hour postinfection, the cells were transfected with 500 ng of plasmids
encoding untagged N, Myc-tagged N (N-Myc), Myc-tagged N mutants,
or HA-tagged N (N-HA); 250 ng of pGEM4-P or pGADT7-P encoding
HA-tagged P (HA-P); 100 ng pGEM4-L; and 50 ng of plasmid carrying
HPIV3 minigenome HPIV3-MG (—) carrying the luciferase reporter gene
with Lipofectamine 2000 (Invitrogen). For investigating whether N 4,5,
interferes with the RNA synthesis function of N, transfection was modi-
fied slightly. pGEM4-N (62.5 ng), pGEM4-P (250 ng), pGEM4-L (100
ng), and HPIV3-MG (—) (50 ng) were transfected with increasing
amounts of pcDNA3.0-N-Myc or pcDNA3.0-N, ;- ,-Myc (31.25 ng, 62.5
ng, 125 ng, and 250 ng). Total amounts of plasmid were always kept
constant. Five hours later, the transfection medium was replaced by
DMEM containing 4% FBS. After 24 h of transfection, cells were har-
vested and lysed in 150 .l of lysis buffer, from which 20-pl aliquots were
used to determine luciferase activity according to the manufacturer’s in-
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structions (luciferase assay kit; Roche). The expression of N-Myc, Myc-
tagged N mutant proteins, N-HA, and HA-P was detected via Western
blotting with monoclonal anti-Myc antibody (Ab) sc-40 (Santa Cruz) and
anti-HA antibody, respectively. All assays were repeated at least three
times for accuracy.

In vivo coimmunoprecipitation. HeLa cells in 6-well plates were in-
fected with vTF7-3 at a multiplicity of infection of 3 for 1 h. Then, the cells
were washed and transfected with the appropriate plasmids with Lipo-
fectamine 2000. In order to examine the association of N mutant proteins
and wild-type N, 1.5 g of plasmid encoding Myc-tagged N mutants was
coexpressed with 1 g of plasmid encoding N-HA. To examine interac-
tions between Myc-tagged N mutants and HA-P or P mutants, 1.5 pg of
plasmid encoding Myc-tagged N mutants was coexpressed with 1 g of
plasmid encoding HA-P or HA-PAC100. After 24 h of transfection, cells
were harvested and lysed with 800 pl of lysis buffer (50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1% [wt/vol] Triton X-100, 1 mM EDTA [pH 8.0],
0.1% [vol/vol] SDS, and protease inhibitor cocktail) for 30 min. The sol-
uble cytoplasmic extracts were collected by centrifugation for 30 min at
4°C and precleared by incubation with 20 pl protein G-Sepharose 4 Fast
Flow medium for 1 h at 4°C with rotation. The precleared supernatants of
lysates were incubated with polyclonal anti-Myc antibody sc-789 (Santa
Cruz) or monoclonal anti-HA (Sigma) antibody for 4 h at 4°C with rota-
tion. After brief centrifugation, supernatants were collected and mixed
with protein G-Sepharose 4 Fast Flow medium and incubated overnight at
4°C with rotation. Beads were collected by centrifugation at 5,000 rpm for
2 min and extensively washed five times with washing buffer. The beads
were then boiled for 10 min in SDS protein loading buffer, and the bound
proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and detected by Western blotting using anti-Myc and
anti-HA monoclonal antibodies.

N-RNA purification by CsCl gradient centrifugation. HeLa cells cul-
tured in 10-cm dishes were transfected with pCAGGS-N-Myc and
PCAGGS-N| 4,5,-Myc, respectively, with Lipofectamine 2000. After 48 h,
cells were harvested and lysed in 600 .l of lysis buffer and then centrifuged
at 13,000 X g at 4°C for 20 min. The cleared supernatants were loaded
onto a discontinuous 25 to 40% (wt/wt) CsCl gradient and centrifuged for
1 h at 250,000 X g at 20°C. A visible band where N-RNA stays was col-
lected and centrifuged at 200,000 X g at 4°C for 1 h to precipitate the
contents. Then, the pellet was resuspended in 100 pl of phosphate-
buffered saline (PBS) free of RNase, and half of the sample was ana-
lyzed by Western blotting. The other half was used for purification of
RNA by phenol-chloroform extraction, and the RNA was analyzed ina
1% agarose gel.

In vitro coimmunoprecipitation. N-RNA and N, ,-RNA were pu-
rified from HeLa cells by CsCl gradient centrifugation as described above,
resuspended in 600 pl of lysis buffer, and divided into 3 equal aliquots.
Each 200 pl of N-RNA or Ny ,4,-RNA was mixed with 200 .l lysis buffer,
HelLa cell lysates containing HA-P, or HA-PAC100. Then, 400 pl of lysis
buffer was added to each mixture to increase the volume to 800 .l for in
vitro coimmunoprecipitation assay. The process of coimmunoprecipita-
tion was performed as described for in vivo coimmunoprecipitation, and
monoclonal anti-HA antibody was used for the immunoprecipitation.

Incorporation of BrUTP into minigenome RNA in vitro. To decrease
the size of the minigenome RNA transcribed in vitro, the CAT gene was
inserted into minigenome to replace the luciferase reporter gene in
HPIV3-MG (—) to construct plasmid HPIV3-MG-CAT carrying minige-
nome RNA containing CAT flanked with leader and trailer RNA of
HPIV3. Because the plasmid HPIV3-MG-CAT does not have an appro-
priate restriction site downstream of the leader sequence, PCR products
were chosen as the template for the transcription in vitro. Primer 1 (5'-A
GATCTGTCGACAGGCCTGCAG-3") and primer 2 (5'-ACCAAACAAG
AGAAGAAACTTGTTCGG-3") were used to amplify the fragment carry-
ing minigenome RNA in the order 3’-leader-CAT-trailer-5'. One
microgram of PCR product purified by phenol-chloroform extraction
was used in transcription in vitro by using the Transcriptaid T7 high-yield
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transcription kit (Thermo; catalog no. K0441) in the presence of BrUTP.
The mixtures of ATP, CTP, GTP, UTP, and BrUTP were added into the
reaction system and incubated at 37°C for 2 h. The molar ratio of BrUTP
to strand UTP is 1:3, and the final concentration of BrUTP is 2.5 mM.
When the transcription was finished, 2 pul DNase I was added and incu-
bated for 15 min at 37°C to remove the template DNA. Then, the reaction
of DNase I was stopped by adding 2 pul 0.5 M EDTA (pH 8.0) and incu-
bating the mixture at 65°C for 10 min. The RNA synthesized in vitro was
purified using an RNeasy kit (Qiagen) and analyzed by agarose electro-
phoresis.

Confocal microscopy. HeLa cells in 12-well plates were grown on
coverslips and transfected with 0.25 pg of pPCAGGS-N-Myc or pCAGGS-
N, 47sa-Myc alone or together with 1 wg of pPCAGGS-HA-P in the pres-
ence or absence of transfected minigenome RNA synthesized in vitro. At
24 h posttransfection, cells were washed three times with PBS, fixed with
0.4% paraformaldehyde, and then permeabilized with 0.2% Triton X-100
for 20 min at room temperature. After blocking by 3% bovine serum
albumin in PBS for 30 min at room temperature, the cells were incubated
with rabbit polyclonal anti-Myc antibody (Santa Cruz; 1:200), mouse
monoclonal anti-HA (Sigma; 1:2,000), or mouse monoclonal bromode-
oxyuridine (BrdU) (IIB5) antibody (Santa Cruz; 1:100) for 1 h at room
temperature. Then, the cells were washed three times with 1% bovine
serum albumin (BSA) in PBS and incubated with the goat anti-rabbit IgG
rhodamine (Thermo; 1:100) or goat anti-mouse IgG fluorescein
(Thermo; 1:200) secondary antibody for 1 h at room temperature. After
being washed three times with 1% bovine serum albumin in PBS, the
coverslips were turned over and put on a glass slide with a drop of Fluo-
roshield (Sigma) containing DAPI (4',6-diamidino-2-phenylindole) for
nuclear staining. Confocal images were collected by an Olympus confocal
FV1000 microscope. To visualize the location of CAGGS-N-Myc,
CAGGS-N| 4,54-Myc, CAGGS-HA-P, L-eGFP, or in vitro-transcribed
minigenome RNA in HPIV3-infected cells, HeLa cells in 12-well plates
grown on coverslips were grown to 40% confluence and infected with
HPIV3 at a multiplicity of infection of 0.5 or mock infected. At 24 h
postinfection, cells were transfected with 2 pg pCAGGS-N-Myc,
PCAGGS-N| 4,5,-Myc, pCAGGS-HA-P, pEGFP-N1-L-eGFP, and mini-
genome RNA, respectively. At 48 h postinfection, cells were fixed and
processed as described above. To visualize the location of CAGGS-
N, 47sa-Myc when it was coexpressed with CAGGS-N-Flag and CAGGS-
HA-P, HeLa cells in 12-well plates grown on coverslips were transfected
with 0.25 pg of pPCAGGS-N-Flag, 0.25 g of pPCAGGS-N| ;55 -Myc, and 1
pg of pCAGGS-HA-P alone or in various combinations. After 24 h of
transfection, cells were fixed and processed as described above. The mouse
monoclonal anti-HA antibody was used for the visualization of HA-P, and
the rabbit polyclonal anti-Myc antibody was used for the visualization of
CAGGS-N| 4,51-Myec. The expression of CAGGS-N-Flag was detected via
Western blotting with a monoclonal anti-Flag antibody.

Transfection and recovery of recombinant HPIV3. BSR-T7 cells in
6-well plates, grown to 80% confluence, were transfected with pGEM4-N
(400 ng), pGEM4-P (400 ng), pGEM4-L (200 ng), and pOCUS-HPIV3,
pOCUS-HPIV3-N| 475, 0r pOCUS-HPIV3-N, .o/ (4 ng) with Lipo-
fectamine 2000 (Invitrogen). After 5 h, the transfection medium was re-
moved, and the cells were incubated with 2 ml of DMEM-4% FBS at 32°C
for 7 days. Then, the cells were frozen, thawed, and scraped. The clarified
supernatant was collected by centrifugation at 5,000 rpm at 4°C for 5 min
and layered onto a fresh LLC-MK2 cell monolayer for amplification at
32°C for 4 days. Then, the LLC-MK2 cells were frozen, thawed, and
scraped; the clarified supernatant was harvested; and titers were deter-
mined. Single recovered recombinant HPIV3 was isolated by being picked
up as agar plugs during the titer determination. The agar plugs were
placed in 500 pl of Opti-MEM at 4°C overnight, and 250 p.l was used to
infect fresh LLC-MK2 cell monolayers for amplification of the plaque
isolates.
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RESULTS

Amino acids 21 to 40 from the C terminus of N are required for
the function of N and the interaction of N with P. Recent studies
of some members of the Paramyxoviridae family such as Nipah,
Hendra, and measles viruses indicated that interactions between
N and P are regulated by an intrinsically disordered region (IDR)
and that a disorder-to-order transition determines the binding of
N and P (42). Thus, we sought to determine whether N of HPIV3
also contains an IDR and, if so, whether that IDR also mediates the
interaction of N with P. To do so, PONDR prediction used for
analysis of the IDR of measles virus N (42) was carried out to
predict the structural disorder of N, and we found that the C
terminus of N contains a long IDR (amino acids 350 to 515) and
that the 40 amino acids of the extreme C terminus of N are espe-
cially highly disordered (Fig. 1A). In addition, a coiled-coil motif
within the protein usually participates in a plethora of protein-
protein interactions and recognitions (43). Thus, we also analyzed
the sequence of N of HPIV3 for the presence of such a motif using
the COILS program (43). COILS analysis revealed the presence of
a high-probability coiled-coil motif within the extreme C termi-
nus of N (amino acids 475 to 500) (Fig. 1B). Thus, the extreme C
terminus of 40 amino acids of N might be involved in regulating
the interaction of N with P and might be required for the function
of N. To test our hypothesis, we constructed plasmids encoding
four progressively truncated C-terminal mutants of N with Myc
tag (Fig. 1C) for studying interactions with P and functions of
mutants. To facilitate our study, we first generated two plasmids
encoding wild-type N with Myc or HA tag (Fig. 1C) or one plas-
mid encoding wild-type P with HA tag and sought to determine
whether N-HA/Myc or HA-P was as functional as untagged wild-
type N or P in analysis of the synthesis of a well-developed HPIV3
minigenome RNA that contains a luciferase reporter gene flanked
by trailer and leader sequences of the HPIV3 genome and ex-
presses the luciferase reporter gene when coexpressed with three
support proteins of N, P, and L (41); thus, plasmids encoding
untagged P, L, and N or plasmids encoding N-HA/Myc or HA-P
as described in Fig. 1D and E, respectively, were transfected into
HeLa cells expressing the T7 RNA polymerase through vIF7-3
infection. The results showed that N-HA/Myc or HA-P supported
the luciferase expression similarly to untagged N and P, suggesting
that the functions of N-HA/Myc and HA-P are similar to those of
untagged N and P, respectively.

Next, the RNA synthesis activities of four Myc-tagged C-ter-
minally truncated mutants of N were also determined in a mini-
genome RNA synthesis assay. As shown in Fig. 1F, mutants
NAC5-Myc, NAC10-Myc, and NAC20-Myc supported much
higher luciferase expression (3- to 4-fold) than did N-Myc, but
luciferase expression was not detected when NAC40-Myc was
used (upper panel). To further confirm that amino acids 21 to 40
from the C terminus of N are indeed indispensable for the func-
tion of N, we evaluated the RNA synthesis activity of another
mutant, NAC21-40-Myc. Similar to NAC40-Myc, NAC21-40-
Myc was unable to support luciferase expression (Fig. 1F, upper
panel), although all the mutants have comparable expression lev-
els (Fig. 1F, bottom panel), suggesting that amino acids 21 to 40
from the C terminus are critical for the function of N.

Because oligomerization of N and interaction of N with P are
indispensable for the function of N, next we sought to determine
whether NAC21-40-Myc could associate with N and P. Plasmids
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encoding N-HA were transfected either individually or jointly
with plasmids encoding N-Myc or NAC21-40-Myc into HeLa
cells as shown in Fig. 1G. At 24 h posttransfection, whole-cell
lysates were pelleted and supernatants were subjected to immu-
noprecipitation with an anti-Myc polyclonal antibody. N-HA
could be coimmunoprecipitated similarly by N-Myc or NAC21-
40-Myc (Fig. 1G, bottom right panel, lanes 2 and 3), but N-HA
alone could not be coimmunoprecipitated in the absence of N-
Myc or NAC21-40-Myc (Fig. 1G, bottom right panel, lane 1).
These results strongly suggest that amino acids 21 to 40 from the C
terminus are not required for oligomerization of N. However,
when HA-P was coexpressed with N-Myc or NAC21-40-Myc and
the interactions were evaluated via a similar coimmunoprecipita-
tion assay, HA-P could be coimmunoprecipitated by N-Myc but
not by NAC21-40-Myc (Fig. 1H, bottom right panel, lanes 2 and
3), demonstrating that amino acids 21 to 40 from the C terminus
of N are indispensable for interaction of N with P. Of note, we
always observed two bands for expressed N-Myc or N-HA in
Western blot analysis using monoclonal anti-Myc or anti-HA an-
tibodies: the intense upper band represents the authentic size of
N-Myc or N-HA and the faint lower band probably is the de-
graded product of N (Fig. 1F, bottom panel, lane 2; Fig. 1G, left
panel, lanes 1 and 2).

Np4734 Maintains Ny ,,5,-N interaction but is defective in
N 4754-P interaction. Having established that amino acids 21 to
40 from the C terminus are indispensable for the RNA synthesis
function of N and the interaction of N with P, we sought to iden-
tify the precise site(s) in this region contributing to the functions
of N and the interaction of N with P by employing alanine-scan-
ning mutagenesis. First, we generated seven plasmids encoding N
mutants with Myc tag via mutating triple (Al to A6) or double
(A7) amino acids in this region to alanines (Fig. 2A). To determine
whether the individual alanine-scanning mutants could support
luciferase expression in a minigenome RNA synthesis assay, we
evaluated the luciferase expression of HeLa cells expressing HA-P,
L, minigenome, and N-Myc or individual N mutants (A1 to A7).
As shown in Fig. 2B, all the N mutants, with the exception of one
mutant (A6), supported luciferase expression (upper panel). The
relative luciferase activity of five mutants (Al to A4 and A7) was
higher than that observed with N-Myc, and the relative luciferase
activity of one mutant (A5) was lower (13%) than that observed
with N-Myc (upper panel). All the mutants were expressed simi-
larly to N-Myc in transfected cells (Fig. 2B, bottom panel). There-
fore, amino acids within A5 and A6 might be important for the
RNA synthesis function of N.

Next, we sought to narrow the scope of amino acids that are
important for the RNA synthesis function of N; thus, we also
generated six plasmids encoding N mutants with Myc tag contain-
ing unique alanine mutations within A5 and A6 (Fig. 2C, upper
panel). We repeated the above-mentioned experiment using these
individual mutants; all the mutants have expression levels similar
to that of N-Myc (Fig. 2C, bottom panel); clearly, with the excep-
tion of mutant Ny 4,5,-Myc, four mutants, Nyg34-MYC, Ny 494~
Myc, Niusoa-Myc, and Ny704-Myc, supported luciferase expres-
sion levels comparable to that supported by N-Myc, and mutant
Nrusia-Myc supported lower luciferase expression (25%) than
did N-Myc (Fig. 2C, middle panel). Therefore, amino acid L478
within N is essential for the RNA synthesis function of N. Then, we
sought to determine whether N 4,4,-Myc would generate an ef-
fect on oligomerization of N and N-P interaction similar to that
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of the deletion mutants of N and N-HA. HeLa cells were cotransfected with plasmids as described in Materials and Methods. At 24 h posttransfection, the cells
were harvested and subjected to coimmunoprecipitation assay. The immunoprecipitation was performed using anti-Myc polyclonal antibody. Lysates were
detected via Western blotting using anti-Myc and anti-HA monoclonal antibodies and are indicated on the left side. The immune complexes were detected with
anti-Myc and anti-HA monoclonal antibodies and are indicated on the right side. (H) Interactions between the N deletion mutants and HA-P. Cells were
transfected and processed as in panel G, except that N-HA was replaced with HA-P.

generated by NAC21-40-Myc. Coimmunoprecipitation experi-
ments similar to those described for Fig. 1G and H were per-
formed. The results showed that N-HA was specifically coimmu-
noprecipitated by Ny ,,¢,-Myc or other mutants as efficiently as by
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N-Myc (Fig. 2D, right panel), indicating that N 4,4,-Myc had no
adverse effect on Ny ,,5,-N interaction for forming hetero-oligo-
meric N. Subsequently, in a coimmunoprecipitation assay to ex-
amine interaction of N or mutants with P, N ,,4,-Myc failed to
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FIG 2 Amino acid L478 within N is critical for the function of N and N-P interaction. (A) Myc-tagged alanine-scanning mutants of N used in this study. Triple
amino acids or double amino acids within amino acids 476 to 495 of N were replaced with alanine (shown in red). The names of the mutants are shown on the
left. (B) Minigenome RNA synthesis activities of the mutants. Plasmids encoding P, L, minigenome, and N-Myc or mutants were transfected into vIF7-3-
infected HeLa cells. Relative luciferase expression levels were measured, and the expression of N-Myc and the mutants was detected via Western blotting as
described for Fig. 1F. (C) Minigenome RNA synthesis activities of the alanine-scanning mutants with a single-site mutation within A5 and A6. Amino acids in
the region comprising positions 478 to 483 (LNKRLN) of N were replaced with alanine (shown in red). The names of the mutants are shown on the left. Their
minigenome RNA synthesis activities were measured as described for Fig. 1F. (D) Interaction of mutants used in panel C with N-HA. Plasmid encoding N-HA
was transfected singly or cotransfected with plasmids encoding N-Myc or mutants. Immunoprecipitation was performed with anti-Myc polyclonal antibody. The
expression of the proteins was detected by Western blotting using anti-Myc and anti-HA monoclonal antibodies (left). The immune complexes were detected
with anti-Myc and anti-HA monoclonal antibodies (right). (E) Interactions between mutants used in panel C and P. Cells were transfected and processed as in
panel D, except that the N-HA was replaced by HA-P.

coimmunoprecipitate HA-P even though much higher quantities
of N 4754-Myc were immunoprecipitated with anti-Myc antibody
(Fig. 2E, bottom right panel, lane 9). However, other mutants
interact with HA-P as efficiently as does N-Myc (Fig. 2E, bottom
right panel, lanes 3 to 8). Thus, our results suggest that Ny ,;54-
Myc is defective in Ny 4,4, -P interaction.

Because our results showed that 1478 is a critical amino acid
for N-P interaction and the RNA synthesis function of N, we
sought to characterize how the amino acid in this site determines
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N-P interaction and RNA synthesis function of N. Thus, we cre-
ated six N mutants in which L478 was mutated to different polar
amino acids (G, N, K, and E), a nonpolar amino acid (I), or an
aromatic residue (F) (Fig. 3A). The RNA synthesis function of
these mutants was examined, and we found that N ,,-Myc,
N 475e-Myc, and Ny 4,5x-Myc supported higher luciferase expres-
sion (1.5- to 2.5-fold) than that supported by N-Myc (Fig. 3B,
upper panel, lanes 4, 5, and 8), whereas mutants Ny ,,55-Myc,
Ny 75n-Myc, and Ny 455-Myc did not support any luciferase ex-
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FIG 3 Effect of amino acid nature in site L478 on the function of N, N-N interaction, and N-P interaction. (A) Amino acid L478 was mutated to other amino
acids with different physical properties. (B) Minigenome RNA synthesis activities of L478 mutants. Plasmids encoding P, L, minigenome, and N-Myc or L478
mutants were transfected into vIF7-3-infected HeLa cells. Relative luciferase expression was measured, and the expression of N-Myc and L478 mutants was
detected via Western blotting as described for Fig. 1F. (C) Interaction between L478 mutants and HA-P. HeLa cells were transfected with plasmids encoding
N-Myc or mutants with HA-P as described in Materials and Methods. Coimmunoprecipitation was performed as described for Fig. 1G. (D) Interaction between
L478 mutants and N-HA. Cells were transfected and processed as in panel C, except that HA-P was replaced with N-HA.

pression (Fig. 3B, upper panel, lanes 6, 7, and 9) even if they were
expressed at similar levels as N-Myc (Fig. 3B, bottom panel). Fur-
thermore, consistent with the RNA synthesis function of mutants,
N 475-Myc, Nipe-Myc, and Ny ,qc-Myc interacted well with
HA-P (Fig. 3C, right panel, lanes 5, 6, and 9), but the N, ,,55-Myc,
N, 47sn-Myc, and N 45s-Myc mutants failed to interact with
HA-P (Fig. 3C, right panel, lanes 7, 8, and 10). However, the ca-
pacity of all the mutants for interaction with N-HA was similar to
that of N-Myc (Fig. 3D). Taken together, these results suggest that
the nonpolar hydrophobic or polar positively charged nature of
the residue in this site is critical for the RNA synthesis function of
N and N-P interaction.

Of note, when detecting interaction of N or mutants with P, we
repeatedly observed that higher quantities of N-Myc were immu-
noprecipitated by anti-Myc antibody when N-Myc was expressed
alone than when coexpressed with HA-P (Fig. 2E and 3C, right
and upper panel, lanes 1 and 3), suggesting that N-P interaction
results in less efficient binding of anti-Myc antibody to Myc tag;
therefore, less N-Myc was immunoprecipitated by anti-Myc anti-
body. It is possible that either N-P interaction directly blocks
binding of anti-Myc antibody to Myc tag or N-P interaction in-
duces the conformational change of N which covers the Myc tag.

Ny 454 is defective in Ny ,,5,-RNA interaction but not in
N .4784°-P interaction. In all the above-mentioned assays for co-
immunoprecipitation, the supernatants of whole-cell lysates ex-
pressing N consist of two types of N: N° and N-RNA complex,
both of which can interact with P. Abolishment of either N°-P or
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N-RNA-P interaction will definitely result in the defect of the
RNA synthesis function of N. Based on the facts that Ny ,,5,-Myc
fails to coimmunoprecipitate P using anti-Myc antibody and that
N-P interaction results in less efficient binding of anti-Myc anti-
body to N-Myc, we sought to know whether N ,,4,-Myc is defec-
tive in one of two types of interaction or both. For this purpose, we
performed a converse coimmunoprecipitation experiment using
anti-HA antibody as described in Fig. 4A. Comparable N-Myc and
Ny 4754-Myc were specifically coimmunoprecipitated by HA-P us-
ing anti-HA antibody, suggesting that N ,,5,-Myc still maintains
one of two types of interaction, either Nj,;5,%-P or Ny 7gs-
RNA-P, and this interaction blocks anti-Myc antibody binding to
Myc tag. It has been shown that the C terminus of P is indispens-
able for the binding of N-RNA to P (39); thus, we generated a P
mutant with deletion of the C-terminal 100 amino acids (HA-
PAC100) which interacts with N° but not N-RNA. N-Myc or
Ny 4,54a-Myc was coexpressed with HA-PAC100, and coimmuno-
precipitation results clearly showed that N-Myc and Ny 4;5,-Myc
were coimmunoprecipitated similarly by HA-PAC100 using
anti-HA antibody, but N-Myc alone could not be (Fig. 4B, bottom
right panel, lanes 1, 3, and 4), indicating that N ,,5,-Myc main-
tains N°-P interaction. Furthermore, we performed a converse
coimmunoprecipitation experiment with the same protein ex-
pression combinations with anti-Myc antibody. Neither N-Myc
nor Nj,,s4-Myc was able to coimmunoprecipitate HA-PACI100,
even though N-Myc and N ,;5,-Myc were well immunoprecipi-
tated (Fig. 4C, right panel, lanes 5 and 6). Taken together, the
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FIG 4 Ny, maintains Ny ,,4,°-P interaction but is defective in Ny 4;5,-RNA-P. (A) N; 4,5,-Myc interacted with P when immunoprecipitation was performed
using anti-HA monoclonal antibody. Plasmids encoding N-Myc or N ,,4,-Myc and HA-P were cotransfected into HeLa cells. At 24 h posttransfection, the cells
were harvested and subjected to immunoprecipitation using anti-HA monoclonal antibody. The expression of N-Myc, N| 4,54-Myc, and HA-P was detected via
Western blot analysis using anti-Myc and anti-HA monoclonal antibodies (left), and the immune complexes were detected with anti-Myc and anti-HA
monoclonal antibodies (right). (B) Ny ,,5,-Myc interacted with HA-PAC100 when immunoprecipitation was performed using anti-HA monoclonal antibody.
A schematic diagram of HA-PAC100 is shown in the upper panel, and the interaction of N ,,5,-Myc and HA-PAC100 is shown in the lower panel. Protein
expression (left) and immunoprecipitation (right) were detected as described for panel A. (C) Neither N-Myc nor N ,,5,-Myc interacted with HA-PAC100 when
immunoprecipitation was performed using anti-Myc polyclonal antibody. Plasmids encoding HA-P or HA-PAC100 were cotransfected with plasmids encoding
N-Myc or Ny ,,5,-Myc. Immunoprecipitation was performed using anti-Myc polyclonal antibody. Protein expression (left) and immune complexes (right) were
detected using anti-Myc and anti-HA monoclonal antibodies. (D) N-RNA purification via CsCl gradient centrifugation. HeLa cells were transfected with empty
plasmid or plasmids encoding N-Myc and Ny ,,4,-Myc individually. At 48 h posttransfection, the cells were lysed, and the supernatants were subjected to CsCl
gradient centrifugation as described in Materials and Methods. The lysates and purified N-RNA were detected via Western blot analysis (left). The RNAs (lanes
1,4,and 7) or RNAs treated with RNase A (lanes 2, 5,and 8) or DNase I (lanes 3, 6, and 9) were analyzed in a 1% agarose gel. (E) Interactions between HA-PAC100
and purified N-RNA in vitro. The same amounts of purified N-RNA or N ,,5,-RNA were mixed with cell lysates expressing HA-P or HA-PAC100, respectively,
and processed as described in Materials and Methods. Immunoprecipitation was performed using anti-HA monoclonal Ab. The input of HA-PAC100, HA-P,
Ni.754-RNA, and N-RNA (left) and the immune complexes (right) was detected with anti-Myc and anti-HA monoclonal antibodies.

results indicate that Ny ,,5,-Myc indeed maintains Ny 4,5,°-P in-
teraction and this interaction blocks the binding of anti-Myc an-
tibody to Myc tag.

Next, we sought to confirm that the RNA binding ability of
Ny 4754-Myc was similar to that of N-Myc and that N 4,5,-Myc is
indeed defective in interaction of Ny 4,5,-RNA with P. N-Myc and
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Ny 4,54a-Myc were expressed individually; supernatants from the
whole-cell lysates (Fig. 4D, left upper panel, lanes 2 and 3) were
added onto a discontinuous CsCl gradient for further ultracentri-
fugation as described in Materials and Methods. A visible band
where the N-RNA complex was located was extracted, pelleted,
and resuspended in PBS as purified N-RNA complex for Western
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blot analysis (Fig. 4D, left bottom panel, lanes 2 and 3) and nucleic
acid extraction. As shown in Fig. 4D (right panel), the nucleic
acids extracted from the pellet ran as a smear with a bright main
band in a 1% agarose gel only when N-Myc or N ,,¢,-Myc but not
vector was expressed (lanes 1,4, and 7), and they were not digested
by DNase I treatment (lanes 6 and 9) but were digested by RNase
A treatment (lanes 5 and 8), thereby demonstrating that N-Myc
and N 4,5,-Myc bind to RNAs at similar levels. Next, purified
N-RNA or Ny ,,5,-RNA was mixed with cell lysates expressing
HA-P or HA-PACI100 in vitro, respectively, as shown in Fig. 4E
(left panel), and in vitro coimmunoprecipitation was carried out
using anti-HA antibody. As shown in Fig. 4E (right panel), puri-
fied N-RNA could be coimmunoprecipitated by HA-P but
N 4754a-RNA could not be, even though similar amounts of N-
RNA and N 4,5,-RNA were used (lanes 1 and 2), suggesting that
Ni4754-RNA is indeed defective in interaction with HA-P. In ad-
dition, neither N-RNA nor N ,,5,-RNA was able to be coimmu-
noprecipitated by HA-PAC100 (right panel, lanes 7 and 8), fur-
ther suggesting that HA-PAC100 indeed interacts with N° but
does not interact with the N-RNA complex (Fig. 4B, right panel,
lanes 3 and 4; Fig. 4E, right panel, lanes 7 and 8). Taking the data
together (Fig. 2E and 4A, B, C, and E) clearly demonstrates that
NP-P interaction or conformational change of N induced by N°-P
interaction blocks the anti-Myc antibody binding to Myc tag, and
Np47sa-Myc maintains Ny ,,5,°-P interaction and RNA binding
ability but forms an aberrant Ny ,,4,-RNA complex that is defec-
tive in interaction with P.

Coexpression of N, but not Ny 4,5, with P supports cytoplas-
mic inclusion body formation. To further evaluate the localiza-
tion of Ny 4,5, when coexpressed with P, we also constructed three
plasmids encoding Myc-tagged N (CAGGS-N-Myc), Myc-tagged
N 4754 (CAGGS-N| 4754-Myc), and HA-tagged P (CAGGS-HA-P)
for immunofluorescence assay. CAGGS-N-Myc, CAGGS-N| 4754~
Myc, and CAGGS-HA-P were expressed individually or coex-
pressed with plasmid encoding CAGGS-HA-P in Hela cells, as
shown in Fig. 5A. An immunofluorescence assay was performed as
described in Materials and Methods. Expression of CAGGS-N-
Myc or CAGGS-N|,,54-Myc alone displayed a diffuse pattern
with some tiny particles throughout the cell (Fig. 5A, first and
second rows). When CAGGS-HA-P was expressed alone in cells, it
was evenly distributed throughout the cells (Fig. 5A, third row). In
contrast, we observed that when coexpressed, CAGGS-N-Myc
and CAGGS-HA-P clearly formed discrete, punctate, cytoplasmic
inclusion-like structures that were heterogeneous in size (Fig. 5A,
fourth row from top). However, no inclusion-like structures were
observed when CAGGS-N| 4,54-Myc and CAGGS-HA-P were co-
expressed (Fig. 5A, bottom row).

Previous studies showed that infection by some NNS RNA vi-
ruses can induce the formation of punctate structures of concen-
trated viral proteins termed viral inclusion bodies (44, 45) which
contain viral RNA, N, P, and L and appear to be bona fide sites of
RNA synthesis (46—49). We sought to further demonstrate that
structures formed by CAGGS-N-Myc and CAGGS-HA-P are in-
deed inclusion bodies; thus, CAGGS-N-Myc, CAGGS-HA-P, and
eGFP-tagged-L (L-eGFP) were individually expressed in HPIV3-
infected cells. In each case, CAGGS-N-Myc, CAGGS-HA-P, or
L-eGFP was also recruited to punctate, cytoplasmic viral inclusion
bodies that were structurally similar to those that we observed
when CAGGS-N-Myc and CAGGS-HA-P were coexpressed (Fig.
5B); however, when expressed alone in the absence of HPIV3 in-
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fection, CAGGS-N-Myc, CAGGS-HA-P, and L-eGFP were all lo-
calized throughout the cell (Fig. 5A, fourth row from top; Fig. 5B,
bottom panel, top row). To determine whether these inclusion
bodies contain viral RNA, we first synthesized the minigenome
RNAs in an i1 vitro transcription reaction driven by T7 RNA poly-
merase in the presence of 5-BrUTP, and the minigenome RNAs
that incorporated 5-BrUTP migrated with a slightly higher mobil-
ity than that generated from UTP only on an agarose gel (Fig. 5C,
left panel). Then, 5-BrUTP-labeled minigenome RNAs were
transfected into HPIV3-infected cells. Clearly, minigenome RNAs
were completely distributed to typical inclusion bodies, but mini-
genome RNAs were distributed only throughout the cells in the
absence of HPIV3 infection (Fig. 5C, right panel). We also sought
to determine whether the interaction of CAGGS-N-Myc and
CAGGS-HA-P efficiently recruits minigenome RNAs to inclusion
bodies; thus, 5-BrUTP-labeled minigenome RNAs were trans-
fected into cells expressing CAGGS-N-Myc, CAGGS-HA-P, or
both CAGGS-N-Myc and CAGGS-HA-P. As shown in Fig. 5D,
coexpressed CAGGS-N-Myc and CAGGS-HA-P could redistrib-
ute minigenome RNAs into inclusion bodies, but individually ex-
pressed CAGGS-N-Myc or CAGGS-HA-P could not. Taken to-
gether, these data show that coexpression of N with P efficiently
supports cytoplasmic inclusion body formation, but coexpression
of N| 4,54 With P does not, and inclusion bodies formed in HPIV3-
infected cells contain all the components required for transcrip-
tion and replication.

N rescues the function of Ny 4,4, via the interaction of Ny 4,4,
and N. The observation that N ,,5,-Myc is defective in RNA syn-
thesis function but maintains interaction with N prompted us to
investigate whether Ny ;5 ,-Myc has a dominant negative effect on
the RNA synthesis function of N in a minigenome assay. A low
concentration of untagged N was used so that it would be suffi-
cient for a basal level of luciferase expression. We then evaluated
the roles of Ny 4,54-Myc by cotransfecting increasing amounts of
plasmids expressing N-Myc or Ny 4,5 ,-Myc in the presence of con-
stant plasmids expressing low concentrations of untagged N. As
shown in Fig. 6A, a basal level of luciferase expression was detected
and counted as 100% by using a low concentration of untagged N
(upper panel, lane 2), but an optimal concentration of Ny g4~
Myc was unable to support any luciferase expression (upper panel,
lane 3), as previously described (Fig. 2C, middle panel, lane 8).
Surprisingly, expression of increasing concentrations of Ny 4754~
Myc or N-Myc gradually increased the luciferase expression with
comparable levels in the presence of constant untagged N (upper
panel, lanes 4 to 11), suggesting that the hetero-oligomers consist-
ing of N and N ;5. are active in RNA synthesis. To ascertain
whether the effect observed is indeed caused by increased protein
expression, we also performed Western blot analysis using anti-
Myc antibody for expression of Nj,,s,-Myc and N-Myc. As
shown in Fig. 6A (bottom panel), increased luciferase expression
correlated with increased expression of Ny ,,4,-Myc and N-Myc
(lanes 4 to 11). Next, we sought to know whether N would also
rescue Ny ;¢4 for inclusion body formation in the presence of P.
Thus, we constructed a plasmid encoding Flag-tagged N (N-Flag)
and performed triple transfection with plasmids encoding N-Flag,
CAGGS-N 4754-Myc, and CAGGS-HA-P; correspondingly, single
or two-plasmid combination transfections were also used as con-
trols. Of note, we only labeled CAGGS-N 4,54-Myc using anti-
Myc antibody or CAGGS-HA-P using anti-HA antibody for im-
munofluorescence analysis, and the expression of N-Flag was
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FIG 5 Interaction of N and P provides the minimal requirement for inclusion body formation. (A) N but not Ny ,,5, coexpressed with P forms inclusion
body-like structures. HeLa cells were transfected with plasmids encoding CAGGS-N-Myc or CAGGS-N| ,,5,-Myc individually or coexpressed with plasmid
encoding CAGGS-N| ,,54-Myc-HA-P. At 24 h posttransfection, cells were fixed and stained with antibodies and visualized via confocal microscopy as described
in Materials and Methods. Nuclear staining was obtained by treatment with DAPI. (B) Visualization of CAGGS-N-Myc, CAGGS-HA-P, and L-eGFP in
HPIV3-infected cells. Cells were infected with HPIV3 at a multiplicity of infection of 0.5 or mock infected. At 24 h postinfection, cells were transfected with
plasmids encoding CAGGS-N-Myc, CAGGS-HA-P, and L-eGFP. At 48 h postinfection, cells were fixed and stained with antibodies and visualized via confocal
microscopy. (C) Transcribed minigenome RNA localizes to inclusion bodies in HPIV3-infected cells. BrUTP was incorporated into minigenome RNA tran-
scribed in vitro as described in Materials and Methods. Minigenome RNA-incorporated BrUTP was then analyzed in a 1% agarose gel (left). HeLa cells were
infected with HPIV3 at a multiplicity of infection of 0.5 or mock infected. At 24 h postinfection, minigenome RNA synthesized in vitro was transfected into the
HeLa cells. At 48 h postinfection, cells were harvested and processed as in panel A and examined via confocal microscopy. (D) Transcribed minigenome RNA
localizes to inclusion bodies formed in the presence of N and P. HeLa cells were transfected with plasmids encoding CAGGS-N-Myc and transcribed minigenome

RNA in vitro. At 24 h posttransfection, cells were processed as in panel A and examined via confocal microscopy.

detected by Western blotting using anti-Flag antibody (Fig. 6B,
bottom panel). As shown in Fig. 6B, coexpression of CAGGS-
N 4754a-Myc and CAGGS-HA-P induced the formation of inclu-
sion bodies in the presence of N-Flag (Fig. 6B, top panel, bottom
row). In contrast, coexpression of CAGGS-HA-P with CAGGS-
N 475a-Myc or CAGGS-N| 475,-Myc with N-Flag failed to induce
the formation of inclusion bodies (Fig. 6B, top panel, fifth and
sixth rows from top). Similarly, CAGGS-N| 4,5,-Myc also formed
inclusion bodies in HPIV3-infected cells (Fig. 6C). Taken to-
gether, these data suggest that inclusion bodies may be active RNA
synthesis sites and that hetero-oligomers consisting of N and
N, 4754 can interact with P for inclusion body formation and are
functional in RNA synthesis.

Ny 4754 is defective in virus growth. To further determine the
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role of the Ny 4,4, in the virus replication cycle, we sought to know
whether recombinant HPIV3 expressing Ny 4,5, can be rescued by
reverse genetics. Thus, HPIV3 genome cDNA in plasmid pOCUS-
HPIV3 was used as the template to generate a new plasmid,
pOCUS-HPIV3-Nj 4,54, in which the N coding region was re-
placed with N ,;54. Because Ny ,,4-Myc supported the highest
RNA synthesis activity in the minigenome assay (Fig. 3B, lane 4),
as a control, we also generated another plasmid, pOCUS-HPIV3-
N, 4,51, in which the N coding region was replaced with N 4/44.
Next, plasmids pOCUS-HPIV3, pOCUS-HPIV3-N| 5., and
pOCUS-HPIV3-N, ,,¢; were then transfected along with three
support plasmids (41) to recover viruses as described in Materials
and Methods. Recombinant viruses encoding wild-type or mutant
N were designated HPIV3, HPIV3-N| /¢4, or HPIV3-N| ;5. The
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FIG 6 N and N 5, form functional hetero-oligomers. (A) N-Myc rescues the RNA synthesis activity of N| 4,5,-Myc. HeLa cells infected with vIF7-3 were
transfected with plasmids encoding untagged N (62.5 ng), P (250 ng), L (100 ng), and minigenome (50 ng) with increasing amounts of plasmids encoding N-Myc
or Ny 4,54-Myc. Luciferase activity and protein expression were detected as described for Fig. 1F. (B) N rescues the inclusion body formation of Ny 4, in the
presence of P. HeLa cells were transfected with plasmids encoding N-Flag, CAGGS-N| ,,5,-Myc, and CAGGS-HA-P individually or in various combinations. At
24 h posttransfection, cells were fixed and stained with anti-Myc and anti-HA antibodies and examined via confocal microscopy. The expression of N-Flag was
detected via Western blotting with anti-Flag monoclonal antibody. (C) N 4,4, localizes to inclusion bodies in HPIV3-infected cells. HeLa cells, grown on
coverslips, were infected with HPIV3 at a multiplicity of infection of 0.5 or mock infected. At 24 h postinfection, cells were transfected with 2 g of plasmid
encoding CAGGS-N| ,,5,-Myc. At 48 h postinfection, cells were processed as described for panel B and visualized via confocal microscopy.

results show that HPIV3 and HPIV3-N, ., all could be easily
rescued from several independent transfection experiments.
However, HPIV3-N| ,,4 could not be recovered even after several
independent rescue assays and also trying various amounts of sup-
porting plasmid combinations for transfection. Taken together,
our results suggest that N 4,5, is unable to support virus growth.

DISCUSSION

In the present study, we extensively examined the interaction of N
with P and RNA synthesis function of N mutants. We can draw
several conclusions from our findings. (i) Ny 5, maintains the
Np4754°-P interaction and possesses the same ability as N for bind-
ing to RNA; however, N| 4,5, forms an aberrant N-RNA complex
that is unable to be bound by P and is defective for its template
function (Fig. 4). (ii) The interaction of N with P provides the
minimal requirement for the formation of inclusion bodies,
which contain all the components of RNP in HPIV3-infected cells,
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and N 4,4, is defective in inclusion body formation when coex-
pressed with P (Fig. 5). (iii) Hetero-oligomers containing N and
N, 4754 can form inclusion bodies in the presence of P and are also
functional in RNA synthesis (Fig. 6).

Although the C terminus of N of several paramyxoviruses con-
tains an IDR and serves as the anchor point of P for binding the
polymerase complex (22, 23, 42, 50), so far, structural and molec-
ular information on parainfluenza virus N is scarce. We sought to
determine whether N of HPIV3 also contains an IDR and whether
that IDR regulates its interaction with P. Indeed, the C-terminal
40 amino acids of N are highly disordered, suggesting its possible
involvement in the interaction of N with P and RNA synthesis
function (Fig. 1A). By in vivo minigenome RNA synthesis and
coimmunoprecipitation assay, we found that amino acids 21 to 40
from the C terminus of N are indispensable for the RNA synthesis
function of N and for interaction of N with P (Fig. 1F and H).
However, to our surprise, we observed that N with deletion of the
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C-terminal 5, 10, and 20 amino acids significantly increases RNA
synthesis activity of N (Fig. 1F). It is possible that the interaction
between the polymerase complex and the N-RNA template has to
be relatively weak to allow the polymerase to cartwheel on the
N-RNA template during RNA synthesis; thus, for HPIV3, full-
length N may result in an excessively strong association between P
and N-RNA, which may not be beneficial for transcription and
replication. Similar results were obtained from minireplicon stud-
ies using measles virus N constructs with C-terminal truncations,
in which progressive deletions of up to amino acid 501 resulted in
increases in minireplicon reporter gene expression (21). It has
been shown that the major inducible heat shock protein (Hsp70)
destabilizes the tight N-RNA-P complex by interacting with the C
terminus of N in measles virus, resulting in efficient induction of
transcription and replication (21, 50). We also could not exclude
another possibility that the C-terminal 20 amino acids of N may
contain the binding site(s) of a cellular factor(s) which negatively
regulates RNA synthesis; deletion of the binding site(s) will also
eliminate the inhibitory effect of the cellular factor(s) on RNA
synthesis.

Loss of RNA synthesis function of Ny ,,5,-Myc caused by de-
fects in N 4,5,-P interaction could derive from two possibilities:
(i) abolishment of N ¢, °-P interaction, which is critical for viral
genome RNA encapsidation, and (ii) abolishment of the interac-
tion of N 4,5,-RNA with P, which is the prerequisite for the RNA
polymerase complex to gain access to the N-RNA template. Via a
series of in vivo and in vitro coimmunoprecipitation assays, we
found that N, ,,,-Myc maintains the N ,,5,°-P interaction and
has the same ability as N for encapsidating RNA (Fig. 4). Similar
studies have suggested that the hypervariable C-terminal tail of the
Sendai virus N is required for template function but not for RNA
encapsidation (22). A recent study revealed that the deletion of
128 amino acids from the C terminus of N of Nipah virus does not
impair the formation of the N herringbone-like nucleocapsid
structure (51), indicating that the C terminus of N is not required
for N-RNA complex formation and self-assembly. Furthermore,
one of the binding sites of P was mapped to the 29 amino acids of
the C terminus of N of Nipah virus (52). In contrast, deletion or
mutations in the extreme C terminus of VSV N completely abol-
ished its ability to encapsidate RNA in an in vitro assembly exper-
iment and in vivo VSV infectious cDNA clone analysis (53, 54).
These findings might reflect the different properties of N of
paramyxoviruses and rhabdoviruses.

We provided the following evidence to confirm that N°-P in-
teraction or conformational change of N induced by N°-P inter-
action blocks anti-Myc antibody binding to Myc tag and that
Nis7sa-Myc maintains Ny ,,5,°-P but is defective in Nj,g-
RNA-P interaction: (i) much higher quantities of N-Myc were
immunoprecipitated by anti-Myc antibody when N-Myc was ex-
pressed alone than coexpressed with HA-P (Fig. 2E, right and
upper panels, lanes 2 and 3); (ii) Ny 4,54-Myc is unable to coim-
munoprecipitate HA-P using anti-Myc antibody (Fig. 2E, right
and bottom panels, lanes 9), but HA-P can efficiently coimmuno-
precipitate N 4,5,-Myc using anti-Myc antibody (Fig. 4A, right
and bottom panels, lanes 4); (iii) HA-PAC100, which interacts
with N° but not with N-RNA, can coimmunoprecipitate Ny 4,g,-
Myc using anti-HA antibody (Fig. 4B, right and bottom panels,
lanes 4), but N 475,-Myc is unable to coimmunoprecipitate HA-
PACI100 using anti-Myc antibody (Fig. 4C, right and bottom pan-
els, lanes 6); (iv) HA-P interacts with purified N-RNA complex
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but not with purified Ny ,5,-RNA complex (Fig. 4E, right and
bottom panels, lanes 1 and 2); (v) HA-PAC100 can coimmuno-
precipitate neither purified N-RNA complex nor purified Ny 4;54-
RNA complex using anti-HA antibody (Fig. 4E, right and bottom
panels, lanes 7 and 8).

The fact that interaction of N with P provides the minimal
requirement for the formation of inclusion bodies, which contain
all the components for RNA synthesis, and the observations that
N, 4754 1s defective in inclusion body formation and that N rescues
inclusion body formation and the RNA synthesis function of
N, 4754 indicate that inclusion bodies might be involved in RNA
synthesis (Fig. 5 and 6). However, we also could not exclude the
possibility that the effects could be separate. It is of interest that
N, 4,54 does not form inclusion bodies even though it maintains
Ny4754°-P interaction. This indicates that the minimum require-
ment for the formation of inclusion bodies is interaction of
RNA-N with P, not N° with P. So far, studies of inclusion bodies of
NNS RNA viruses have been extensively reported. Derdowski et al.
(55) showed that in a recently discovered paramyxovirus, human
metapneumovirus, N and P proteins provide the minimal viral
requirements for cytoplasmic inclusion body formation in the
absence of viral infection. Respiratory syncytial virus forms
cytoplasmic inclusion bodies that contain viral RNA, N, and P
and the viral polymerase complex and are thought to be sites of
nucleocapsid accumulation and viral RNA synthesis (46, 47).
Furthermore, recent studies of rabies virus showed that inclu-
sion bodies appear to be bona fide sites of RNA synthesis (48,
49), and although VSV does not require a specialized site for
primary RNA transcription, protein expression redirects VSV
RNA synthesis to cytoplasmic inclusion bodies (56, 57). Also,
studies of parainfluenza virus type 5 showed that viral genomes
are targeted into cytoplasmic inclusion bodies that contain the
viral replication machinery (58).

It is very interesting to find that when a small amount of un-
tagged N is coexpressed with gradually increased N ,;5,-Myc in
the minigenome RNA synthesis assay, the hetero-oligomeric com-
plex containing Ny ,,5,-Myc and wild-type N did not inhibit RNA
synthesis in vivo but gradually increased the reporter gene lucifer-
ase expression (Fig. 6A), suggesting that the hetero-oligomer con-
taining wild-type N and N ,,4, is active in RNA synthesis and also
indicating that the presence of a small amount of wild-type Nin a
hetero-oligomer is sufficient for the formation of functional N-
RNA template. Since oligomerization of N is a continuous pro-
cess, it is possible that recruitment of small amounts of the wild-
type N to excess of Ny g4 efficiently corrects the structure of
template in final hetero-oligomers.

In summary, we identified and characterized a critical amino
acid (L478) in N involved in N-P interaction and RNA synthesis.
We provided evidence that N ;4 is defective in N 4,5,-RNA-P
interaction but maintains the N; ,,4,°-P interaction. We also dem-
onstrated that N-P interaction provides the minimal requirement
for the formation of inclusion bodies and Ny 4,4, is defective in
inclusion body formation but that wild-type N can rescue defec-
tion of inclusion body formation and RNA synthesis of N| 475,. To
our knowledge, our results provide the first detailed experimental
characterization of the interaction between N and P in a
paramyxovirus and designate the N-P interaction as a valuable
target for rational antiviral approaches.
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