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Abstract
Human metapneumovirus (HMPV) is a recently discovered paramyxovirus of the subfamily
Pneumovirinae, which also includes avian pneumovirus and human respiratory syncytial virus
(HRSV). HMPV is an important cause of respiratory disease worldwide. To understand early events
in HMPV replication, cDNAs encoding the HMPV nucleoprotein (N), phosphoprotein (P), matrix
protein (M), M2-1 protein and M2-2 protein were cloned from cells infected with the genotype A1
HMPV wild-type strain TN/96-12. HMPV N and P were shown to interact using a variety of
techniques: yeast two-hybrid assays, co-immunoprecipitation and fluorescence resonance energy
transfer (FRET). Confocal microscopy studies showed that, when expressed individually,
fluorescently tagged HMPV N and P exhibited a diffuse expression pattern in the host-cell cytoplasm
of uninfected cells but were recruited to cytoplasmic viral inclusion bodies in HMPV-infected cells.
Furthermore, when HMPV N and P were expressed together, they also formed cytoplasmic inclusion-
like complexes, even in the absence of viral infection. FRET microscopy revealed that HMPV N and
P interacted directly within cytoplasmic inclusion-like complexes. Moreover, it was shown by yeast
two-hybrid analysis that the N-terminal 28 aa are required for the recruitment to and formation of
cytoplasmic inclusions, but are dispensable for binding to HMPV P. This work showed that HMPV
N and P proteins provide the minimal viral requirements for HMPV inclusion body formation, which
may be a distinguishing characteristic of members of the subfamily Pneumovirinae.

INTRODUCTION
The discovery of human metapneumovirus (HMPV) was first reported in 2001 following its
isolation from 28 young children with symptoms ranging from upper respiratory tract disease
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to severe bronchiolitis and pneumonia (van den Hoogen et al., 2001). Human infection has
since been reported in children worldwide (Crowe, 2004), and these epidemiological studies
reveal several disease manifestations including severe lower respiratory tract disease (Bosis
et al., 2005; Esper et al., 2004; Falsey et al., 2003; Mullins et al., 2004; Ulloa-Gutierrez et
al., 2004; van den Hoogen et al., 2003; Williams et al., 2004). Initial studies of infected cells
using electron microscopy showed paramyxovirus-like particles (van den Hoogen et al.,
2001), and sequence analysis revealed a non-segmented, single-stranded RNA genome of
negative polarity with a gene order characteristic of the genus Metapneumovirus (3′-N-P-M-
F-M2-SH-G-L-5′) (Herfst et al., 2004; van den Hoogen et al., 2002; Yu et al., 1992). HMPV
belongs to the family Paramyxoviridae, subfamily Pneumovirinae, which also includes human
respiratory syncytial virus (HRSV). We have undertaken experiments to identify and
characterize interactions between proteins of the HMPV nucleocapsid complex to understand
HMPV replication and assembly in more detail.

Extensive experimental resources and a large body of knowledge about paramyxovirus biology
have emerged from work in numerous well-developed experimental systems including HRSV
(Lamb & Kolakofsky, 2001). Whilst compelling questions remain regarding regulation of
paramyxovirus assembly, the detailed understanding of shared paramyxovirus gene regulation,
structure and cell entry characteristics afford a substantial understanding of HMPV replication
based on its genomic sequence. The HMPV genome sequence has been determined and
analysed for all HMPV open reading frames and intergenic sequences (Herfst et al., 2004; van
den Hoogen et al., 2002).

Our understanding of the replication of the pneumovirus HRSV provides a framework to
generate hypotheses regarding early virus assembly events in HMPV replication. HRSV
replication results in the formation of dense cytoplasmic inclusion bodies that appear to contain
aggregated nucleocapsids. The inclusion bodies contain viral RNA, HRSV nucleoprotein (N)
and phosphoprotein (P), and the viral polymerase complex (García et al., 1993; García-Barreno
et al., 1996; Lamb & Kolakofsky, 2001). We use the term ‘inclusion body’ in reference to these
cytoplasmic structures seen in viral infection. Co-expression of HRSV N and P, independent
of other HRSV proteins or viral RNA, results in the formation of inclusion-like complexes that
resemble inclusions found in RSV-infected cells (García et al., 1993; García-Barreno et al.,
1996). We use the term ‘inclusion-like complex’ in reference to the cytoplasmic structures in
uninfected cells expressing viral replication complex proteins. Similarly, rabies virus N and P
proteins are both required for the formation of inclusion bodies (Chenik et al., 1994). In
contrast, individual expression of the nucleocapsid protein is sufficient to induce inclusion-
like complex formation in measles virus (MeV) (Spehner et al., 1991). HRSV N binds viral
genomic RNA and HRSV P, and HRSV P participates in the function of the viral RNA-
dependent RNA polymerase. The domains of HRSV N and P required for their interaction have
been identified (Castagne et al., 2004; Slack & Easton, 1998; Stokes et al., 2003). Host-cell
proteins required for the formation of HRSV inclusion bodies are not known, but cellular actin
and associated proteins have been implicated in HRSV genome expression and assembly
(Bitko et al., 2003; Burke et al., 1998, 2000; Kallewaard et al., 2005; Ulloa et al., 1998).
Hypothesized similarities between HMPV and HRSV assembly require experimental
confirmation, as the N proteins of HMPV and HRSV share just 41 % amino acid sequence
identity, whilst the P proteins share just 24 % (van den Hoogen et al., 2002). Furthermore,
HMPV provides an additional threat as a respiratory disease separate from that of HRSV,
making work on this specific virus critical to human health.

The precise role of cytoplasmic inclusion bodies in paramyxovirus replication is unknown.
However, paramyxovirus inclusion bodies are observed in cells at the earliest times of
detectable viral protein translation. This observation supports the hypothesis that
paramyxovirus inclusion bodies form because of intrinsic properties of viral proteins rather
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than as a result of high intracellular concentrations of viral proteins found late in viral
replication (García-Barreno et al., 1996). Furthermore, when HRSV N and P are co-translated
in vitro, aggregate formation is not observed, suggesting that specific cellular factors are
required for the formation of inclusion bodies (García et al., 1993).

Here, we performed experiments to identify interactions between HMPV proteins important
in nucleocapsid formation and polymerase complex function, and observed interactions
between HMPV N and P using a variety of techniques. We found that, like HRSV but unlike
MeV (Spehner et al., 1991), HMPV N and P together are required for the formation of
cytoplasmic inclusion bodies. We also performed mutational analysis and found that the N
terminus of HMPV N is dispensable for binding to HMPV P but is required for the formation
of viral inclusion-like complexes. These studies are an important step towards understanding
early events in paramyxovirus replication, as well as distinguishing key differences between
the emerging pathogen HMPV and other members of the paramyxovirus family including
HRSV.

METHODS
Cells, viruses and transfections

Rhesus monkey kidney LLC-MK2 cells (ATCC CCL-7) were grown in Opti-MEM I medium
(Invitrogen) supplemented with 2 % fetal bovine serum, 2 mM L-glutamine, 100 U penicillin
G ml−1 and 100 μg streptomycin ml−1 (all from Atlanta Biologicals). The HMPV virus strain
used (TN/96-12) was a clinical isolate, obtained as described previously (Williams et al.,
2004), resulting in HMPV stocks of approximately 5×105 p.f.u. ml−1. Plasmid transfections
were performed using Effectene lipofection (Qiagen). LLC-MK2 cells (1×105) were added to
wells containing 12 mm glass coverslips and transfected with a total of 1 μg plasmid DNA per
well in a 12-well plate and 7 μg per plate in 10 mm tissue culture dishes. Infection of cells with
HMPV was performed by the addition of HMPV at an m.o.i. of 1–2 and cells were incubated
for 24 h prior to immunofluorescence staining.

Antibodies
The production of HMPV antiserum has been described previously (Williams et al., 2005).
HMPV N- and P-specific antisera were obtained using a synthesized peptide corresponding to
aa 48–64 of HMPV N and aa 21–35 of HMPV P, respectively (Sigma-Genosys). Polyclonal
antiserum was obtained by inoculating one rabbit with 200 μg synthetic peptide in complete
Freund’s adjuvant (both from Sigma), followed by 100 μg booster doses in incomplete Freund’s
adjuvant at 2, 4, 6, 8 and 10 weeks post-inoculation. Antiserum was obtained 7 days after the
last boost.

Plasmid construction
Plasmid expression constructs encoding cDNA for the genes of HMPV strain TN/96-12 were
obtained by RT-PCR of viral RNA extracted from HMPV stocks. This RNA was used as
template for RT-PCR amplification of cDNA using random hexamer primers (ABI) and a Q
Omniscript RT kit, following the protocol of the manufacturer (Qiagen). The resultant HMPV
cDNA was used as template for PCR amplification of sequences encoding each viral protein
studied. The sequences of the primers used are given in Supplementary Table S1, available in
JGV Online.

The yeast two-hybrid (Y2H) cloning vector pGBKT7 was used as bait constructs, and pGADT7
was used as prey constructs (Clontech). pGEM-T Easy vectors encoding HMPV N, P, M, M2-1
or M2-2 protein were digested and ligated into pGBKT7 and pGADT7 to generate the viral
protein bait and prey plasmids. Mammalian expression vectors encoding each HMPV protein
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were constructed by digesting the respective bait plasmid followed by ligation into pcDNA3.1
(−) [pcDNA3.1(+) was used for HMPV P]. Each of these coding sequences was also used to
construct mammalian expression plasmids encoding green fluorescent protein (GFP) fused to
the N terminus of expressed HMPV N, M or P. Plasmids expressing HMPV N deletion mutants
as Y2H bait fusion proteins were constructed as above; the specific primers and restriction
enzymes used are given in the Supplementary Table S1.

Sequences encoding HMPV N or P, which were codon-optimized for expression in mammalian
cells, were synthesized commercially and cloned into the pPCR-Script backbone plasmid
(GeneArt). Mammalian expression vectors encoding codon-optimized HMPV N or P were
constructed by digesting PCR-ScriptMPVNopt or PCR-ScriptMPVPopt followed by ligation
into pcDNA3.1(−) to create pCMVMPVNopt or pCMVMPVPopt. Each of these coding
sequences was also used to construct mammalian expression plasmids encoding fluorescent
proteins fused to the N terminus of expressed HMPV N or P. Fusion constructs were also
created with the fluorescent proteins Cerulean (kindly provided by D. Piston; Rizzo et al.,
2004) and Venus (kindly provided by A. Miyawaki courtesy of D. Piston; Nagai et al.,
2002), and red fluorescent protein (RFP).

Y2H analysis
Budding Y2H strain AH109 (Clontech) with the HIS3, ADE2 and MEL1 reporter genes
downstream of heterologous GAL4-responsive promoter elements was transformed with
pBMPVN, pBMPVP, pBMPVM, pBMPVM2-1 and pBMPV2-2 in pairwise combinations
using lithium acetate. Cells were plated onto His−/Leu−/Ade−/Trp− medium and supplemented
with X-Gal to select for interacting proteins. The level of β-galactosidase enzyme activity
produced was measured using a solution of chlorophenol red-β-D-galactopyranoside as
substrate (Stratagene) with the absorbance of the coloured product measured at a wavelength
of 580 nm. β-Galactosidase reporter gene activation was scored as positive only if the
absorbance exceeded 300 % of the level of the control cells for each experiment performed in
triplicate.

In vitro co-immunoprecipitation of the N and P proteins
In vitro translation of HMPV proteins was performed using the TNT T7 Quick-Coupled
Transcription/Translation System (Promega). The bait, prey and pcDNA3.1 mammalian
expression plasmids described above, encoding HMPV N or P, were used as templates to
generate native proteins and fusion proteins with an N-terminal c-Myc epitope tag in the
absence or presence of [35S]methionine and [35S]cysteine (Easy Tag Express 35S Protein
Labelling Mix; Perkin Elmer Life Sciences). Plasmids pGBKT7-53 and pGBKT7-LAM
(encoding p53 and lamin C, respectively) were used as controls. Approximately equal amounts
of translated proteins were mixed in PBS with protease inhibitor cocktail and incubated at 4 °
C for 120 min with gentle agitation. Mouse monoclonal anti-c-Myc or rabbit polyclonal anti-
haemagglutinin antibodies (Clontech) bound to protein G–Sepharose (Amersham Pharmacia
Biotech) were added, and the protein–antibody mixtures were incubated at 4 °C for an
additional 90 min. The Sepharose beads were washed with 1 % Triton X-100 in PBS and
proteins were resolved on a 12 % polyacrylamide gel.

Immunofluorescence staining and confocal microscopy
LLC-MK2 cells were washed with PBS, fixed in 3.7 % formaldehyde for 10 min and
permeabilized with 1 % Triton X-100. Cells were blocked with PBS containing 5 % γ-globulin-
free BSA (Sigma), 0.1 M glycine and 0.05 % Tween 20 (PBS-BG), incubated with a rabbit
HMPV P-specific antiserum (diluted 1: 1000) or a rabbit HMPV N-specific antiserum (diluted
1: 500) in PBS-BG for 1 h, and washed and incubated with either Alexa Fluor 488-labelled or
Alexa Fluor 546-labelled goat anti-rabbit secondary antibodies (diluted 1: 3000 in PBS-BG)
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for 1 h (Invitrogen). Nuclear staining was performed using TO-PRO-3 iodide (Invitrogen).
Cells were washed and stained coverslips were mounted on glass slides using Aqua Poly/Mount
(Polysciences). Images were obtained with an LSM 510 META confocal microscope (Carl
Zeiss). Image reconstruction and analysis were performed with MetaMorph image analysis
software (Universal Imaging Corporation). For fluorescence resonance energy transfer (FRET)
microscopy experiments, a 514 nm laser was used to provide photobleaching of Venus in
specified regions of interest.

FRET fluorometry analysis
One 10 cm2 dish of 293T cells was transfected for each experimental condition. Cells were
harvested for analysis 24 h after transfection. Cells were then analysed by fluorometry in a PTI
T-format scanning cuvette spectrofluorometer (Photon Technology International). Samples
were excited at 433 nm, and the resulting emission scan ranging from 450 to 550 nm was
obtained. For analysis of Venus, emission samples were exited at 514 nm, with a resulting
emission scan of 526–600 nm.

RESULTS
HMPV N and P interact

To examine the capacity of HMPV proteins to interact with each other, we used Y2H analysis
with bait and prey vectors encoding full-length HMPV proteins (Table 1). When bait and prey
plasmids encoding the HMPV N or P protein were used in pairwise Y2H transformations, these
proteins interacted. No interactions between other HMPV proteins were identified using this
technique (Table 1).

To confirm this genetic interaction between HMPV N and P, co-immunoprecipitation
experiments were performed using in vitro-translated viral proteins, expressed as native amino
acid sequence and appended with the c-Myc epitope tag at the N terminus. Radiolabelled native
HMPV N co-immunoprecipitated specifically with c-Myc–HMPV P (Fig. 1, upper panel).
Radiolabelled native HMPV P co-immunoprecipitated specifically with cold c-Myc–HMPV
N (Fig. 1, lower panel). Immunoprecipitation was not detected when radiolabelled HMPV N
or P was expressed with c-Myc–p53 or c-Myc–HMPV M (Fig. 1 and data not shown). We
found in repeated experiments using this technique that HMPV N and P co-
immunoprecipitation was consistent.

Using in vitro co-immunoprecipitation, radiolabelled native HMPV P co-immunoprecipitated
specifically with cold c-Myc–HMPV P (Fig. 1, lower panel), suggesting HMPV P
homodimerization. The lack of HMPV P–P interaction in the Y2H experiments described
above does not necessarily contradict these findings, but rather may suggest that the Y2H
technique requiring large N-terminal protein fusions and using high-stringency nutritional
selection may not be useful for studying HMPV P–P complex formation. We performed
experiments to estimate the efficiency of HMPV N and P co-immunoprecipitation using this
technique. Quantification was performed by immunoprecipitating radiolabelled HMPV N or
P using anti-HMPV N or anti-HMPV P polyclonal antiserum and comparing band densities
with those of HMPV N and P from co-immunoprecipitations with c-Myc–HMPV N and c-
Myc–HMPV P. Less than 1 % of radiolabelled hMVP N or P co-immunoprecipitated with their
partner viral protein in the experiments shown in Fig. 2.

To study the interactions between HMPV N and P in mammalian cells, we employed a FRET
fluorometry assay. Given that interactions between HMPV N and P occurred when additional
amino acid sequences were appended to the N termini of these proteins in Y2H experiments,
we hypothesized that HMPV N and P expressed as fusion proteins with N-terminal fluorescent
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protein molecules would interact in mammalian cells. In these experiments, we used Cerulean
and Venus proteins, which are variants of the cyan fluorescent protein (CFP)/yellow
fluorescent protein (YFP) FRET pair (Nagai et al., 2002; Rizzo et al., 2004). Efficient energy
transfer occurs when Venus emission (527 nm) is observed following Cerulean excitation (433
nm). Expression of Venus–HMPV P and Cerulean–HMPV N resulted in efficient energy
transfer, revealing that HMPV N and P interact in mammalian cells (Fig. 2). Whole cells were
analysed in a scanning cuvette fluorometer 48 h after plasmid transfection, and
spectrofluorometric analysis showed a Venus emission peak at 527 nm in cells expressing both
proteins. This Venus emission peak was not seen in cells expressing Venus–HMPV P with
CFP alone or Cerulean–HMPV N with YFP alone (Fig. 2). Venus and YFP expression levels
were similar in all samples, verifying that emission was indeed due to FRET and not to variable
levels of Venus or YFP expression (data not shown). These data confirmed that HMPV N and
P interact in mammalian cells, and established the usefulness of FRET fluorometry for analysis
of protein–protein interactions in this viral system.

HMPV N and P localize to and are the minimal requirements for cytoplasmic inclusion-like
complex formation

A common feature of paramyxovirus infection is the formation of punctate areas of
concentrated viral proteins termed viral inclusion bodies (Compans et al., 1966; Howe et al.,
1967; Nakai et al., 1969; Norrby et al., 1970). To assess the components required for the
formation of these viral inclusions, LLC-MK2 cells were infected with HMPV, fixed and
stained with HMPV N- and P-specific antisera and analysed by fluorescence microscopy.
HMPV N and P were detected as early as 4 h post-infection and localized to discrete punctate
cytoplasmic complexes (Fig. 3a). To analyse further the fate of HMPV N and P in HMPV-
infected and uninfected cells, fluorophore-tagged HMPV N and P were generated. Confocal
microscopy analysis revealed that when GFP–HMPV N and RFP–HMPV P fusion proteins
were expressed individually in uninfected LLC-MK2 cells, the proteins were distributed
diffusely throughout the cytoplasm (Fig. 3b, c). However, when these proteins were expressed
in HMPV-infected cells, the fluorescence patterns of GFP–HMPV N and RFP–HMPV P were
altered dramatically. In each case, GFP–HMPV N or RFP–HMPV P was recruited to punctate,
cytoplasmic viral inclusion bodies or inclusion-like complexes, as shown by anti-HMPV N or
anti-HMPV P staining (Fig. 3d, e). These results demonstrated that plasmid-expressed,
fluorophore-tagged HMPV N and HMPV P could be visualized and distinguished from native
HMPV proteins in infected cells by using fluorescence microscopy, and that these altered
proteins could be recruited to HMPV inclusion bodies during viral infection.

Once it was determined that plasmid-expressed, fluorescent-tagged HMPV proteins could be
recruited to viral inclusion bodies in infected cells, we sought to test whether HMPV N and P
expressed together were sufficient to form inclusion-like complexes in the absence of viral
infection. HMPV N lacking a fluorescent tag was expressed in LLC-MK2 cells and
immunofluorescence staining was performed using an HMPV N-specific antiserum.
Expression of this protein alone displayed a diffuse pattern similar to that of GFP–HMPV N
in Fig. 3(b) (data not shown). When HMPV P was expressed in cells and stained using an
HMPV P-specific antiserum, a diffuse pattern similar to Fig. 3(c) was observed. In contrast,
we found that co-expression of HMPV N (native or GFP-tagged forms) with HMPV P (native
or RFP-tagged forms) formed punctate, cytoplasmic inclusion-like complexes (Fig. 3f–h). In
order to verify that HMPV N and P were the minimal requirements for the formation of viral
inclusions, we performed a series of additional experiments expressing N and P individually
with HMPV M, M2-1 or M2-2 protein. Indeed, cytoplasmic inclusions were only observed
when a combination of HMPV N and P were co-expressed either by transfection or by infection.
Additionally, the co-expression of fluorescent protein alone (GFP or RFP) with HMPV N or
P (native or fluorescently tagged) did not induce the formation of inclusion-like complexes
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(data not shown). These data showed that HMPV N and P are the minimal requirements for
the formation of HMPV inclusion-like complexes in uninfected cells.

HMPV N and P interact in inclusion-like complexes
The experiments outlined above demonstrated that HMPV N and P interact and that they are
the minimal requirements for inclusion-like complex formation. We next wanted to determine
whether interactions between HMPV N and P were occurring within viral inclusion complexes.
To do this, we used FRET microscopy, which allows the determination of protein–protein
interactions at specific sites within cells expressing specific proteins of interest. Cerulean–
HMPV N and Venus–HMPV P were co-expressed in LLC-MK2 cells by plasmid transfection,
fixed after 36 h and the image was taken by using confocal microscopy. Results from this co-
transfection revealed a specific overlap of HMPV N and P in inclusion-like complexes (Fig.
4a). Two specific regions of interest containing viral inclusion-like complexes were chosen
(Fig. 4a, b, red and blue boxes). As protein interactions detected by FRET are represented by
efficient energy transfer between the donor fluorophore (Cerulean) and the acceptor
fluorophore (Venus), specific photobleaching of Venus results in a visual decrease in the Venus
signal with a corresponding increase in the Cerulean signal (Fig. 4b, blue box). We then
examined the spectral data collected in the region of interest pre- and post-bleaching by using
the multichannel META detector of a Zeiss LSM 510 confocal microscope. Similar levels of
CFP and YFP emission were observed for each region of interest before photobleaching (Fig.
4c, blue and red lines corresponding to the blue and red boxes). Following specific
photobleaching of the region of interest marked (blue box), the emission intensity of Cerulean
greatly increased together with a decrease in the emission intensity of Venus (Fig. 4d, blue
line). Additionally, the emission spectrum of the non-photo-bleached region of interest
remained consistent with the pre-bleach data (Fig. 4d, red line). These studies provided further
evidence for HMPV N–P interaction and allowed detection of specific viral protein interactions
within viral inclusion-like complexes.

The extreme N- and C-terminal regions of HMPV N are not required for interaction with HMPV
P in Y2H experiments

As HMPV N and P are both necessary and sufficient to form inclusion-like complexes, we
sought to determine the specific regions of the viral proteins necessary for this interaction, and
in turn the formation of inclusions. To this end, we performed mutational analysis of HMPV
N to identify domains required for binding to HMPV P. Y2H experiments revealed that large
regions of HMPV N are required for this interaction (Fig. 5). We constructed a series of N- or
C-terminal deletion mutants of the N gene from HMPV wild-type strain TN/96-12 by PCR
amplification using internal primers (see Supplementary Table S1). Design of this series of
mutants was informed by published HMPV N sequence analysis (van den Hoogen et al.,
2002). In addition to nutritional screening of yeast clones, positive results from nutritional
selection were confirmed by β-galactosidase reporter expression. Interestingly, almost the
entire HMPV N sequence was required for genetic interaction with HMPV P, with only the
extreme N and C termini dispensable for binding (Fig. 5).

The N terminus of HMPV N is required for localization to cytoplasmic inclusions
Following Y2H analysis and specific mapping of HMPV N and P binding, we sought to verify
the requirement for HMPV N–P interactions in the formation of cytoplasmic inclusion-like
complexes. HMPV mutants N1–N12 (Fig. 5) were expressed as GFP fusion constructs with
HMPV P in LLC-MK2 cells. Cytoplasmic inclusions were absent in all cases where the HMPV
N truncation mutants were unable to bind HMPV P by Y2H (data not shown). For example,
in accordance with the Y2H data, HMPV N6 displayed a diffuse pattern when expressed alone
(Fig. 6a), but was relocalized to cytoplasmic inclusions in combination with transfection of
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RFP–HMPV P (Fig. 6b), transfection of HMPV P with specific anti-P immunofluorescence
staining (Fig. 6c) or HMPV infection with specific anti-P immunofluorescence staining (Fig.
6d). Surprisingly, GFP–HMPV N7 was unable to form or localize to cytoplasmic inclusion-
like complexes under any experimental conditions, even though it was found to bind to HMPV
P by Y2H analysis (Fig. 6e–h). The finding that the N terminus of HMPV N is required for the
formation of cytoplasmic inclusion-like complexes revealed that the mechanism of formation
of viral inclusion bodies is more complex than the simple protein–protein interactions between
HMPV N and P, suggesting the role of an unknown cellular factor to facilitate this process.

DISCUSSION
A complete understanding of early events in paramyxovirus nucleocapsid and polymerase
complex assembly and HMPV replication may provide new insights into paramyxovirus
replication. We undertook experiments to determine which HMPV proteins interact, starting
with a Y2H interaction analysis. We elected to use this technique in initial studies of HMPV
because, in spite of limitations, Y2H analysis has been used successfully to explore interactions
between replication complex proteins in HRSV (Hengst & Kiefer, 2000). These published
reports provided a basis of comparison for our HMPV studies and an opportunity to compare
interaction patterns among replication complex proteins for two closely related members of
the paramyxovirus subfamily Pneumovirinae. We found that HMPV N and P proteins
interacted with each other, but did not interact with HMPV M, M2-1 or M2-2 protein in Y2H
experiments. The interaction of HMPV N and P in Y2H experiments has not been demonstrated
previously. The interaction of N and P proteins in infected cells has been observed for other
paramyxoviruses including Sendai virus (Curran et al., 1995; Ryan & Kingsbury, 1988; Ryan
& Portner, 1990), MeV (Huber et al., 1991) and HRSV (Castagne et al., 2004; García et al.,
1993; García-Barreno et al., 1996; Lu et al., 2002; Murphy et al., 2003; Murray et al., 2001;
Stokes et al., 2003; Tran et al., 2007). The limitations of Y2H analysis in the study of protein
interactions required for paramyxovirus replication are significant. Our findings that HMPV
N and P do not interact with M, M2-1 or M2-2 when expressed as fusion proteins in yeast
nuclei cannot be taken as definitive evidence that these proteins do not interact during HMPV
replication in the mammalian cell cytoplasm. Additionally, our studies did not extend to
analysis of the HMPV major polymerase protein (L). It is likely that HMPV replication depends
on complex interactions between N, P, M, M2-1, M2-2 and L that do not occur when these
proteins are expressed as fusion proteins in the absence of viral RNA and mammalian
cytoplasmic proteins.

Unexpectedly, we found that HMPV N and P did not homodimerize when expressed as fusion
proteins in Y2H experiments, which contrasts with Y2H analysis of HRSV N and P (Hengst
& Kiefer, 2000) in experiments also using the commercial Clontech Matchmaker 2 Y2H
system. An important goal for our research programme is an assessment of the extent to which
our understanding of HRSV replication will guide our understanding of the newly discovered
and closely related human pathogen HMPV. We surmised that these discrepant outcomes in
Y2H experiments may reflect structural differences between HMPV and HRSV proteins.
Given that N and P are expressed with yeast proteins fused at the N terminus in Y2H analysis,
our unexpected findings guided subsequent experiments to determine the importance of N-
terminal sequences in dimerization of HMPV N and P. Y2H experiments that fail to show
HMPV N and P homo-dimerization are not necessarily evidence that these proteins do not
interact during viral replication, as would be expected in the light of findings in HRSV
(Castagne et al., 2004; García-Barreno et al., 1996; Murphy et al., 2003; Murray et al., 2001;
Stokes et al., 2003).

We found that interactions between HMPV N and P, and HMPV P homodimerization, could
be detected consistently in co-immunoprecipitation experiments using in vitro-transcribed and
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-translated proteins, albeit with low sensitivity. Again, the limitations of in vitro co-
immunoprecipitation analysis are significant. We present these findings in the context of
published work on HRSV, given interest in comparing these closely related pathogens. Other
investigators have used in vitro-transcribed and -translated proteins to study HRSV N, P and
M2-1 interactions and found no evidence for complex formation, contradictory to their findings
in mammalian cells (García et al., 1993). Our findings are interesting to consider as we compare
the behaviour of HMPV N and P with published studies of HRSV, but underscore the
limitations of these experimental approaches. It is likely that optimal interaction between these
HMPV proteins requires the presence of additional factors such as cellular proteins or RNA.

We found that HMPV N and P are the minimum viral protein requirements for the formation
of inclusion-like complexes in mammalian cells (Fig. 3). A clear determination of the relevance
and role of cytoplasmic inclusion bodies for the replication of HMPV will provide insights
into early paramyxovirus replication. It has been shown in studies of other paramyxoviruses
that viral inclusion bodies in infected cells probably contain aggregates of viral nucleocapsids
(García et al., 1993;García-Barreno et al., 1996). The formation of inclusion-like complexes
in uninfected cells expressing HRSV proteins requires both the N and P proteins (García et
al., 1993;García-Barreno et al., 1996). In contrast, the individual expression of the N protein
is sufficient to induce inclusion-like complex formation in MeV (Spehner et al., 1991). We
hypothesize that a requirement for both the N and P proteins for the formation of inclusion
bodies may be a distinguishing characteristic of viruses of the subfamily Pneumovirinae in the
family Paramyxoviridae and an important event in early viral replication for these pathogens.
Interestingly, investigators have found significant differences in nucleocapsid morphology
between viruses of the subfamilies Pneumovirinae and Paramyxovirinae (Bhella et al.,
2002).

We used FRET fluorometry and microscopy techniques in our studies of HMPV N–P
interactions (Figs 2 and 5). To our knowledge, the use of this experimental approach has not
been reported for the study of paramyxovirus proteins important for the nucleocapsid or
polymerase in the nucleocapsid complex. Using these techniques, we showed interactions
between viral proteins within mammalian cells permissive for viral infection and within
discrete sub-cellular regions. We anticipate that this approach will also be useful in the
identification of cellular factors required for inclusion body formation and early HMPV
replication and will, in turn, shed light on possible inhibitors of HMPV infection. We expect
that co-immunoprecipitation experiments performed in mammalian cells expressing these
proteins will confirm these results as antibody reagents are developed in the future for the study
of this newly discovered paramyxovirus.

Mutational analysis has been employed extensively in studies of paramyxovirus N and P
protein interactions, and HRSV N regions required for its interaction with HRSV P have been
identified (Castagne et al., 2004; García-Barreno et al., 1996; Hengst & Kiefer, 2000; Murphy
et al., 2003; Murray et al., 2001; Slack & Easton, 1998; Stokes et al., 2003). Our finding that
large segments of HMPV N are required for binding to HMPV P, and that the extreme N-and
C-terminal sequences of HMPV N are not required for N–P interaction, are consistent with
findings for the other members of the subfamily Pneumovirinae (Barr & Easton, 1995; García-
Barreno et al., 1996; Hengst & Kiefer, 2000; Krishnamurthy & Samal, 1998). However, our
finding that the N terminus of HMPV N is required for the formation of viral inclusion bodies
is unique among paramyxoviruses studied to date (Fig. 6). Further support for these findings
in the form of co-immunoprecipitation experiments using untagged viral proteins expressed in
mammalian cells awaits development and characterization of monoclonal antibodies specific
for HMPV N and P sequences that are retained in deletion mutants.
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Given that HMPV N–P interactions are retained by a mutant of HMPV N deficient in extreme
N-terminal amino acids, it is interesting to speculate that this region is required for interaction
with a cellular protein or nucleic acid to allow inclusion body formation. It is also interesting
to note that a high-probability sumoylation motif is located within the 28 aa that we have shown
to be required for the formation of inclusion-like complexes. Further studies may reveal cellular
factors required for the formation of paramyxovirus inclusion bodies.

In summary, we found that HMPV N and P interact and provide the minimal viral protein
requirements for inclusion-like complex formation in mammalian cells. In addition, we have
identified a specific region within HMPV N that is required for the formation of viral inclusions.
HMPV shares with HRSV the requirement for both N and P for viral inclusion complex
formation. However, our experiments suggest that these related human pathogens may have
significant differences in viral protein structure and interaction characteristics. Further study
of the role of HMPV N–P inclusion bodies in viral replication and the identification of cellular
factors required for their formation may provide important insights into paramyxovirus
replication and assembly.
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Fig. 1.
Co-immunoprecipitation of HMPV N and P. Upper panel: radiolabelled, native HMPV N was
incubated with unlabelled c-Myc-tagged p53 (control), c-Myc–HMPV N and c-Myc–HMPV
P. Lower panel: radiolabelled, native HMPV P was incubated with unlabelled c-Myc-tagged
p53 (control), c-Myc–HMPV N and c-Myc–HMPV P. Anti-c-Myc antibody was used for
immunoprecipitation (IP) and binding was analysed by SDS-PAGE and autoradiography.
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Fig. 2.
Analysis of HMPV P–N interactions by FRET fluorometry. Plasmid-based proteins were
expressed in 293T cells by transient transfection and analysed by scanning cuvette fluorometry.
The resulting fluorescence intensity curves are shown between the wavelength values of 450
and 550 nm. The emission peak for Cerulean (Cer)/CFP is 475 nm and for Venus (Ven)/YFP
is 527 nm.
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Fig. 3.
Analysis of HMPV N and P localization by fluorescence microscopy. LLC-MK2 cells were
transfected with HMPV proteins or infected with HMPV and images were obtained by using
confocal microscopy. Nuclear staining was obtained by treatment with TO-PRO-3 iodide. (a)
HMPV-infected cells stained with anti-HMPV antisera followed by Alexa Fluor 546-labelled
(red) goat anti-rabbit secondary antibody. (b) Cells transfected with GFP–HMPV N. (c) Cells
transfected with RFP–HMPV P. (d) HMPV-infected cells stained with an anti-HMPV P
polyclonal antibody followed by Alexa Fluor 546-labelled (red) goat anti-rabbit secondary
antibody and transfected with GFP–HMPV N. (e) HMPV-infected cells stained with an anti-
HMPV N polyclonal antibody followed Alexa Fluor 488-labelled (green) goat anti-rabbit
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secondary antibody and transfected with RFP–HMPV P. (f) Cells co-transfected with GFP–
HMPV N and HMPV P and stained with an anti-HMPV P polyclonal antibody followed by
Alexa Fluor 546-labelled (red) goat anti-rabbit secondary antibody. (g) Cells co-transfected
with HMPV N and RFP–HMPV P and stained with anti-HMPV N polyclonal antibody
followed by Alexa Fluor 488-labelled (green) goat anti-rabbit secondary antibody. (h) Cells
co-transfected with GFP–HMPV N and RFP–HMPV P. Bars, 10 μm.
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Fig. 4.
Analysis of HMPV N–P interactions by FRET microscopy. (a) LLC-MK2 cells were co-
transfected with Venus–HMPV P and Cerulean–HMPV N and images were obtained by
confocal microscopy. (b) Co-transfected cells following photobleaching at 514 nm at a specific
region of interest (blue box), and a non-bleached region (red box). (c, d) Emission scans were
obtained from each region of interest before (c) or after (d) photobleaching at 514 nm. The
colour of each line in the graph corresponds to the specific region of interest in the image.
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Fig. 5.
Yeast two-hybrid mapping of HMPV N–P interactions. Full-length wild-type (WT) HMPV P
was used as prey in pairwise crosses with each mutant HMPV N protein as bait. Interactions
were scored as positive only if the transformed yeast grew on medium with the highest
stringency nutritional selection (His−/Leu−/Ade−/Trp−) and negative if there was no growth on
this medium.
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Fig. 6.
Formation of inclusion-like complexes by HMPV N truncation mutants. LLC-MK2 cells were
transfected with HMPV proteins or infected with HMPV and images were obtained using
confocal microscopy. Cells were transfected with GFP–HMPV N6 (a–d) or GFP–HMPV N7
(e–h) and co-transfected with RFP–HMPV P (b, f), co-transfected with HMPV P and stained
with an anti-HMPV P polyclonal antibody followed by Alexa Fluor 546-labelled (red) goat
anti-rabbit secondary antibody (c, g) or infected with HMPV and stained with an anti-HMPV
P polyclonal antibody followed by Alexa Fluor 546-labelled (red) goat anti-rabbit secondary
antibody (d, h). Bars, 10 μm.
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