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Abstract
Human respiratory syncytial virus (HRSV) is an enveloped RNA virus that assembles and buds
from the plasma membrane of infected cells. The ribonucleoprotein complex (RNP) must
associate with the viral matrix protein and glycoproteins to form newly infectious particles prior to
budding. The viral proteins involved in HRSV assembly and egress are mostly unexplored. We
investigated whether the glycoproteins of HRSV were involved in the late stages of viral
replication by utilizing recombinant viruses where each individual glycoprotein gene was deleted
and replaced with a reporter gene to maintain wild-type levels of gene expression. These
engineered viruses allowed us to study the roles of the glycoproteins in assembly and budding in
the context of infectious virus. Microscopy data showed that the F glycoprotein was involved in
the localization of the glycoproteins with the other viral proteins at the plasma membrane.
Biochemical analyses showed that deletion of the F and G proteins affected incorporation of the
other viral proteins into budded virions. However, efficient viral release was unaffected by the
deletion of any of the glycoproteins individually or in concert. These studies attribute a novel role
to the F and G proteins in viral protein localization and assembly.

1. Introduction
Human respiratory syncytial virus (HRSV) is the leading viral cause of serious pediatric
respiratory tract disease worldwide and a common cause of morbidity in the elderly [1, 2].
Currently there is no vaccine available and the only treatment is a monoclonal antibody
given to high-risk infants [3]. Research into vaccine development and therapeutic design is
ongoing but an obvious hurdle is the lack of a complete understanding of the replication
cycle. The role of the individual viral gene products in each step of virus replication,
particularly in the assembly and release of viral particles, is unclear.

HRSV, a member of the Paramyxoviridae family, has a negative-sense, single-stranded
RNA genome of 15,222 nucleotides. The genome contains ten genes encoding eleven
known gene products. The viral ribonucleoprotein (RNP) consists of the RNA genome
encapsidated by the nucleoprotein (N), having associated the phosphoprotein (P) and RNA-
dependent RNA polymerase (L) [4, 5] as well as the M2-1 protein, which is involved in
transcription processivity [6]. The viral genome also encodes the structural matrix protein
(M) [7] and three transmembrane glycoproteins that are presented on the surface of the viral
particle, the small hydrophobic glycoprotein (SH) [8], the attachment glycoprotein (G) [9],
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and the fusion glycoprotein (F) [10]. The major identified function for the glycoproteins is in
viral entry. The F protein is required for fusion between the cellular and viral membranes
[11], thus allowing the viral genome to enter the host cell cytoplasm. The G protein is
involved in host cell attachment [12] and is necessary for infectivity in vivo and in some
cultured cell types while in others its deletion has no effect on infectivity [13]. The role of
the SH protein is still unclear, although it has recently been found to inhibit apoptosis [14,
15]. The viral glycoproteins along with the M, N, P, L, and M2 proteins are essential
structural and enzymatic components of HRSV. How these viral components assemble to
form a newly infectious virion and how the release of the virus from the host cell is
coordinated is largely unknown.

HRSV assembles at and buds from the plasma membrane of the infected cell to gain its
envelope [16–18]. For many paramyxoviruses, it has been shown that the M protein is
sufficient for particle release, and in some cases the F glycoprotein has been shown to
enhance the process [19–24]. In other instances, such as for SV5, viral budding requires the
M protein, one of its two viral glycoproteins, and the N protein [25]. These studies used
transient transfection systems to additively express individual viral proteins and analyzed
their effects on the amount of released virus-like particles (VLPs). A similar study done with
HRSV found the M, P, N, and F proteins to be the minimal requirements for formation and
passage of VLPs containing minigenomes [26]. However, this study did not look
specifically at the release of the VLPs; therefore it is still unclear whether the F protein is
needed only for viral entry or for entry and subsequent steps leading to VLP passage.

Previously, we examined the effect of HRSV glycoprotein deletions on the directional
targeting of the virus in polarized epithelial cells [27]. This earlier study was a qualitative
investigation which demonstrated that HRSV particles are able to bud directionally in the
absence of all three glycoproteins. However, a quantitative analysis of the contribution of
these viral proteins to the late stages of viral protein trafficking, assembly, and release was
not done. In the present study, the role of the three viral glycoproteins in viral assembly and
egress from infected cells was examined. First, the contribution of each glycoprotein to viral
assembly was analyzed by investigating the localization of the remaining viral structural
proteins at the plasma membrane by confocal microscopy. Next, the protein composition of
particles released from cells infected with WT or glycoprotein deleted HRSV was
biochemically quantitated to determine if one or more glycoproteins are involved in the
incorporation of viral proteins into newly formed viral particles. Finally, the effect of each
glycoprotein on the efficiency of virus particle budding from infected cells was analyzed.

2. Results
2.1. Engineered Viruses

To examine the involvement of each glycoprotein in the assembly and release of HRSV, we
used viruses previously engineered to have each glycoprotein gene deleted individually from
the HRSV genome and its ORF replaced with that of a reporter gene (Figure 1) [27]. We
also utilized an engineered virus with all three glycoprotein genes deleted [27]. Since HRSV
transcription is obligatorily sequential and due to attenuation at each gene junction, the
replacement of any deleted genes was necessary to maintain authentic levels of viral gene
expression. Briefly, in the case of individual deletions, GFP was used to replace the deleted
gene. When three genes, SH, G, and F, were deleted they were replaced respectively with
the GFP, CAT, and GUS, reporter genes (Figure 1). All of the viruses described above not
only maintained the same number of genes as in WT HRSV but also had the genuine
intergenic junctions to preserve authentic transcription levels.
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2.2. Effect of Single Glycoprotein Deletions on the Intracellular Localization of HRSV
Proteins at the Site of Viral Assembly

The HRSV proteins must assemble at the plasma membrane to initiate budding of the RNP
to form newly enveloped and infectious viral particles upon release from the cell. In
polarized epithelial cells, this process takes place on the apical membrane [18]. We
previously demonstrated that the glycoproteins are not involved in the directional targeting
of the viral proteins for viral release from the apical membrane to occur [27]. However, the
techniques used in this prior study did not analyze the effects of individual glycoprotein
gene deletions on intracellular assembly with other viral proteins. To address this question,
the level of colocalization at the plasma membrane of each of the three glycoproteins with
the N protein, which was used as a marker for ribonucleocapsids, was analyzed by
microscopy.

A549 cells were infected with WT or individual glycoprotein deleted viruses at a MOI of
0.2. Twenty-four hours after infection the cells were fixed, permeabilized, and incubated
with primary antibodies against N, and SH, or G, or F proteins in turn and followed by
secondary antibodies conjugated to AlexaFluor 647 and 594 fluorescent dyes. A confocal
microscope was used to take multiple z plane images (z-stacks) through the cell as described
in Section 4. Since viral assembly takes place at the plasma membrane we focused on the z-
stack containing that section of the infected cell, which is shown in all images and is
depicted in the diagram in Figure 2(a). In Figures 2(b), 2(c), and 2(d) the N protein is shown
in green with the three glycoproteins, in individual panels, shown in red (F and N staining is
shown in Figure 2(b), G and N staining is shown in Figure 2(c), and SH and N staining is
shown in Figure 2(d)). A merge panel of the two stained proteins is also shown along with a
magnification of the merge to further demonstrate the colocalization in each image. Also
shown within each merge panel is the amount of colocalization quantitated by NIH ImageJ
software [28] and is depicted as Pearson’s coefficient [29], where a number near +1 suggests
perfect correlation between two biomolecules, a number near 0 indicates no correlation, and
a number near −1 suggests an inverse correlation or exclusion of the biomolecules.

An average of fourteen cells were imaged per staining, and their average Pearson’s
coefficient was quantitated along with the standard error of the mean (SEM). As shown in
Figure 2(b), similar levels of colocalization were observed between the N and F proteins in
cells infected with WT, ΔSH, and ΔG viruses (Pearson’s coefficients of 0.26, 0.38, and 0.33,
resp.) suggesting that the SH and G proteins are not necessary for the assembly of the
remaining glycoproteins and the RNPs at the cell surface. In Figure 2(c) similar amounts of
colocalization between the N and G proteins were observed in cells infected with WT and
ΔSH viruses (Pearson’s coefficient of 0.42 and 0.40, resp.) whereas a ninefold decrease in
colocalization between the N and G proteins was observed in cells infected with ΔF virus
(Pearson’s coefficient of 0.05). This indicated that F is involved in the colocalization of the
N and G proteins at the cell surface. In addition, the distribution of the G protein at the
plasma membrane differed in cells infected with ΔF virus as compared to cells infected with
WT or ΔSH viruses. In the absence of the F glycoprotein, G protein had a more
monodisperse distribution rather than the filamentous forms seen in WT-infected cells (cf.
Figure 2(c), cells infected with WT virus and ΔF virus). Colocalization was observed
between the N and SH proteins in cells infected with WT virus, albeit at a relatively low
level (Figure 2(d); Pearson’s coefficient of 0.19). A slightly increased but similarly low level
of colocalization between the N and SH proteins was seen in cells infected with ΔG virus
(Pearson’s coefficient of 0.28). In cells infected with the ΔF virus, however, colocalization
was seen at approximately half of WT levels (Pearson’s coefficient of 0.11). Thus, the above
results show that the absence of the F protein affects the colocalization of the G protein with
the N protein at the plasma membrane and, to a lesser extent, that the absence of the F
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protein affects the colocalization of the SH protein with the N protein at the plasma
membrane.

Next, we examined the effect of deletions of individual glycoproteins on the levels of
colocalization between the remaining two glycoproteins at the plasma membrane by
microscopy. A549 cells infected with WT or engineered viruses were fixed and
permeabilized and then incubated with primary antibodies against two of the glycoproteins.
In Figure 3(a), the F glycoprotein is shown in red and the G protein is shown in green. In
Figures 3(b) and 3(c), the SH glycoprotein is shown in red while the F and G proteins are
shown in green, respectively. In each case a merge panel of the two proteins is also shown
along with a magnification of the merge to further illustrate the extent of colocalization in
each image. Also shown within the merge panel is the amount of colocalization depicted as
Pearson’s coefficient as described for Figure 2. An average of twelve cells were imaged per
staining, and their colocalization is shown along with the standard error of the mean (SEM).

High levels of colocalization were observed between the F and G glycoproteins in cells
infected with WT virus (Figure 3(a); Pearson’s coefficient of 0.77), and deletion of the SH
gene did not affect F and G protein colocalization (Figure 3(a); Pearson’s coefficient of
0.76). Colocalization between the SH and F proteins in WT- or ΔG-infected cells was
observed at relatively low levels (Pearson’s coefficient of 0.15 and 0.29, resp.; Figure 3(b)).
Low amounts of colocalization were also observed between the SH and G proteins in WT-
and in ΔF-infected cells (Pearson’s coefficient of 0.10 and 0.13, resp.; Figure 3(c)). Taken
together these data indicate that deletion of any single glycoprotein did not affect the
localization of the other two glycoproteins. Further, these data show the F and G
glycoproteins colocalize substantially; however, SH does not colocalize with either F or G
proteins to a high degree.

2.3. Effect of HRSV Glycoprotein Deletions on the Incorporation of Viral Proteins into
Newly Budded Virions

To further scrutinize a potential role for HRSV glycoproteins in the late stages of the viral
replication cycle, released particles were biochemically analyzed for their viral protein
composition. A549 cells were infected with WT or glycoprotein deleted HRSV at a MOI of
1.0. Twenty-four hours after infection the cells were radiolabeled with 35S Cys/Met for 16 h.
The supernatant containing the released virions was collected and concentrated by
centrifugation. The viral proteins present in the pelleted virions were analyzed by
immunoprecipitation followed by SDS polyacrylamide gel electrophoresis as described in
Section 4. The ratio of the HRSV structural proteins, M, F, G, and SH relative to the N
protein was determined. The ratios found in glycoprotein deleted viral particles were
compared to those found in WT viral particles (Figure 4(a)). The F glycoprotein is translated
as the precursor protein F0 and then cleaved into F1 and F2. The cleaved product F1 was
labeled most efficiently by 35S Cys/Met, and so we quantified this protein to represent F. As
shown in Figure 4(a) when cells were infected with the ΔSH virus no substantial differences
in the incorporation of the M, G, or F proteins into viral particles were observed when
compared to WT particles. Cells infected with the ΔG virus had WT-like levels of the M and
F proteins in released virions; however, the amount of SH protein incorporation was
decreased to approximately 40% of that found in WT viral particles. Virus released from
ΔF-infected A549 cells had slightly decreased levels of the M protein, at 70% of that found
in WT virus. The most dramatic differences in particles released from ΔF-infected cells were
observed in the amounts of incorporated SH and G proteins, which were reduced to 25% and
30% of WT levels, respectively. Cells infected with the ΔSH,G,F virus had WT-like
amounts of M protein incorporation.
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Although all engineered viruses containing glycoprotein deletions had replacement reporter
genes to ensure WT levels of transcription of the downstream genes [30], viral protein levels
in cells infected with the engineered viruses were also analyzed to determine whether the
levels of protein synthesis were affected by the deletion of the glycoproteins. To confirm
that the protein incorporation defects observed in budded viral particles were not due to
decreased amounts of those viral proteins in infected cells, the HRSV structural proteins in
infected cell lysates were also quantitated and reported as a ratio to the N protein. As shown
in Figure 4(b), the ratios of the M, SH, and F proteins to the N protein in cell lysates infected
with glycoprotein deleted viruses were equivalent to or greater than those found in WT-
virus-infected cell lysate. These data indicated that the effect of G and F glycoprotein
deletions on decreased SH incorporation into particles was not due to overall reduction in
SH protein synthesis.

We used A549 cells in these studies because infectivity experiments performed in different
cell types showed that the ΔF virus, which utilizes GP64 for viral entry [31] did not give a
productive infection in HEp2 cells (see supplementary Figure 1(a) in Supplementary
Material available online at doi: 10.1155/2011/343408). We found that A549 cells allowed
for more robust infection of ΔF viruses than HEp2 and Vbac cells [32] (supplementary
Figure 1(a)). In contrast, the ΔSH virus had equivalent levels of infection in all cell types
tested (supplementary Figure 1(b)). However, in A549 cells the quantitative detection of a
discrete band of a mature 84 kD G protein even in WT-infected cell lysates was difficult.
We suspect, in A549 cells, that the heterodisperse nature of the extensive O-linked
glycosylation and the low methionine content of G protein prevent detection of a discrete
band. However, previous work showed that gene transcription levels were not altered in the
glycoprotein deleted viruses [30], and we know from the microscopy data in this study that
the amount of the G protein stainings in WT- and in ΔF-infected A549 cells were
comparable (Figures 2(c) and 3(c)). As such, although we were unable to confirm equivalent
G-to-N-protein ratios in cell lysates infected with glycoprotein deleted viruses as compared
to WT-infected cell lysates (Figure 4(b)), data strongly suggests that the G protein synthesis
was unaffected by the deletion of the F glycoprotein.

2.4. Involvement of HRSV Glycoproteins in Viral Release
Since we observed a role for the glycoproteins in viral assembly, we asked if they were also
involved in the other late stage of the replication cycle, viral release. We knew from our
previous work that the glycoproteins were not required for viral release [27], but those
studies had not quantitatively examined the effect of glycoprotein deletions on the efficiency
of viral budding. To address this question, we infected A549 cells with either WT or
glycoprotein deleted virus and quantified the amount of particles released as a percent of
total virus produced in cells. In infected cells the N protein will either associate with the
viral genome to form RNPs and localize to the plasma membrane for viral assembly or
remain in the cytoplasm as a soluble protein. To quantify HRSV production and viral
release, we only considered the N protein bound to RNPs since this is the form that
assembles into viral particles and buds from the plasma membrane. Therefore our first step
was to separate N protein in RNPs from free soluble N protein in infected cell lysates as a
measure of virus inside the cell. Infected A549 cells were radiolabeled with 35S Cys/Met
and lysed as described in Section 4. The lysate was layered on top of a 40% glycerol cushion
and ultracentrifuged as described in Section 4. Fractions were taken from the top of the tube
(fraction 1) to the bottom of the tube (fraction 4), and the pellet was resuspended in lysis
buffer. HRSV proteins in each fraction were identified by immunoprecipitation followed by
analysis on 12% SDS polyacrylamide gel as described in Section 4. As shown in Figure
5(a), soluble proteins such as G, F1, N, P, M, and SH were found in fractions 1–4 whereas
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predominantly proteins bound to the viral genome, L, N, P, and M2-1, were found in the
pellet.

To quantify the amount of virus released from infected cells, A549 cells were infected with
WT or glycoprotein deleted viruses at a MOI of 1.0. Twenty-four hours after infection the
cells were radiolabeled with 35S Cys/Met. Supernatants containing released virions were
collected and concentrated by centrifugation, as described previously in [27] and in Section
4. Pelleted virions were disrupted and HRSV proteins were identified by
immunoprecipitation followed by analysis by polyacrylamide gel electrophoresis. The
infected cells were also lysed and RNPs separated by glycerol sedimentation as described
above. The RNP bound N protein present in pelleted virions and in infected cell lysates was
analyzed on SDS gels and quantitated. The amount of N protein present in released virus is
shown as a percent of total N protein in RNPs quantified from both lysate and virus (Figures
5(b) and 5(c)). Cells infected with ΔSH, ΔG, ΔF viruses, or the triple deletion virus
ΔSH,G,F, did not show any decrease in the levels of released viral particles compared with
cells infected with WT virus. These findings show that the viral glycoproteins do not
negatively affect the efficiency of viral egress.

3. Discussion
The major HRSV structural proteins are the nucleocapsid protein (N), the matrix (M)
protein, and the F, G, and SH glycoproteins, all of which associate at the plasma membrane
for viral assembly and release. Little is known about the protein requirements of HRSV
during the late stage of virus replication. It has been established for many paramyxoviruses
that the M protein is necessary for the formation of viral particles [19–25], but the
involvement of the glycoproteins varies depending upon the virus. The HRSV glycoproteins
have defined roles in attachment and entry, but delineating their potential roles in the
downstream steps of the replication cycle is difficult due to the necessity of the F protein for
viral entry into cells.

In this study we utilized genetically engineered HRSV in which one or more of the
glycoprotein genes were deleted and replaced with reporter genes (Figure 1). Recombinant
viruses lacking the F protein were used in conjunction with a cell line that expresses GP64
to overcome the inherent viral entry deficit of a F deleted virus [32]. In a previous study
using these engineered viruses we showed that HRSV with all three glycoprotein genes
deleted released viral particles specifically from the apical membrane of polarized epithelial
cells [27], which confirmed that the glycoproteins were not essential for directional targeting
or for viral release. However, we did not address whether the glycoproteins affected the
quantitative efficiency of viral egress or whether the glycoproteins were involved in the
assembly of the other viral proteins at the plasma membrane to form newly infectious viral
particles.

Prior to viral budding from infected cells, the three HRSV glycoproteins must assemble with
the RNPs at the plasma membrane. To determine if the individual glycoproteins are
involved in the assembly of the other structural proteins, we studied cells infected with
viruses having individual glycoprotein genes deleted and examined the colocalization of the
remaining glycoproteins at the plasma membrane by confocal microscopy. We observed that
the deletion of any individual glycoprotein did not affect the colocalization of the remaining
glycoproteins at the cell surface (Figure 3). Using the N protein as a marker for RNPs, we
also investigated whether deletion of the individual glycoproteins affected the assembly of
the remaining glycoproteins and the N protein at the plasma membrane. We found that
deletion of the F glycoprotein substantially reduced the colocalization of the G protein with
the N protein at the plasma membrane. Deletion of the F protein also reduced colocalization
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between the SH and N proteins at the cell surface (Figures 2(c) and 2(d), resp.). These data
indicate that F protein plays a previously unidentified role in localizing virus structural
proteins during HRSV assembly. Interestingly, we also observed in ΔF-virus-infected cells
that the staining pattern of G protein on the plasma membrane was altered as compared to
WT-virus-infected cells (Figure 2(c), compare G staining in WT-infected cell with that in
ΔF-infected cell). These findings are consistent with results from a previous study which
showed that the G glycoprotein localized to viral filaments at the plasma membrane in cells
infected with WT virus, but not in cells infected with an engineered HRSV with the
cytoplasmic tail of F protein deleted (FΔCT) [33], further suggesting that the F protein is
involved in protein sorting at the cell surface.

Once the viral proteins have assembled at the cell surface, they are incorporated into newly
formed virus particles as RNPs bud from the plasma membrane. We analyzed whether
deletion of each individual glycoprotein affected the ability of the remaining structural
proteins to incorporate into budded virions. We found that cells infected with viruses lacking
the F glycoprotein incorporated decreased amounts of the G and SH proteins relative to the
N protein in released virus (Figure 4(a)). These findings are in agreement with the previous
observation that the deletion of the F protein resulted in decreased amounts of colocalization
between RNPs and both the G and SH proteins at the cell surface (Figures 2(c) and 2(d),
resp.). Cells infected with viruses lacking the G protein also incorporated lower amounts of
the SH protein into released virions (Figure 4(a)). These results indicate that the F and G
glycoproteins are involved in HRSV particle assembly.

We used two approaches, microscopy and protein biochemistry, to investigate the effect of
the glycoprotein deletions on viral assembly. These two methods further dissected the
assembly process into two separate steps: the accumulation of viral proteins at the plasma
membrane, which is the site of viral assembly, and the incorporation of the accumulating
proteins into budding viral particles. Both experiments concluded that SH is not involved in
either stage of viral assembly as WT-like levels of colocalization were observed between the
remaining structural proteins at the plasma membrane of ΔSH-infected cells, and WT-like
levels of HRSV proteins were found in released particles. Both the microscopy and the
biochemical data indicated that F glycoprotein is involved in both steps of the assembly
process as colocalization between the N and SH proteins and between the N and G proteins
in ΔF-infected cells was decreased as compared to WT-infected cells. Cells infected with ΔF
virus also had decreased amounts of the G and SH proteins incorporated into budded virions
as compared to WT particles. The G glycoprotein does not appear to be implicated in the
accumulation of viral proteins at the plasma membrane since WT and elevated levels of
colocalization were observed between the N, SH, and F proteins in cells infected with ΔG
virus. However, the G protein was involved in the incorporation of the SH protein into the
budding virion as shown by a decrease in the SH-to-N-protein ratio in particles released
from ΔG-infected cells as compared to WT virions. The reasons for this dichotomy are
unknown. The SH protein exists in several modified and unmodified forms including its
modification by polylactosaminoglycans, and these forms as well as the unmodified form
are found in virions [34]. It would be of interest to determine whether there may be
interactions between one or more of the modified forms of SH and the highly O glycosylated
G protein. The M protein was incorporated at near WT-like levels in all glycoprotein deleted
viruses, including the triple deleted virus, indicating that the M protein assembles into
budding virus independently of the glycoproteins.

The final step to produce new viral particles after the viral proteins have assembled at the
plasma membrane is egress from infected cells. To determine if the viral glycoproteins were
involved in the budding process, we analyzed whether deletion of the glycoproteins affected
the efficiency of viral release. We found that the absence of any or all of the three
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glycoproteins did not have a deleterious effect on the amount of virus released from infected
cells (Figure 5). Indeed, ΔF-and ΔG-infected cells released slightly increased amounts of
viral particles into the supernatant as compared to WT infected cells. We speculate that
fewer glycosylated proteins in the virus led to less reattachment of viral particles to the cell.
This resulted in fewer cell-associated virions and hence an increase in released viral particles
in the supernatant.

Previous studies have shown an interaction between the SH and G proteins in cells infected
with WT HRSV [35] which may explain the requirement for the G protein in the
incorporation of the SH protein into budding virus. Interactions have also been shown for
the G and M proteins [36] and for the G and F proteins [37]. An oligomeric complex was
also reported in infected cell lysates between the F, G, and SH proteins [38]. It has been
hypothesized that the F glycoprotein interacts with other viral proteins via its cytoplasmic
tail (CT), based on a study which showed that the ability of the F protein to interact with
lipid rafts at the plasma membrane was disrupted and the localization of the F and the G
proteins at the plasma membrane was altered when cells were infected with FΔCT virus
[33]. These previous studies along with the data presented here indicate that the three HRSV
glycoproteins interact with other viral structural proteins in infected cells, and, importantly,
this study attributes a novel role to the F and G glycoproteins in the late stages of viral
replication.

4. Materials and Methods
4.1. Cells and Antibodies

A549, Vero, and HEp2 cells were acquired from the American Type Culture Collection
(ATCC). A549 cells were grown in Ham’s F12K medium (Sigma Aldrich, St. Louis, Mo)
containing 10% fetal bovine serum, and Vero and HEp2 cells were grown in Dulbecco’s
minimal essential medium (DMEM; Invitrogen, Carlsbad, Calif) containing 5% fetal bovine
serum. Vbac cells (Vero cells expressing the baculovirus GP64 protein carrying the HRSV F
protein COOH-terminal residues 563 to 573) were described previously in [32]. Monoclonal
antibodies (MAbs) 19 and 29 were provided by Geraldine Taylor (Institute for Animal
Health, Compton, UK), as was the bovine polyclonal antibody against all HRSV proteins,
R45. The monoclonal antibody, mAb15, was provided by James Stott (Institute for Animal
Health, Compton, UK). Rabbit anti-SH antibody was provided by Biao He (University of
Georgia). AlexaFluor-conjugated secondary antibodies were from Molecular Probes
(Carlsbad, Calif).

4.2. Construction of cDNAs and Recovery of Infectious HRSVs
All cDNAs were constructed from the HRSV A2 strain. cDNAs engineered to contain
glycoprotein gene deletions for these studies were constructed as described previously in
[27, 30, 33]. Briefly, using standard cloning techniques, vectors were constructed lacking the
G or F transmembrane glycoprotein open reading frame (ORF) and containing the EGFP
ORF instead, as shown in Figure 1. All HRSV ORFs were maintained in their original
genome positions to maintain expression profiles similar to that of a wild-type virus. For
generation of the recombinant wild-type (WT) virus, the vector contained the authentic SH,
G, and F ORFs and no marker protein ORF. The ORFs contained in each of the vectors were
separated by authentic HRSV intergenic junctions and flanked by unique restriction sites
FseI and AscI. Using matching FseI and AscI restriction sites, the vectors were then cloned
into an SH/G/F-deleted cDNA backbone. The engineered cDNAs were screened by
restriction enzyme analysis, and all modified areas were verified by nucleotide sequencing
prior to virus recovery.
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Infectious viruses were recovered from cDNA as described previously in [31]. Notably, to
relieve selection pressure that might result from the effect of gene replacements, a plasmid
encoding a chimeric VSV G protein was included in the initial transfection, and Vbac cells
were used for virus amplification. Viral RNAs were harvested from cells infected with the
engineered viruses at passage 3, amplified by RT-PCR, and the sequence of selected areas
was verified by bulk nucleotide sequence analysis. No changes were found. Virus stocks at
passages 3 to 5 were used for the experiments described.

4.3. Virus Infections
Infections of cells by HRSV were carried out by adsorbing virus to cells for 1.5 h at 33°C,
followed by removing the inoculum and washing the cells once with growth media and then
continuing incubation at 33°C for 24 h or 48 h, depending on the assay.

4.4. Immunofluorescence Staining and Confocal Microscopy
A549 cells were plated on sterile coverslips in 6-well plates (BD biosciences, San Jose,
Calif). Cells were then infected with engineered viruses at a MOI of 0.2 and further
incubated at 33°C. Twenty-four hours after infection, cells were washed twice with PBS and
fixed with 3.7% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 min at
room temperature (RT). Cells were washed twice with PBS, permeabilized with 0.02%
triton X-100, blocked in 1% BSA for 10 min, and stained with the following primary
antibodies diluted in 0.1% BSA: F mAb19 at 1 : 5000; G mAb29 at 1 : 2000; N mAb15 at
1 : 15000; rabbit anti-SH at 1 : 200 for 1 h at RT. Cells were washed twice with PBS,
blocked with 1% BSA, and incubated with secondary antimouse or antirabbit antibodies
conjugated to AlexaFluor 594 or 647 (Invitrogen) at a dilution of 1 : 1000 for 30 min at RT.
When costaining with primary antibodies from the same host, the Apex labeling kit was
used (Invitrogen) to directly conjugate the primary antibody with AlexaFluor 647. Cells
were washed twice with PBS and stained with Hoechst stain (Molecular Probes) at 0.05 mg/
mL in PBS. Cells were washed three times with PBS, mounted on slides, and stored at 4°C
in the dark. Images were taken on a Zeiss LSM 510-UV confocal microscope using the 40x
or the 100x objective. 1 μm z-stacks were taken through each cell, and the top plasma
membrane stack was taken to visualize the site of HRSV assembly. The plasma membrane
containing section was identified as the most apical stack containing in-focus staining and
without visible nuclear staining.

The fluorescence in the top plasma membrane stack was quantitated to determine the levels
of colocalization between N and each glycoprotein or between two glycoproteins.
Quantitation of pixels was done using ImageJ with JACoP plugin [39]. Thresholds for each
wavelength were determined on JACop using Costes automatic thresholding [40], and the
amount of colocalization of pixels above the threshold was determined and reported as
Pearson’s coefficient (R) ± standard error of the mean (SEM).

4.5. Viral Assembly and Release Assays
A549 cells were plated in 60 mm dishes (BD biosciences) and incubated at 37°C.
Approximately 6 h later, the cells were infected with engineered viruses at a MOI of 1.0 and
incubated at 33°C. 24 h later the cells were radiolabeled using 35S Cys/Met trans mix
(Promega, Madison, Wis) and incubated at 33°C. 16 h later the supernatants containing the
released virions were carefully removed from the cell monolayer and put into 2 mL tubes.
The supernatants were centrifuged at 750 ×g for 4 min to pellet any cell debris. The
supernatants containing the viral particles were transferred to a new 1.5 mL tube and
centrifuged at 1500 ×g for 30 min, a speed that allows for the fragile HRSV particles to be
concentrated and still maintain infectivity [27]. We confirmed that this pelleting method
concentrated virions with one glycoprotein or two glycoproteins deleted to ensure that
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particles with decreased density still pelleted at the low speed (data not shown). The viral
pellets were resuspended in 0.1 mL lysis buffer consisting of 1% NP40, 0.4% deoxycholic
acid, 66 mM EDTA, and 10 mM Tris-HCl, pH 7.4. The entire volume was incubated with
the bovine polyclonal antibody R45 at 1 : 100 dilution + rabbit anti-SH antibody at 1 : 25 +
anti-G mAb29 at 1 : 100 overnight at 4°C. Meanwhile, the infected cell monolayers were
washed once with PBS and then lysed in lysis buffer (described above). The lysates were
harvested into 1.5 mL tubes, incubated on ice for 7 min, and vortexed for 30 sec. The cell
nuclei were removed by centrifugation at 14,000 rpm for 1 min. The RNP-associated
proteins were then pelleted by ultracentrifugation through a 40% glycerol cushion at
190,000 ×g for 2 h at 4°C. The pellets were resuspended in 0.1 mL lysis buffer and
incubated with R45 antibody at 1 : 100 dilution overnight at 4°C. The next day 25 μL of
Protein G sepharose (GE Healthcare, Piscataway, NJ) was added to each lysate + antibody
and released virus + antibody and incubated for at least 1 h at 4°C. The
immunoprecipitations were washed 3x with wash buffer consisting of 1% NP-40, 0.5%
DOC, 0.1% SDS, 150 mM NaCl, and 10 mM Tris-HCl, pH 7.4, and then boiled for 3 min in
25 μL of 2x reducing Laemmli buffer. All samples were electrophoresed on 12%
polyacrylamide gels. The gels were fixed, dried, and exposed to both film and a
phosphorImage screen. Protein amounts were quantified from phosphorImage scans on a
model 860 STORM scanner and the ImageQuant software (Molecular Dynamics).
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
The authors thank the members of the Wertz laboratory for helpful discussions during the preparation of the paper.
Specifically, they thank Deena Jacob for technical assistance in the laboratory and Djamila Harouaka for critical
reading of the paper. This work was supported by Public Health Service Grant AI20181 to G. W. Wertz from the
NIAID of the National Institutes of Health.

References
1. Falsey AR. Respiratory syncytial virus infection in older persons. Vaccine. 1998; 16(18):1775–

1778. [PubMed: 9778756]
2. Hall CB, Kopelman AE, Douglas RG Jr, Geiman JM, Meagher MP. Neonatal respiratory syncytial

virus infection. New England Journal of Medicine. 1979; 300(8):393–396. [PubMed: 759915]
3. Johnson S, Oliver C, Prince GA, et al. Development of a humanized monoclonal antibody

(MEDI-493) with potent in vitro and in vivo activity against respiratory syncytial virus. Journal of
Infectious Diseases. 1997; 176(5):1215–1224. [PubMed: 9359721]

4. Grosfeld H, Hill MG, Collins PL. RNA replication by respiratory syncytial virus (RSV) is directed
by the N, P, and L proteins; transcription also occurs under these conditions but requires RSV
superinfection for efficient synthesis of full-length mRNA. Journal of Virology. 1995; 69(9):5677–
5686. [PubMed: 7637014]

5. Yu Q, Hardy RW, Wertz GW. Functional cDNA clones of the human respiratory syncytial (RS)
virus N, P, and L proteins support replication of RS virus genomic RNA analogs and define
minimal trans-acting requirements for RNA replication. Journal of Virology. 1995; 69(4):2412–
2419. [PubMed: 7884888]

6. Collins PL, Hill MG, Cristina J, Grosfeld H. Transcription elongation factor of respiratory syncytial
virus, a nonsegmented negative-strand RNA virus. Proceedings of the National Academy of
Sciences of the United States of America. 1996; 93(1):81–85. [PubMed: 8552680]

7. Satake M, Venkatesan S. Nucleotide sequence of the gene encoding respiratory syncytial virus
matrix protein. Journal of Virology. 1984; 50(1):92–99. [PubMed: 6699948]

Batonick and Wertz Page 10

Adv Virol. Author manuscript; available in PMC 2011 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. Collins PL, Wertz GW. The 1A protein gene of human respiratory syncytial virus: nucleotide
sequence of the mRNA and a related polycistronic transcript. Virology. 1985; 141(2):283–291.
[PubMed: 3879976]

9. Wertz GW, Collins PL, Huang Y, Gruber C, Levine S, Ball LA. Nucleotide sequence of the G
protein gene of human respiratory syncytial virus reveals an unusual type of viral membrane
protein. Proceedings of the National Academy of Sciences of the United States of America. 1985;
82(12):4075–4079. [PubMed: 3858865]

10. Collins PL, Huang YT, Wertz GW. Nucleotide sequence of the gene encoding the fusion (F)
glycoprotein of human respiratory syncytial virus. Proceedings of the National Academy of
Sciences of the United States of America. 1984; 81(24 I):7683–7687. [PubMed: 6096849]

11. Walsh EE, Hruska J. Monoclonal antibodies to respiratory syncytial virus proteins: identification
of the fusion protein. Journal of Virology. 1983; 47(1):171–177. [PubMed: 6345804]

12. Levine S, Kaliaber-Franco R, Paradiso PR. Demonstration that glycoprotein G is the attachment
protein of respiratory syncytial virus. Journal of General Virology. 1987; 68(9):2521–2524.
[PubMed: 3655746]

13. Teng MN, Whitehead SS, Collins PL. Contribution of the respiratory syncytial virus G
glycoprotein and its secreted and membrane-bound forms to virus replication in vitro and in vivo.
Virology. 2001; 289(2):283–296. [PubMed: 11689051]

14. Carter SD, Dent KC, Atkins E, et al. Direct visualization of the small hydrophobic protein of
human respiratory syncytial virus reveals the structural basis for membrane permeability. FEBS
Letters. 2010; 584(13):2786–2790. [PubMed: 20471980]

15. Fuentes S, Tran KC, Luthra P, Teng MN, He B. Function of the respiratory syncytial virus small
hydrophobic protein. Journal of Virology. 2007; 81(15):8361–8366. [PubMed: 17494063]

16. Brown G, Aitkein J, Rixon HW, Sugrue RJ. Caveolin-1 is incorporated into mature respiratory
syncytial virus particles during virus assembly on the surface of virus-infected cells. Journal of
General Virology. 2002; 83(3):611–621. [PubMed: 11842256]

17. Brown G, Rixon HW, Sugrue RJ. Respiratory syncytial virus assembly occurs in GM1-rich regions
of the host-cell membrane and alters the cellular distribution of tyrosine phosphorylated
caveolin-1. Journal of General Virology. 2002; 83(8):1841–1850. [PubMed: 12124448]

18. Roberts SR, Compans RW, Wertz GW. Respiratory syncytial virus matures at the apical surfaces
of polarized epithelial cells. Journal of Virology. 1995; 69(4):2667–2673. [PubMed: 7884920]

19. Ciancanelli MJ, Basler CF. Mutation of YMYL in the Nipah virus matrix protein abrogates
budding and alters subcellular localization. Journal of Virology. 2006; 80(24):12070–12078.
[PubMed: 17005661]

20. Li M, Schmitt PT, Li Z, McCrory TS, He B, Schmitt AP. Mumps virus matrix, fusion, and
nucleocapsid proteins cooperate for efficient production of virus-like particles. Journal of
Virology. 2009; 83(14):7261–7272. [PubMed: 19439476]

21. Pantua HD, McGinnes LW, Peeples ME, Morrison TG. Requirements for the assembly and release
of Newcastle disease virus-like particles. Journal of Virology. 2006; 80(22):11062–11073.
[PubMed: 16971425]

22. Patch JR, Crameri G, Wang LF, Eaton BT, Broder CC. Quantitative analysis of Nipah virus
proteins released as virus-like particles reveals central role for the matrix protein. Virology
Journal. 2007; 4:article 1.

23. Patch JR, Han Z, McCarthy SE, et al. The YPLGVG sequence of the Nipah virus matrix protein is
required for budding. Virology Journal. 2008; 5:article 137.

24. Sugahara F, Uchiyama T, Watanabe H, et al. Paramyxovirus sendai virus-like particle formation by
expression of multiple viral proteins and acceleration of its release by C protein. Virology. 2004;
325(1):1–10. [PubMed: 15231380]

25. Schmitt AP, Leser GP, Waning DL, Lamb RA. Requirements for budding of paramyxovirus
simian virus 5 virus-like particles. Journal of Virology. 2002; 76(8):3952–3964. [PubMed:
11907235]

26. Teng MN, Collins PL. Identification of the respiratory syncytial virus proteins required for
formation and passage of helper-dependent infectious particles. Journal of Virology. 1998; 72(7):
5707–5716. [PubMed: 9621029]

Batonick and Wertz Page 11

Adv Virol. Author manuscript; available in PMC 2011 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



27. Batonick M, Oomens AG, Wertz GW. Human respiratory syncytial virus glycoproteins are not
required for apical targeting and release from polarized epithelial cells. Journal of Virology. 2008;
82(17):8664–8672. [PubMed: 18562526]

28. Abràmoff MD, Magalhães PJ, Ram SJ. Image processing with imageJ. Biophotonics International.
2004; 11(7):36–41.

29. Manders EM, Stap J, Brakenhoff GJ, Van Driel R, Aten JA. Dynamics of three-dimensional
replication patterns during the S-phase, analysed by double labelling of DNA and confocal
microscopy. Journal of Cell Science. 1992; 103(3):857–862. [PubMed: 1478975]

30. Oomens AG, Megaw AG, Wertz GW. Infectivity of a human respiratory syncytial virus lacking
the SH, G, and F proteins is efficiently mediated by the vesicular stomatitis virus G protein.
Journal of Virology. 2003; 77(6):3785–3798. [PubMed: 12610153]

31. Oomens AG, Wertz GW. The baculovirus GP64 protein mediates highly stable infectivity of a
human respiratory syncytial virus lacking its homologous transmembrane glycoproteins. Journal of
Virology. 2004; 78(1):124–135. [PubMed: 14671094]

32. Oomens AG, Wertz GW. Trans-complementation allows recovery of human respiratory syncytial
viruses that are infectious but deficient in cell-to-cell transmission. Journal of Virology. 2004;
78(17):9064–9072. [PubMed: 15308702]

33. Oomens AGP, Bevis KP, Wertz GW. The cytoplasmic tail of the human respiratory syncytial virus
F protein plays critical roles in cellular localization of the F protein and infectious progeny
production. Journal of Virology. 2006; 80(21):10465–10477. [PubMed: 16928754]

34. Anderson K, King AM, Lerch RA, Wertz GW. Poly-lactosaminoglycan modification of the
respiratory syncytial virus small hydrophobic (SH) protein: a conserved feature among human and
bovine respiratory syncytial viruses. Virology. 1992; 191(1):417–430. [PubMed: 1413513]

35. Rixon HW, Brown G, Murray JT, Sugrue RJ. The respiratory syncytial virus small hydrophobic
protein is phosphorylated via a mitogen-activated protein kinase p38-dependent tyrosine kinase
activity during virus infection. Journal of General Virology. 2005; 86(2):375–384. [PubMed:
15659757]

36. Ghildyal R, Li D, Peroulis I, et al. Interaction between the respiratory syncytial virus G
glycoprotein cytoplasmic domain and the matrix protein. Journal of General Virology. 2005;
86(7):1879–1884. [PubMed: 15958665]

37. Low KW, Tan T, Tan BH, Sugrue RJ. The RSV F and G glycoproteins interact to form a complex
on the surface of infected cells. Biochemical and Biophysical Research Communications. 2008;
366(2):308–313. [PubMed: 18036342]

38. Feldman SA, Crim RL, Audet SA, Beeler JA. Human respiratory syncytial virus surface
glycoproteins F, G and SH form an oligomeric complex. Archives of Virology. 2001; 146(12):
2369–2383. [PubMed: 11811686]

39. Bolte S, Cordelières FP. A guided tour into subcellular colocalization analysis in light microscopy.
Journal of Microscopy. 2006; 224(3):213–232. [PubMed: 17210054]

40. Costes SV, Daelemans D, Cho EH, Dobbin Z, Pavlakis G, Lockett S. Automatic and quantitative
measurement of protein-protein colocalization in live cells. Biophysical Journal. 2004; 86(6):
3993–4003. [PubMed: 15189895]

Batonick and Wertz Page 12

Adv Virol. Author manuscript; available in PMC 2011 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic of the gene content of engineered viruses. All engineered viruses were generated
from a cDNA of the A2 strain of HRSV. Viruses RSΔSH, RSΔG, and RSΔF are missing the
ORFs of the SH, G, and F genes, respectively, which have been substituted with that of
GFP. Virus RSΔSH,G,F has the ORFs encoding each of the three HSRV glycoproteins
replaced with those of reporter genes GFP, CAT, and GUS, respectively.
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Figure 2.
Effect of the deletion of individual glycoprotein genes on colocalization of the HRSV
nucleocapsid protein with each glycoprotein at the plasma membrane. (a) A diagram of an
infected cell depicting HRSV assembly at the plasma membrane. The boxed area represents
the 1 μm z-stack shown in subsequent confocal microscope images. The nucleus is depicted
as a blue circle. A549 cells infected with WT or glycoprotein deleted HRSV at a MOI of 0.2
were fixed, permeabilized, and incubated with an anti-N antibody and an anti-F antibody
(b), an anti-G antibody (c), or an anti-SH antibody (d). The glycoprotein stains are shown in
the left row (red), the N protein stains in the middle row (green), and a merge of the two
stains in the right row. A blowup of the merge is also shown. Images were taken on a Zeiss
confocal microscope. An average of fourteen cells were imaged per staining, and
colocalization was measured using ImageJ JACoP plugin. Pearson’s coefficient ± standard
error of mean is shown within the merge panels.
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Figure 3.
Effect of the deletion of individual glycoprotein genes on the colocalization of pairs of
HRSV glycoproteins at the plasma membrane. Localization of HRSV glycoproteins at the
site of viral assembly by confocal microscopy. A549 cells infected with WT or glycoprotein
deleted HRSV as indicated at a MOI 0.2 were fixed, permeabilized, and incubated with
primary antibodies against two different glycoproteins. (a) Staining of F and G glycoproteins
where F is shown in red and G in green. (b) Staining of SH and F where SH is shown in red
and F in green. (c) Staining of SH and G where SH is shown in red and G in green. A merge
of the two stains is shown in the right row. A blowup of the merge is also shown. Images
were taken on a Zeiss confocal microscope. An average of twelve cells were imaged per
staining, and colocalization was measured using ImageJ and JACoP plugin. Pearson’s
coefficient ± standard error of mean is shown within the merge panels.

Batonick and Wertz Page 15

Adv Virol. Author manuscript; available in PMC 2011 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effect of deletion of glycoprotein genes on the incorporation of HRSV proteins into released
viral particles. Twenty-four hours after infection, A549 cells infected with WT or
glycoprotein deleted HRSV at a MOI of 1.0 were radiolabeled with 35S Cys/Met for 16 h.
The supernatant containing the released viral particles was collected, cleared of cell debris,
and concentrated by centrifugation. (a) The viral pellet was resuspended, and viral proteins
were immunoprecipitated with a polyclonal anti-HRSV antibody along with monoclonal
antibodies against G and SH. Proteins were analyzed by electrophoresis on a 12% SDS
polyacrylamide gel. A representative gel is shown. The bar graph depicts ratios of each
HRSV structural protein to N protein, normalized to the ratios found in WT viral particles.
(b) Infected cells were lysed and viral proteins were immunoprecipitated with a polyclonal
anti-HRSV antibody along with antibodies against G and SH. Proteins were analyzed on a
12% SDS-PAGE. A representative gel is shown. The bar graph depicts ratios of each HRSV
structural protein to N protein, normalized to the ratios found in WT-infected lysate.
Proteins were quantitated on a phosphorImager. Error bars represent standard deviation from
at least three experiments.
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Figure 5.
Effect of glycoprotein deletions on the release of virions from infected A549 cells. A549
cells were infected with WT or glycoprotein deleted virus and particles released into the
supernatant were quantified as a percent of total virus produced. The N protein in isolated
RNPs was used to quantitate the virus in cell lysates and in virions. (a) Separation of RNPs
containing the viral genome and associated proteins from soluble proteins in infected cell
lysates. Infected cell lysates were ultracentrifuged through a 40% glycerol cushion.
Fractions were taken from the top of the tube (fraction 1) to the bottom of the tube (fraction
4) in 0.5 mL volumes. The pellet was resuspended in 0.1 mL lysis buffer. Viral proteins in
each fraction and the pellet were immunoprecipitated and analyzed on a 12% SDS
polyacrylamide gel. A representative gel is shown. HRSV proteins are indicated on the right
of the gel. (b) Ribonucleoprotein (RNP) associated N protein in infected cell lysates was
harvested as described above and in Section 4, and viral proteins were analyzed by
immunoprecipitation and electrophoresis on 12% SDS gels. Released virions were recovered
from supernatant fluids by centrifugation and viral proteins were analyzed by
immunoprecipitation and electrophoresis on 12% SDS gels. A representative gel is shown.
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(c) Bar graph depicts the percent of N protein quantified in released virus from total RNP-
associated N protein quantified in infected cell lysate and in released virus. The N protein
was quantitated by phosphoimage analysis. Error bars represent standard deviation from at
least three experiments.
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