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Human respiratory syncytial virus is a human pathogen that causes
severe infection of the respiratory tract. Current information about
the structure of the virus and its interaction with host cells is limited.
We carried out an electron cryotomographic characterization of cell
culture-grown human respiratory syncytial virus to determine the
architecture of the virion. The particles ranged from 100 nm to 1,000
nm in diameter and were spherical, filamentous, or a combination of
the two. The filamentous morphology correlated with the presence
of a cylindrical matrix protein layer linked to the inner leaflet of the
viral envelope and with local ordering of the glycoprotein spikes.
Recombinant viruses with only the fusion protein in their envelope
showed that these glycoproteins were predominantly in the post-
fusion conformation, but some were also in the prefusion form. The
ribonucleocapsids were left-handed, randomly oriented, and curved
inside the virions. In filamentous particles, they were often adjacent
to an intermediate layer of protein assigned to M2-1 (an envelope-
associated protein known to mediate association of ribonucleocap-
sids with the matrix protein). Our results indicate important differ-
ences in structure between the Paramyxovirinae and Pneumovirinae
subfamilies within the Paramyxoviridae, and provide fresh insights
into host cell exit of a serious pathogen.

cryo-ET | paramyxovirus | virus structure

H uman respiratory syncytial virus (HRSV) causes severe disease,
especially in children and the elderly (1, 2). In a study covering
data from 2005, it was found that HRSV was responsible for 22% of
acute lower respiratory infections worldwide and 66,000-199,000
deaths in children under the age of 5 y (2). Treatment is currently
limited to purine analogs (Ribavirin) and passive immune-prophylaxis
with humanized monoclonal antibodies (Palivizumab) (3).

RSV belongs to the Paramyxoviridae, a large family of enveloped,
negative-sense RNA viruses with many members from humans
and animals. Together with human metapneumovirus, it constitutes
the Pneumovirinae subfamily. Like other paramyxoviruses, it has
a plasma-membrane-derived lipid envelope and a helical ribonu-
cleocapsid (RNP) that contains a single viral RNA molecule asso-
ciated with nucleoproteins (N), and an RNA-dependent RNA
polymerase. The virion contains, in addition, a matrix protein (M)
(4-7) and a transcription antiterminator, M2-1 (an envelope-
associated protein known to mediate association of RNPs with
the M protein) (8-11). The lipid envelope contains two trans-
membrane glycoproteins: the fusion protein, F, and a glycopro-
tein, G, used for attachment to host cells. In addition, HRSV
contains a small hydrophobic protein, SH, of unclear function and
proteins of cellular origin, such as actin and chaperones (12). The
RNP and F have been analyzed using 3D-EM and X-ray crystal-
lography (13, 14).

HRSYV particles are pleomorphic with both spherical and fila-
mentous particles of different sizes (15). Early electron micros-
copy studies showed the presence of a helical protein layer under
the membrane of filamentous HRSV (15). This layer is likely to
contain the M protein because M has been shown to play a crit-
ical role in formation of filamentous protrusions in infected cells
and to form lattices and helices when incubated with lipids in
vitro (16, 17). However, because the 3D structure of whole virions
is not known, it remains unclear where M, other proteins, and
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RNP inside the virus are localized and how they are organized
with respect to the membrane, and the glycoproteins.

Here, we examined the structure of cell culture-grown, purified
HRSYV using electron cryotomography (cryo-ET). The population
of viruses was pleomorphic with the majority roughly spherical in
shape. The M protein was found to form assemblies lining the
virion membrane, but only in filamentous portions. The RNP was
randomly arranged and formed a left-handed helix. On the sur-
face, the F proteins were found in both pre- and postfusion con-
formations. Based on our observations and previous studies, we
provide a model for HRSV budding.

Results

Particle Morphology Ranges from Spherical to Filamentous. To get
a general overview of viruses released from cells, we began our
structural study by collecting low-magnification cryo-electron mi-
croscopy (cryo-EM) images and analyzing them by visual in-
spection. We studied A2 HRSV as well as viruses from two
recombinant strains, rgRSVAG and rgRSVASHAG, which lack-
ed the G protein and the G and SH proteins, respectively. The
recombinant strains were derived from the A2 virus. The majority
of particles observed in A2 and recombinant virus samples were
close to spherical in shape, with a diameter ranging between 100
nm and 1 pm. A fraction (5.2%, n = 2,000) of the A2 particles
examined had at least a partially tubular morphology with tubular
areas of membrane interchanging with regions where the mem-
brane was spherically curved (Figs. 1 4 and B, 2.4 and C, and Fig.
S1). Although the shape of tubular viruses could be quite irregular,
especially at the ends of the particle, we will refer to these viruses
as filamentous. The length of the filamentous domain varied from
200 nm to 2 pm. The width was also variable ranging between
70 nm and 190 nm, with an average of 120 nm (n = 28). The
recombinant viruses were similar to the A2 in overall morphology
(Fig. S2). Although we did not systematically analyze the stability
of the filamentous particles, it was apparent that they converted to
spherical particles during storage and freezing, and some of the
infectivity was lost (SI Materials and Methods and SI Results).
Imaging of cells infected with A2 revealed that the periphery of
the cell was decorated with many filaments, which are most likely
the budding virus (Fig. S3).

Filamentous Particles Have a Matrix Layer. For a more detailed
structural analysis, we used cryo-ET, a method of choice for 3D
reconstruction of pleomorphic, membrane-containing particles
(5, 18-20). In a total of 41 tomograms from three separate
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Fig. 1. Tomography of A2 HRSV virions. Virion morphology ranges from
completely filamentous (A) to completely spherical (C) with intermediate
forms (B and D) that have some tubularly curved parts but are otherwise
spherically curved. Spherical particles are highly deformable when in the
proximity of other particles and the membrane proximal to the neighboring
particle is free of glycoprotein spikes (E). Virions in A-E are illustrated
schematically in F in alphabetical order. Black arrows: side views of the RNP;
white arrows: top views of the RNP; green arrows: secondary density layer
under the membrane in a spherical particle. (Scale bar, 100 nm.) Tomo-
graphic slices are 3.8-nm-thick.

preparations of A2 virus collected from the cell culture superna-
tant, we analyzed 103 virions. We also studied one preparation of
virus released from infected cells by freezing and thawing, a com-
mon practice in the paramyxovirus field. As the cell-derived virions
appeared similar, having both spherical and filamentous shapes,
further analysis was limited to supernatant viruses.

The structural analysis of the HRSV indicated a clear difference
in the fine-structure between filamentous and spherical particles.
The filamentous domains where the membrane was tubular had
alayer of density just under the membrane (Fig. 2 and Movie S1); it
was missing in nonfilamentous regions. The flexibility of the fila-
ments made them susceptible to flattening in the layer of vitreous
water, preventing subvolume analysis of the structure of the layer.
However, a radial density profile of aligned and averaged surface
subvolumes could be calculated. The distance between the peak
densities of the membrane and the underlying layer was 6.1 nm
(Fig. 2F) in filamentous particles. No such layer was visible in
a similar average from spherical particles (Fig. 2G).

Based on earlier results with HRSV and other paramyxoviruses,
the layer was likely to be composed of M, a protein of 29 kDa (4, 15,
17). In spherical particles, an M layer was observed only in a few
particles (5 of 80), where it covered limited areas. In a few of the
filamentous particles, the density continued as a defined structure
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(a curved layer) into areas devoid of membrane contact indicating
that the layer was stable without direct membrane contact (Fig. 2
A, D, and E, and Fig. S4).

The M layer normally did not extend to the tips of the fila-
mentous particles. One example is shown in Fig. 2B and in Movie
S1, where the edge of the M layer can be seen as a dotted line just
before the tip of the particle. The shape of the tips in filamentous
particles was varied; it ranged from hemispherical to nearly straight
with almost 90° angles in the membrane where the M layer ended
(Figs. 1 A and B and 2B).

The diameter of filamentous regions was variable. As shown in
Fig. 2C, the thickness of the tubular domains varied even within
a single particle. That the M protein can polymerize into different
tubular structures implied flexibility in assembly. Some order was
detected in patches of the M layer detectable as a peak in the
Fourier transform between 7.7 and 8.2 nm (Fig. 2H). However,
the tubes were not helical as they were all flattened.

In one rgRSVAG mutant particle, the membrane formed an
inside-out tube where the spikes were pointing toward the center
(Fig. S5). The tube was suitable for subvolume analysis of the M
layer. The average of 324 subvolumes (4.2-nm resolution) showed
a 7-start helix with a ridge-to-ridge distance of 7.8 nm. Inside the
helix a separate, smooth layer of density representing the

Fig. 2. Assembly of M causes curvature of the virion membrane. (A) A to-
mographic slice of a filamentous A2 virion with a large irregular appendage
at one end. White dotted line cuts through a curved M layer detached from
the membrane. An orthogonal view around the dotted line in A is shown
in D and schematically in E. (B) A tomographic slice of an A2 virion without
M layer in the particle tip viewed from the top at the level of the M layer.
Arrow indicates the end of the M layer. (C) A tomographic slice of an
rgRSVAG filamentous virion with varying diameter. (F) A radial profile and
a slice of a subvolume average from A2 filamentous particles. Distance from
membrane to M layer (gray bar) is 6.1 nm and from M to the third, in-
nermost layer (green bar) 6.9 nm. (G) A radial profile and a slice of a sub-
volume average from A2 spherical particles. (H) A tomographic slice from the
top of a filamentous virion. Fourier transform of the corresponding slice is
shown in the Inset. Peaks corresponding to a layer line at ~8 nm are shown
with arrows. Slices are 0.77-nm-thick in A-C, F, and G; 11.5 nm in D, and
3.8 nm in H. (Scale bar, 100 nm for A-D and H.)
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membrane, was observed. Although this helical tube was a sin-
gular observation, the spacing was similar to that found in the
commonly observed flattened tubes (Fig. 2). That the M can form
tubular structures with inverted curvature suggested flexibility in
M-M interactions in the lattice.

A further layer of density was observed in the filamentous par-
ticles. The peak of the density was 6.9-nm away from the peak
density of the M layer (Fig. 2 C and F). This density seemed not to
be as regularly arranged as the M layer, yet it was always detectable
where the M layer was clearly visible. The average density was
~75% of the M-layer density (Fig. 2F). The inner layer was also
present in the recombinant rigRSVAG and rgRSVAGASH viruses.

Virion Surface Is Covered by F Glycoproteins in Both Pre- and Postfusion
Conformations. The number of glycoproteins present in the mem-
branes of individual virions was variable. In a number of spherical
particles, the envelope was covered by an almost uniform, dense
layer of glycoproteins, whereas other particles had barely any (Fig.
S6). In the spherical particles, the membrane regions close to other
particles were free of spikes and conversely other regions of the
membrane in the same virion were often very tightly packed
with spikes (Fig. 1E). No regular arrangement of the spikes
could be detected even in the most tightly packed areas of the
spherical particle surfaces. The filamentous regions were often
densely covered by spikes.

When comparing tomograms of A2 HRSV and recombinant
rgRSVAG and rgAGASH viruses, we discerned two different types
of spikes in the virion envelope. The most common had a long stalk
and a small head (Fig. 34), which was found in filamentous and
spherical A2 virions, but any one particular virion appeared to
contain mainly one type of spike. This long spike was similar to the
spikes found in rgAGASH virions, thus identifying it as F. A second
type of spike found in some filamentous A2 particles, not clearly
apparent by visual inspection in rgAGASH virions, had a large
bulky head and a short stalk (Fig. 3C). The short spikes were
arranged roughly in rows nearly perpendicular to the filament’s
longitudinal axis (Fig. 3D), whereas filaments with the long spikes
did not have any regular long-range order (Fig. 3B). We designated
the filamentous virions with mainly long spikes as A2(1) and those
with mainly short spikes as A2(s). Based on this observation, we
had to distinguish if the short spikes were F or G glycoproteins.

We carried out an objective analysis of the distribution of the
two types of spikes in A2 and rgAGASH virions by classification
of the subvolumes using principal component analysis. To cir-
cumvent problems caused by the missing tomographic wedge,
only spikes whose longitudinal axis was lying approximately on
a plane perpendicular to the electron beam were included (Fig. 4
E-H). Two separate classification analyses were done to assess
the distribution of the spikes: A2(s) against rgAGASH, and A2(s)
against A2(l). Classification of the A2(s) spikes against the
rgAGASH spikes was done into four classes. Class averages 1
and 2 both showed a spike on a membrane, differing primarily in
the spike length and width (Fig. 4 4 and B). The A2(s) contained
mainly the short spike (Fig. 4 E and F) and the rgAGASH virions
contained mainly the long spike (Fig. 4 G and H). Class averages
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Fig. 3. Virions have two types of spikes that are organized differently on
the surface. Central tomographic slices from virions with long (A) or short (C)
spikes. Top slices from virions with long (B) or short (D) spikes. Slices are 0.77-
nm-thick. (Scale bar, 100 nm.)
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of rgAGASH showed a long spike essentially identical to the
class 1 average and a short spike resembling the class 2 average.
Thus, it is likely that classes 1 and 2 represent two different states
of F, because no other viral protein is present on the rgAGASH
surface. Classification of the A2(s) against A2(l) also resulted
in separation of the two forms of F so that a particular virion
contained almost exclusively one type of F (Fig. 4 and Fig. S7).
This finding suggested that, once triggered, there is a systematic
conversion of one form of F to the other within one virion. Given
the arguments set out above, we did not assign a class average to
the G protein.

To get a more detailed description of the F structures, alignment
and averaging was carried out separately on subvolumes extracted
from A2(s) and A2(l) tomograms. Spikes in all orientations in the
tomograms were included for an even sampling of Fourier space.
The spikes extracted from A2(s) were reconstructed from 828
subvolumes to 4.7-nm resolution (Fig. 54). We also reconstructed
spikes extracted from spherical A2 particles and found that the
results were similar to those from the A2(l) virus. Hence, we
pooled the data from A2(1) and spherical A2 particles, applied
threefold averaging, and calculated an average of 2857 subvolumes
to 3.6 nm resolution (Fourier shell correlation 0.5) (Fig. 5C). The
dimensions of the long and short F reconstructions corresponded
to those of the atomic model of HRSV F in the postfusion con-
formation (14) (PDB ID code 3RRT) and to those of the para-
influenza 5 (PDB ID code PIV5) F in prefusion conformation (21)
(PDB ID code 4GIP), respectively. The atomic models fit well into
the reconstructed densities within the limits of the resolution of our
models (Fig. 5 B and D). The fits indicate that the cytoplasmic tail
of F can reach the M layer. Thus, F on A2 virions was found in both
pre- and postfusion conformations. Where F was in the prefusion
form, it was found in rough rows (Fig. 3D).

RNP Is Packed as Flexible Left-Handed Helix. The RNPs were packed
as multiple flexible helical filaments inside both spherical and fil-
amentous virions (Fig. 6). The packing density varied between
different spherical particles. In the filamentous particles, the RNPs
were always packed at levels comparable to the most densely
packed spherical particles (Fig. S8). Because of the tight packing
and random arrangement, we could not follow individual RNPs to
unambiguously say how many genome copies each particle con-
tained. It was also apparent that some of the viruses contained
filaments similar to the dimensions expected of F-actin, consistent
with the demonstrated presence of actin in purified HRSV prep-
arations (Fig. S6 and Movie S2) (12, 22).

We tested the handedness of the RNP by tomography using
subvolume alignment and averaging of segments of RNP extracted
from a tomogram with a broken filamentous virion. A 3D model
(4.0-nm resolution, 1,402 subvolumes) was generated from which
the handedness could be determined (Fig. 6 A and B). The pro-
tocol used was similar to that which we have used previously for the
measles virus RNP (5), which resulted in the correct handedness as
determined earlier by other methods (23). We also used DNA
origami gold nanoparticle helices of known handedness as a con-
trol sample (Movie S3) (24). From the subvolume average, it is
clear that the HRSV RNP is left-handed like other paramyxoviral
RNPs. The structure is otherwise similar (approximate diameter of
17 nm and ridge-to-ridge distance of 7 nm) to the one determined
earlier from cryo-negative stained micrographs by helical pro-
cessing (13). Placing the subvolume average back into a tomogram
in the refined positions showed that most of the RNP helix seg-
ments analyzed pointed in the same direction (Fig. 6C).

Discussion

Like most other paramyxoviruses, the HRSV virions are quite
heterogeneous in shape and size. In addition to this pleomor-
phicity, there are substantial challenges in obtaining high-titer
HRSV preparations, making it particularly challenging to study
this virus. Our results form a basis for developing a 3D structural
understanding of HRSV. Whether isolated from the cells or the
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culture supernatant, the particles we observed had mostly spherical
but also filamentous (tubular) and mixed morphologies. The size of
the spherical particles was comparable to that observed earlier for
Sendai virus (SeV) and measles virus (MV) using cryo-EM (5, 6).
However, very large particles with diameters up to 1 pm were also
present. Because these were too large for the RNP to be visualized,
it was difficult to judge whether they were true virions or copurifying
vesicles. Because the filamentous population of particles had
a maximal length of ~2 pm, they were significantly shorter than the
10-um particles described earlier (15). The width of the filaments
was between 70 nm and 190 nm. That the recombinant igRSVAG
and rgRSVAGASH viruses were similar to the A2 virions indicated
that G and SH did not play a role in defining overall particle size
and morphology. Although not essential under tissue-culture con-
ditions, these proteins have been reported to elevate infectivity (25).

We found that the filamentous virions had an M layer juxtaposed
to the envelope. Occasionally virions with other shapes also had
such a layer, but mainly in places where the membrane was tubu-
larly curved. We found the M layer in tubular domains of varying
width, suggesting that the assembly of M protein to form these
assemblies did not require any particular helical symmetry. In some
particles, the M continued as a curved, sheet-like extension without
contact with the membrane, showing that the structure possessed
a degree of stability independent of membrane association.

The tips of filamentous viruses were generally devoid of an M
layer, but they did contain spikes. Thus, it is likely that assembled
M was not required to initiate a filamentous bud in the plasma
membrane of an infected cell, but responsible for generating,
extending, and maintaining the filamentous, tubular shape of the
budding virus. This theory is supported by the observations that
M is known to be required for elongation of filamentous buds in
cells (16), and that purified M can assemble into filaments on
lipid layers in vitro (17).

Fig. 5.

F spike structures in pre- and postfusion conformation. Central sec-
tions (0.77-nm-thick) of the subvolume averages of F from A2(s) (A) and A2(l)
(C). Crystal structures of PIV5 F in the prefusion conformation (PDB ID code
4GIP) (21) and HRSV F in the postfusion conformation (PDB ID code 3RRT) (14)
fitted into the subvolume average density of the short (B) and the long (D)
spike. (Scale bar, 10 nm.) The isosurfaces in B and D were rendered at 2 ¢ and
at 5 ¢ from the mean, respectively.
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Fig. 4. F occurs in two different conformations on
the virions. Averages of class 1 (253 subvolumes)
representing the long (A) and class 2 (226 sub-
volumes) representing the short spike (B) from
subvolumes extracted from both A2 and rgAGASH
virions. Class averages 1 (224 subvolumes) and 2 (65
subvolumes) including only subvolumes from
rgAGASH are shown (C and D). Positions of the
classified spikes on the A2 virions (E and F) and on
the rgAGASH virions (G and H). Tomographic slices
in E-H are transparent to show all spike positions.
Cyan spheres correspond to class 1 spikes and ma-
genta spheres to class 2 spikes. (A-D) Scale bar in (C)
is 10 nm. (E-H) Scale bar in (E) is 100 nm.

We observed that after freezing, virus preparations had a lower
percentage of filamentous particles. Similarly, incubation at 37 °C
and room temperature resulted in a drop in infectivity and decrease
in the fraction of filamentous particles (SI Results). It seemed likely
that the filamentous particles converted to spherical particles and lost
infectivity. M in the spherical particles was disordered, probably
dissociated from the membrane. However, M did not assemble in
large aggregates as reported for low-pH treated influenza A (19), nor
was it coating the RNPs as seen in MV (5).

We observed that filamentous particles had more densely
packed helical RNPs than the spherical particles, suggesting a role
for M in the longitudinal organization of the RNP. We also iden-
tified an internal layer 6.9 nm under the M-layer. Because this layer
was also present in viruses devoid of G and SH, we propose that it is
composed of the M2-1 protein. A location between M and the
RNP is consistent with the earlier observation that M2-1 mediates
the interaction of the RNP and M, and is required for inclusion of
RNPs into virions (10).

We determined the absolute hand of the RNP by tilting and
found that it consists of a left-handed helix, thus disproving a pre-
vious conjecture that the RNPs are arranged as right-handed he-
lices based on modeling with a ring form of N bound to RNA (13).
Thus, HRSV follows the general trend of left-handed nucleocap-
sids within the order Mononegavirales (18). As the RNA is wrapped
around the outside of the complex, changing the hand of the helical
model affects the residues of both RNA and N that will interact
between subunits. Because most of the RNPs seem to be oriented
in the same direction in filamentous particles (Fig. 6C), this implies
that there is preferential directional interaction of the RNP with
the budding tip of the virion and the M2-1 layer.

HRSYV is unique so far among paramyxoviruses in requiring two
cleavages by furin-like proteases to render the F protein fusion
competent (26). The F spikes in the virus used in our studies had
only one of these cleavages, which meant that the F protein was still
inactive (22). We have found that the second cleavage occurs only
after internalization by endocytosis. Therefore, it was surprising to
us that the majority of the F spikes that could be resolved by re-
construction in the virus envelope showed a golf-tee shaped
structure similar to the atomic model of isolated, postfusion F
spikes (Fig. 5) (14). Similar spikes have also been reported on
parainfluenza virus 5 (27).

The smaller spikes with a short, narrow stalk and a bulky head
detected in some of the filamentous virions were most likely pre-
fusion F (Fig. 5) because they were also found in small numbers on
mutants devoid of G and SH (Fig. 4 and Fig S7). The regular
spacing of these spikes, seen in Fig. 3, suggests an interaction with
the closely packed M layer below perhaps by insertion into the
lattice (4). That the regular spacing is observed only on virions with
prefusion F, suggests that the interaction between F and M or
lateral F-F interaction is lost upon triggering of F. This result in
turn could lead to the disassembly of the M layer, and gradual
transition to the spherical form (Fig. 7).

Liljeroos et al.
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Fig. 6. The RNP of HRSV is left-handed. A central section (A) and an iso-
surface representation of the HRSV RNP (B). (Scale bar, 10 nm.) (C) A trans-
parent tomographic slice showing the refined positions and orientations of
the RNP subvolumes on the tomogram. Cyan triangles indicate the direction
of the RNP helix. The isosurface was rendered at 1 ¢ from the mean.

Within the paramyxovirus family, whole virion structures in 3D
are available in addition to HRSV, for MV, Newcastle disease virus
(NDV), and SeV (4-6). The results suggest differences between the
Paramyxovirinae and Pneumovirinae subfamilies. The most striking
are the location and mode of assembly of the M protein. In HRSV,
NDV, and SeV, M is often found as a layer partially covering the
inner surface of the membrane. In MV, it is mainly organized as
left-handed helices around the RNP. Furthermore in MV and SeV,
the envelope is densely covered by glycoproteins and it is difficult to
distinguish the individual spikes. Where the M-layer is visible, the
glycoproteins of NDV are also densely packed, suggesting an

Fig. 7. Schematic model of assembly of HRSV.
Initially, the F glycoproteins (magenta) gather at
the plasma membrane enriching in lipid rafts and
initiate a bud. M protein (green) is recruited to
the budding site via interactions with the glyco-
protein tails and the membrane. Interactions
between M and G promote incorporation of G
into the bud. Assembly of M into tubular struc-
ture provides the force for the elongation of the
virion and recruits the RNP into the nascent fila-
ment. This recruitment can be mediated by the
M2-1 protein (dashed line). Once the RNP is inside
the budding virion, release occurs via a currently
unknown endosomal sorting complexes required
for transport-independent mechanism. The virion
draws a variable amount of membrane with it
and this membrane remains as an appendage or
a larger membrane sack in the end of the fila-

interaction between M and the glycoproteins (4). However, in
contrast to previous paramyxovirus studies, we were able to dis-
tinguish the glycoproteins in the HRSV envelope and thus we could
visualize their organization especially in the filamentous domains.
Together with published data from others, our structural anal-
ysis suggests an M-dependent mechanism for HRSV morpho-
genesis during budding in infected host cells illustrated in Fig. 7.
The starting point can be considered as the accumulation of F
protein in lipid rafts in the plasma membrane where it can generate
(perhaps through F-F interactions) outward curvature to generate
the tip of a budding virus (Fig. S3) (15, 16, 28, 29). Next, RNPs are
likely to be transported to the site together with M in a process that
depends on M2-1 (10). Next, interaction with the cytoplasmic tails
of F (28) may increase the local concentration of M in the growing
bud promoting M-M and M-lipid interactions (Figs. 1-5, and Figs.
S4 and S7). The formation of an M-containing helical sheet tightly
associated with the membrane can then begin to drive the exten-
sion of the bud by providing the force required for filament elon-
gation (17, 30), clearly seen as filamentous cell-associated virus
(Fig. S3). F and G may be incorporated into the growing filament
via their cytoplasmic tails (Figs. 1-4, and Fig. S7) (31). In the
meantime, interactions between M and RNP, whether mediated by
an additional layer of M2-1 or by direct interaction, may promote
the incorporation of the RNP into the growing particle (Fig. 2).

Materials and Methods

Cells and Viruses. HEp-2 cells were obtained from the ATCC and cultured in
complete medium (DMEM supplemented with 5-10% (vol/vol) FCS, 1 mM
Hepes, 1% (vol/vol) Glutamax) (Invitrogen). HRSV-A2 was purchased from
ATCC. Recombinant HRSV strains expressing GFP (rgRSVAG, rgRSVASHAG)
were kindly provided by M. Peeples (Ohio State University, Columbus, OH)
and P. Collins (National Institute of Allergy and Infectious Diseases,
Bethesda, MD).

Virus Growth, Purification, and Vitrification. HEp-2 cells (50-60% confluent) in
T175 flasks were infected with HRSV (multiplicity of infection 0.1) in 8 mL
serum free DMEM-Hepes medium (DMEM, 1 mM Hepes) for 1 h at room
temperature while gently shaking. Virus inoculum was replaced with 25 mL
of complete medium, and cultures were placed in a 37 °C humidified, 5%
CO; incubator. After 48 h, the cell supernatant was collected and clarified by
centrifugation (3,000 rpm, 10 min, 4 °C, S4180 rotor (Beckman Coulter Inc.,
Indianapolis), Beckman Allegra 2IR centrifuge). The clarified supernatant
was centrifuged (20,000 rpm, 90 min, 4 °C, SW32 Ti rotor, Beckman Optima
90-K ultracentrifuge) through an 8 mL 30% (wt/vol) sucrose cushion in HBSS-
Hepes buffer (HBSS, 25 mM Hepes, pH 7.0-7.4). Pellets were gently washed
and resuspended in 200 pL of HBSS-Hepes buffer for each T175 flask, virus
stocks were snap-frozen in liquid nitrogen and stored at —80 °C or keptin 4 °C
before analysis. To obtain a sample of cell-associated virus, the infected cells
were washed with PBS, scraped, and resuspended in 5 mL of HBSS-Hepes

ment. Some of the virions then convert into roughly spherical forms as the M disassembles from the membrane with conversion of F to the postfusion-

like conformation (cyan).
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buffer per T175 flask. The cells were then snap-frozen twice in liquid nitro-
gen, and the released viruses purified as described above.

All HRSV stocks were titered by infecting HEp-2 cells with serial dilutions of
the virus in 96-well plates. Infection was allowed to proceed for 18-22 h at
37 °C. Fixed cells were assessed by microscopy for GFP expression, or stained
with HRSV anti-N antibody (AF-488; Millipore) to detect infected cells of
rgRSV or HRSV-A2, respectively. Titers for purified viruses after storage at
-80 °C were 0.5-1.9 x 108 pfu/mL for A2 virus and 0.1-1.8 x 10° pfu/mL for
recombinant viruses. Infectivity ratio measurements are described in S/
Materials and Methods.

The purified virus was examined fresh (storage at 4 °C), after incubation at
37 °C for 6.5 h followed by 18-h incubation in room temperature and after
snap-freezing and storage at —80 °C. Samples for cryo-EM were prepared as
previously described (5).

Collection of 2D Data. Two-dimensional images for analysis of the number of
filamentous particles were collected from vitrified specimens at liquid
nitrogen temperature under low-dose conditions with an FEI F20 trans-
mission electron microscope using a Gatan 914 cryo-holder and a Gatan
Ultrascan 4000 CCD camera. Images were taken at 4,200x magnification
and 200-pm underfocus.

Cryo-ET and Subvolume Processing, Tilt series were collected and tomograms
calculated essentially as reported previously (5) at a magnification of 39,400x
with a 15-um pixel size on the CCD resulting in a pixel size of 0.38 nm/pixel.
The underfocus used for tilt series ranged from 4 pm to 6 pm. The data were
binned to 0.77 nm/pixel to improve the signal for processing. Visual in-
spection of the M and RNP tomograms were carried out to investigate if
there was any order in the data to justify subvolume averaging. All sub-
volume processing was carried out using 3dmod and PEET from the IMOD
package (32-34). Bsoft was used for generating masks for subvolume
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processing and estimation of the subvolume average resolutions (35). De-
tailed methods for subvolume processing are described in the S/ Materials
and Methods.

Handedness Determination Controls. The handedness of the helical averages
was verified by carrying out similar tomographic data collection and re-
construction using negatively-stained, left-handed, silver-enhanced, DNA
origami gold nanoparticle helices (24) as a control (kind gift of Anton Kuzyk,
Aalto University, Espoo, Finland). The high contrast of the metal clusters
allowed direct handedness determination of the structure without further
subvolume processing (Movie S3).

The subtomographic volumes have been deposited in the Electron Mi-
croscopy Data Bank with the following accession numbers EMD-2391, EMD-
2392, and EMD-2393.

Note Added in Proof. Bakker et al. (36) corrected their initial assumption of
the handedness of the HRSV nucleoprotein-RNA complex whilst this paper
was in press.
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