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Helical ordering of envelope-associated proteins
and glycoproteins in respiratory syncytial virus
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Abstract

Human respiratory syncytial virus (RSV) causes severe respiratory
illness in children and the elderly. Here, using cryogenic electron
microscopy and tomography combined with computational image
analysis and three-dimensional reconstruction, we show that there
is extensive helical ordering of the envelope-associated proteins and
glycoproteins of RSV filamentous virions. We calculated a 16 �A reso-
lution sub-tomogram average of the matrix protein (M) layer that
forms an endoskeleton below the viral envelope. These data define
a helical lattice of M-dimers, showing how M is oriented relative to
the viral envelope. Glycoproteins that stud the viral envelope were
also found to be helically ordered, a property that was coordinated
by the M-layer. Furthermore, envelope glycoproteins clustered in
pairs, a feature that may have implications for the conformation of
fusion (F) glycoprotein epitopes that are the principal target for vac-
cine and monoclonal antibody development. We also report the
presence, in authentic virus infections, of N-RNA rings packaged
within RSV virions. These data provide molecular insight into the
organisation of the virion and the mechanism of its assembly.
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Introduction

Respiratory syncytial virus (RSV) causes acute lower respiratory

tract disease in infants and the elderly. It is estimated that there are

approximately 33 million RSV infections annually in children under

the age of five years, leading to around 3 million hospital admis-

sions and 60,000 in-hospital deaths. The great majority of these

cases (~ 30 million) occur in low- and middle-income countries (Shi

et al, 2017). Although less common than seasonal influenza virus

infection, RSV has been shown to be associated with higher mortal-

ity rates in hospitalised elderly patients (Kwon et al, 2017; Ackerson

et al, 2019).

Respiratory syncytial virus is formally classified as human

orthopneumovirus within the Orthopneumovirus genus, Pneumo-

virus family and Mononegavirales order (Rima et al, 2017). Closely

related to RSV within the Pneumoviridae, in the Metapneumovirus

genus is another notable pathogen, human metapneumovirus

(HMPV) that also causes bronchiolitis and pneumonia in infants

(van den Hoogen et al, 2001). Thus, both ortho- and metapneumo-

viruses are clinically important respiratory pathogens.

Respiratory syncytial virus is a non-segmented negative-sense

RNA containing enveloped virus. The viral genome is 15.2 kb and

has ten open reading frames encoding at least eleven gene products.

The viral RNA is encapsidated by multiple copies of the viral

encoded nucleocapsid protein (N) to form a left-handed helical ribo-

nucleoprotein complex (or nucleocapsid—NC) (Tawar et al, 2009;

Bakker et al, 2013; Liljeroos et al, 2013). This serves as the template

for RNA synthesis by the RNA-dependent RNA polymerase (RdRp)

(Mazumder & Barik, 1994), thought to occur in virus induced cyto-

plasmic organelles called inclusion bodies (Norrby et al, 1970;

Rincheval et al, 2017; Galloux et al, 2020). The RdRp comprises two

proteins: the catalytic large (L) protein and the phosphoprotein (P)

that mediates the interaction with the NC (Garcia-Barreno et al,

1996; Murphy et al, 2003; Castagne et al, 2004; Tran et al, 2007;

Galloux et al, 2012; Ouizougun-Oubari et al, 2015; Gilman et al,

2019). RNA synthesis is also modulated by the M2 gene products

M2-1 and M2-2 (Bermingham & Collins, 1999; Fearns & Collins,
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1999). M2-1 is an anti-termination factor that is recruited to the

polymerase complex via an interaction with P, leading to increased

production of viral mRNA (Collins et al, 1995; Hardy & Wertz, 1998;

Mason et al, 2003).

Respiratory syncytial virus encodes four envelope-associated pro-

teins, of which three are membrane proteins: the small hydrophobic

protein (SH), fusion protein (F), and attachment protein (G). Under-

lying the envelope is the fourth envelope-associated protein—the

matrix protein (M), which coordinates virion assembly. A second

layer of density, visualised by cryo-ET, beneath the M-layer is postu-

lated to be M2-1 (Liljeroos et al, 2013; Kiss et al, 2014). High-

resolution structures for some of the envelope-associated proteins of

both RSV and HMPV have been determined by X-ray crystallogra-

phy, including the matrix proteins (Money et al, 2009; Leyrat et al,

2014b; Forster et al, 2015) and F glycoprotein (McLellan et al, 2011,

2013) as well as M2-1 (Leyrat et al, 2014a; Tanner et al, 2014;

Selvaraj et al, 2018).

At present, 39 vaccines and monoclonal antibodies (mAbs)

targeting RSV are in development, the vast majority of which are

directed at two conformations of the RSV F glycoprotein: pre-

fusion and post-fusion, and their most neutralisation-sensitive anti-

genic sites, Ø and V (Mejias et al, 2020). The RSV pre-fusion con-

formation of the F glycoprotein is the predominant form displayed

at the virion surface and mediates viral entry by fusing viral and

host cell membranes. The shapes of enveloped virions and the

organisation of their surface glycoproteins can impact virus biology

by affecting fusion processes (Li et al, 2021), mucus penetration

(Vahey & Fletcher, 2019) and complement activation (preprint:

Kuppan et al, 2021). A comprehensive understanding of RSV

virion structure will therefore inform development of effective

interventions to prevent RSV disease. Although the structures of

RSV proteins and glycoproteins are becoming increasingly well

understood, placing these structures in the context of the virion

remains challenging, owing to the highly pleomorphic nature of

virus particles purified from cell culture (Liljeroos et al, 2013; Kiss

et al, 2014). Schematic diagrams mostly represent the RSV virion

as a spherical particle, it has, however, long been known to form

filamentous virions at the assembly site (Bachi & Howe, 1973). We

have previously shown that propagating filamentous enveloped

viruses in cells grown directly on TEM grids leads to improved

preservation for imaging by cryo-EM (Vijayakrishnan et al, 2013).

Here, we employ this approach to image RSV filamentous virions

by cryo-EM and cryo-ET. We show that although RSV virions are

prone to loss of integrity, they are nonetheless highly ordered.

Fourier analysis shows that filamentous particles exhibit helical

ordering. Cryo-ET combined with sub-tomogram averaging led to

the calculation of a three-dimensional density map of the viral

matrix layer at 16 �A resolution. Fitting the X-ray structure of M

shows a curved lattice of dimers that closely matches the arrange-

ment seen in the (010) plane of the published X-ray structure (i.e.

the plane containing the a and c axes of the C2 unit cell). Our

model orients the X-ray data relative to the virion filament axis

and the viral envelope, providing a view of how M coordinates

virion assembly. Our data also show that the matrix layer coordi-

nates helical ordering of the viral glycoprotein spikes on the virion

exterior. Finally, we show that glycoprotein spikes cluster in pairs

on filamentous virions but can also pack in an alternate lattice in

non-filamentous virions. Our data also demonstrate the presence

of an abundance of ring-shaped assemblies, likely formed of N and

RNA. Our findings concerning the structure of RSV provide a

molecular understanding of virion organisation and assembly,

information that is critically important in the development of effec-

tive vaccines or interventions to prevent or treat this major respi-

ratory pathogen.

Results

Cryo-EM of filamentous RSV virions reveals helical order

To image RSV filamentous virions in as close to native conditions as

possible, we propagated virus in cells cultured directly on holey car-

bon support films. Over the course of our investigations, several cell

types were used—Vero (African green monkey kidney cells), U2 OS

(human osteosarcoma cells) and A549 (human adenocarcinoma

cells). All were found to be suited to imaging filamentous virions.

Measurements taken from cryo-EM images of virions produced in

U2-OS and A549 cells indicated that both cell-lines produced fila-

ments that had a similar range of diameters. Imaging of filaments

was optimal at 72 h post-infection (Fig 1A). RSV-infected U2-OS

cells propagated on cryo-EM grids were prepared by plunge-freezing

at this timepoint for imaging in a Thermo Fisher Titan Krios

300 keV cryomicroscope, equipped with a Falcon II detector. Power

spectra calculated from cropped sections of filamentous virion

images indicated a high degree of helical order evidenced by the

presence of multiple layer lines (Fig 1B and C). The diameters of fil-

aments extracted from these images varied considerably and

spanned a range of 800–1,800 �A. Indexing of the transforms using

the program PyHI (Zhang, 2021) suggested that the Bessel orders of

the two principal maxima were very large, consistent with the tubes

being constructed of many helical strands, probably of the order of

50. There was no density for the principal maximum for one of the

vectors defining the helical lattice, and it was nonetheless able to be

established by using higher order reflections. A one-sided filtered

image (Fig 1D) showed clear helical tracks and strong features lin-

ing the interior of the viral envelope, supporting our interpretation

that layer lines observed in the Fourier transform are indicative of

helical ordering, most likely in the matrix layer. The relatively weak

intensity of the transforms, the large radii of the principal maxima

along with the considerable variation in filament diameters, frus-

trated the production of reliable 3-dimensional reconstructions

using either Fourier-Bessel or iterative real-space methods. This led

us to explore whether cryo-ET could provide a structure of the

underlying lattice.

Cryo-ET of RSV filamentous virions

To resolve the helical lattices underpinning RSV virion structure and

assembly and to provide a detailed three-dimensional (3D) view of

virion morphology, we used cryogenic electron tomography to cal-

culate 3D reconstructions of RSV filamentous virions produced by

A549 cells grown on cryo-EM support grids. Fifty-eight tilt-series

were recorded on a Thermo Fisher Titan Krios 300 keV cryomicro-

scope equipped with a Gatan K2 bioquantum energy-filtered direct

electron detector. Tilt-series of images were collected specifically

targeting straight, undisrupted segments of filamentous virions.
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Low-magnification views of regions selected showed that although

filamentous structure was well preserved by culturing virus on the

TEM grid (Fig 2A), many virions were to some extent disrupted, fre-

quently having varicosities at points along their length or at one

end. These data confirm that RSV virions are very fragile and easily

lose their filamentous shape (Fig 2B and C).

A complex, ordered viral envelope

Tomographic reconstruction of filament sections reveals that virions

are well-ordered. As previously reported (Liljeroos et al, 2013; Kiss

et al, 2014; Ke et al, 2018), we find that the viral envelope is densely

packed with viral glycoprotein spikes. Underlying the lipid bilayer is

a contiguous density that we attribute to the matrix protein (M).

This gives the viral envelope the appearance of being triple layered

(Fig 2D and E, Movie EV1 timepoint 0m 25s). Beneath the M-layer

is a second less sharply defined protein layer that has previously

been postulated to be M2-1 (Kiss et al, 2014). Filament ends were

typically hemispherical having a large radius of curvature, lending

the caps a flattened appearance. Most tomograms of virion ends

showed a contiguous matrix layer (Fig 2F), although some were

seen to have disrupted or missing matrix layers. Discontinuity in the

matrix layer was more apparent in the varicose areas, indicating

that loss of virion integrity is likely a consequence of detachment or

mis-assembly of the matrix layer (Fig 2G).

Nucleocapsids appear as classical herringbone assemblies,
loosely coiled helices and rings

The virion interior is densely packed with viral nucleocapsids,

mainly having the characteristic herringbone morphology (Bhella

et al, 2002) and suggesting that in common with several other

mononegavirales, RSV virions are polyploid (Loney et al, 2009)

(Fig 3A, Movie EV1). Virions were also seen to be filled with an

abundance of ring-like assemblies that ranged in diameter from 10

to 17 nm (Fig 3B). Upon close inspection of these structures, we

found several rings that had radial spikes and closely resembled

decameric and undecameric rings produced by heterologous expres-

sion of the RSV N protein in insect cells or bacteria (Bhella et al,

2002; Maclellan et al, 2007; Tran et al, 2007; Tawar et al, 2009)

(Fig 3C, Movie EV1 timepoint 1m 30s). In some cases, these ring-

like features appeared to precess, when moving through successive

sections of tomograms, whereas in others there was no obvious con-

tinuity of density (Movie EV1 timepoint 2m 20s). We hypothesise

then that some of these ring-shaped assemblies are likely loosely

coiled NC, but the absence of connecting density in successive

tomogram sections and the presence of some isolated rings outside

the virions (suspended in the vitreous ice layer—Movie EV1 time-

point 2m 05s) strongly suggest that many of these objects are N-

RNA rings. These assemblies may contain RNA products of aborted

genome replication, although we cannot exclude the possibility that

they may incorporate cellular RNAs.

Helical ordering, clustering, and hexagonal arrays of
glycoproteins

Previous studies have reported that RSV glycoprotein spikes are

densely packed, giving a picket-fence appearance when viewed from

the side (e.g. Fig 2E) (Liljeroos et al, 2013; Kiss et al, 2014; Ke et al,

2018). A significant proportion of our tomograms showed helical

ordering of glycoproteins, manifesting as striped arrays of density

when viewed as slices taken through the glycoproteins at the top

and bottom of virions (Fig 4A, Movie EV1 timepoint 2m 42s). Mea-

surements of the spacings between the rows of glycoprotein spikes

A B C D

Figure 1. Respiratory syncytial virus forms filamentous virions that exhibit a high degree of helical order.

A Immunofluorescence imaging of vero cells infected with RSV at 72 h post-infection shows an abundance of filamentous particles. Virus particles were identified by
labelling with an antibody that targeted the nucleocapsid protein (green). Phalloidin was used to localise actin (red), and DAPI reagent was used to stain cell nuclei
(blue).

B Cryo-EM image of a short section of RSV filament.
C The power-spectrum for the filament shown in (B) is shown, Fourier-Bessel analysis was used to identify a putative helical lattice, the positions of principal maxima

are indicated by boxes, and however, one was found to be missing (green box). The lattice was only able to be identified using higher-order reflections.
D Masking and Fourier synthesis led to the reconstitution of a one-sided, filtered image, showing the presence of helical tracks and strong density lining the inner

leaflet of the viral envelope (inset).
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ranged between 89 and 208 �A, having both a mean and mode of

135 �A (SD = 20.6, n = 150). Some virions exhibited extensive and

long-range ordering of the glycoproteins. Interestingly, the glycopro-

tein spikes were often observed to cluster in pairs (Fig 4B). This

was even more apparent in tomograms of virions that were only

sparsely decorated with glycoproteins (Fig 4C–F). Centre to centre

measurements of the spacing of paired glycoprotein spikes gave a

mean distance of 84 �A (SD = 7.9, n = 100).

A tomogram collected at the outset of this project on a JEOL

2200 FS cryomicroscope showed a large membranous structure, that

might be interpreted as a pleomorphic virion or cell debris, pro-

duced by RSV-infected Vero cells. This object showed angular,

thicker regions of membrane, consistent with the presence of a

matrix layer (as also seen in Fig 2B), picket-fence like arrangement

of glycoprotein spikes, and contained both nucleocapsid and ring-

shaped assemblies (Fig 4G—Movie EV1 timepoint 3m 22s). This

object also had patches of density packed to form a honeycomb lat-

tice (Fig 4H and I). The lattice appeared to be contiguous with the

side-views of the glycoprotein spikes (Movie EV1 timepoint 3m 37s)

and in places individual densities consistent with single glycoprotein

spikes could be seen. Considering the clustering of RSV glycoprotein

spikes in pairs described above, we hypothesise that this array is an

alternate arrangement of glycoproteins. While rarely imaged, we

have also observed honeycomb packing of glycoproteins in a subse-

quent investigation of RSV virion morphology in the context of co-

infections (preprint: Haney et al, 2021), (Fig EV1). Making accurate

measurements of the lattice was challenging as the densities were

mostly not sharply resolved; nonetheless, by measuring distances

between vertices of hexagons we estimated the mean spacing

between glycoprotein spikes to be 74 �A (SD = 9.5, n = 50).

A

D E F G

B C

Figure 2. Cryoelectron tomography of RSV filaments reveals a complex envelope.

A Propagating RSV directly on the TEM grid led to improved preservation of filamentous morphology.
B, C Despite the gentle preparation methods, many virions showed signs of disruption such as varicosities. The areas indicated by purple boxes were imaged to collect

tilt-series. The filament in panel (A) is shown in Fig 3A, the filament in panel (B) is shown in Fig 2G, and the filament shown in panel (C) is shown in Fig 3B.
D, E (D) A central slice through a denoised tomogram shows a complex viral envelope, shown at higher magnification in (E). Glycoprotein spikes are densely packed,

giving a picket-fence like appearance when viewed from the side (highlighted in mauve). The lipid bilayer is highlighted in pale blue, the matrix layer in orange,
and the less well-ordered protein layer previously hypothesised to consist of M2-1 is shaded in dark blue.

F Tilt-series were collected targeting straight regions of filamentous virions; however, some tomograms captured the virion ends, which were found to be
hemispherical but rather flattened. In some cases (as shown here), the matrix layer was intact and contiguous at the filament ends (blue arrows), while some
virions showed an absence of M.

G Loss of virion integrity was accompanied by discontinuities in the matrix layer (green arrows).
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Sub-tomogram averaging of RSV envelope components—packing
of matrix proteins

To better understand the way the RSV matrix protein drives virion

assembly, we sought to calculate a three-dimensional reconstruction

of the matrix layer by sub-tomogram averaging. Tiles of the viral

envelope were extracted and aligned using Dynamo (Castano-Diez

et al, 2012), yielding a 3D reconstruction of the matrix layer at 16 �A

resolution (Fig EV2). Viewed from the virion interior, the recon-

struction reveals a regular array of M proteins (Fig 5A–C, Movie

EV2 timepoint 0m 7s). Viewed from the virion exterior the

reconstruction has weak stripes of density that are visible at lower

isosurface threshold levels (Fig 5D–F, Movie EV2 timepoint 0m

32s). This feature is likely incoherent averaging of the viral glyco-

protein spikes.

The X-ray structure and solution studies of the RSV M protein

showed that it assembles into dimers (Forster et al, 2015) (Fig 6A

and B, Movie EV2 timepoint 0m 46s). Interestingly in that study, the

M-dimers in the C2 crystal lattice were stacked into sheets (Fig 6C,

Movie EV2 timepoint 1m 10s). Docking the coordinates of the M-

dimer (PDB 4V23) into our map generated a curved array that

closely resembled the arrangement seen in the (a,c) plane of the X-

ray structure (Fig 6D and E, Movie EV2 timepoint 1m 54s). A low-

pitch, right-handed helix follows the (1,0,-1) direction of the C2 unit

cell of the X-ray structure, which is the (1,1) direction in the P2

sheet (shown in Fig 6C). This had a spacing of 82 �A and an angle of

86.5° relative to the filament axis (Fig 6F). The a and c axes in the

C2 X-ray structure unit cell correspond to the long-pitch helical

strands having rise and tilt measurements of 54 �A / 40° (left-

handed) and 66 �A / 45° (right-handed) respectively.

Our fitted model clearly establishes the orientation of M-dimers

relative to the viral envelope allowing the contact surface with the

inner leaflet to be identified (Fig 7A). This surface is strongly posi-

tively charged (Fig 7B and C, Movie EV2 timepoint 2m 45s),

whereas the interior surface of the matrix array presents stripes of

negative charge (Fig 7D and E, Movie EV2 timepoint 2m 35s) that

may be important in coordinating the packaging of M2-1 and viral

nucleocapsids. Attempts to fit the X-ray structure such that the

opposite face of the M-dimer was apposed to the inner surface of

the viral envelope resulted in poorer correlation between map and

model, substantial regions of the model extending beyond the

envelope of the reconstruction and extensive steric collision

between dimers.

When considered in the context of the sub-tomogram average

viewed at lower isosurface threshold, the stripes of density that we

have assigned to the viral glycoprotein spikes align to the array of

M-dimers (Fig 7F). The spacing of these stripes of density does not

however match those in the raw tomograms (45 �A versus 135 �A).

These data suggest that a helical array of glycoprotein spikes is coor-

dinated by the matrix layer, albeit the helix of spikes does not

exactly follow the underlying lattice of M-dimers. Rather, the pro-

cess of aligning sub-tomograms to the lattice of the matrix layer has

led to superposition of the more widely spaced array of spikes,

manifesting as tightly packed rows of density that are an artefact of

the reconstruction process.

Discussion

We have used cryogenic electron microscopy and tomography to

study the structure of filamentous virions of respiratory syncytial

virus propagated directly on the transmission electron microscopy

support grid. This approach has allowed these large fragile struc-

tures to be imaged while minimising disruption caused by sample

preparation. These data show that far from being a disordered pleo-

morphic virion comprising a membranous bag filled with nucleo-

capsid, RSV assembles highly ordered virions. Fourier analysis

demonstrated that virions have extensive helical order. We were

able to characterise the extent of this order by 3D imaging of virions

using cryo-ET, combined with sub-tomogram averaging.

A B C

Figure 3. RSV virions package helical nucleocapsids and an abundance of N-RNA rings.

A Central slices through tomograms showed that virions contained helical nucleocapsids having the characteristic herringbone morphology (blue arrow).
B Many virions also contain large numbers of ring-shaped assemblies.
C A close-up view of these structures reveals the presence of radial spokes (pink arrows). These structures are morphologically very similar to previously described

decameric and undecameric rings produced by recombinant expression of RSV N.
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Nucleocapsid morphology and packaging of N-RNA rings

Denoised tomograms of RSV filamentous virions revealed an abun-

dance of nucleocapsids packaged within the virions. Many were

seen to exhibit the classical herringbone morphology previously

described for nucleocapsid-like particles produced by heterologous

expression of the RSV N protein (Bhella et al, 2002; Maclellan et al,

2007; Bakker et al, 2013). We also observed large numbers of ring-

shaped assemblies. These rings bear a striking resemblance to N-

RNA rings also previously described, and although rings are pro-

duced following heterologous expression of N proteins from a vari-

ety of mononegavirales (Bhella et al, 2002; Albertini et al, 2006;

Alayyoubi et al, 2015), we believe that this is the first report of N-

RNA rings being produced in authentic virus infections. It is not

known what RNA species is associated with virion-associated N-

RNA rings. Some of the most abundant RNA species in RSV-infected

cells are short 21-25 nt RNAs generated from the leader (le) and

trailer (tr) promoter regions (Noton et al, 2012; Tremaglio et al,

2013; Braun et al, 2017). Previous studies have shown that a frac-

tion of these RNAs are nuclease resistant, indicating that they can

be encapsidated (Tremaglio et al, 2013). Although it is well accepted

that N-RNA rings would be expected to contain 70 nt of RNA encap-

sidated by 10 N protomers (Tawar et al, 2009; Bakker et al, 2013), it

has been shown that if purified recombinant N protein is incubated

with RNAs as short as 14 nt, it can form N-RNA rings that are of

similar dimensions as those reconstituted with longer RNAs (Gao

et al, 2020). This suggests either that RNA is only required to nucle-

ate the encapsidation event and that subsequent N-N interactions

allow formation of a 10-protomer ring that is not necessarily entirely

RNA-bound, and/or that short N-RNA complexes can associate

together to form 10 N-protomer rings containing multiple small

RNA oligonucleotides. Thus, the ~ 20–25 nt RNAs found in abun-

dance in RSV-infected cells could potentially be incorporated into N-

RNA rings and packaged into virions. Whether N-RNA rings fulfil a

functional role in newly infected cells, such as nucleating liquid-

liquid phase separated biomolecular condensates to serve as

A

G H I

B C D E F

Figure 4. Helical ordering and clustering of RSV glycoprotein spikes.

A, B (A) A slice through the glycoprotein spikes of a filamentous RSV virion shows that they are helically ordered. Long-range ordering of the glycoprotein spikes is
evident, as is clustering of spikes in pairs (highlighted in (B)).

C–F In virions that are sparsely decorated with glycoprotein spikes, clustering in pairs is even more apparent.
G A central section through a tomogram of a pleomorphic RSV virion showing the presence of both herringbone nucleocapsids and N-RNA rings (blue arrows),

flattened, thicker membranes that likely have a matrix layer (green arrow), and tightly packed glycoprotein spikes (pink arrows).
H, I A section through the envelope region of the same particle shows the presence of a honeycomb-like array of densities that may be an alternate arrangement of

glycoprotein spikes, and discrete densities are seen (purple arrow) that are likely individual glycoprotein spikes.
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transcription/replication centres (Rincheval et al, 2017; Roden &

Gladfelter, 2021) or inhibiting cellular stress responses (Hanley

et al, 2010) remains to be determined.

Packing of M-dimers in the matrix layer and variations in
filament radii

Fourier analysis of cryo-EM images of filamentous virions showed

the presence of helical ordering in these particles. The highly vari-

able radii of filamentous virions together with the weak intensity of

layer lines and missing principal maxima in the Fourier transforms

frustrated our efforts to compute a 3D reconstruction using Fourier-

Bessel or real-space methods. Nonetheless, these data encouraged

us to continue investigating the structure of these important virions

using tomography and sub-tomogram averaging. This led to the cal-

culation of a 3D reconstruction of the viral envelope that showed

how M-dimers pack together to form the matrix layer, unequivocally

orienting the dimers relative to the inner leaflet of the lipid bilayer

and orienting the M lattice relative to the virion’s filament axis.

Docking the X-ray structure to our cryo-EM 3D reconstruction

showed that the curved lattice of M-dimers closely matches the pla-

nar arrays previously seen in the M crystals. In Fig 6F, we show

measurements of vectors along the lattice, a right-handed (1,1) helix

with a spacing of 82 �A between subunits and a left-handed (a) helix

with a spacing of 54 �A. The axial rise per subunit for each of these

helices is approximately 5 �A and 45 �A respectively. If the matrix

tube was to polymerise as a simple 1-start, right-handed (1,1) helix,

then it would comprise eight helical strands (along the a or c direc-

tions) and have a radius of ~ 100 angstroms. This is considerably

smaller than the measured radii of the matrix layers in our viral fila-

ments, which ranged between 370 and 660 �A (Fig EV3). Thus, we

expect the matrix layers of filamentous virions to exhibit more com-

plex geometries assembling as n-start (1,1) helices and incorporat-

ing different numbers of helical strands (likely between ~ 30 and

A B C

D E F

Figure 5. Sub-tomogram averaging of the RSV viral envelope reveals the structure of the matrix layer.

A Viewed from the filament interior, a regular array of density is seen in the envelope layer attributed to the matrix protein.
B The average is tilted 45° towards the viewer.
C The average is tilted a further 45°, giving a view of the lipid bilayer. The inner leaflet of the bilayer is only weakly resolved compared to the outer leaflet.
D Viewed from the virion exterior at a lower isosurface threshold, stripes of weak, noisy density are seen. This is likely incoherent averaging of glycoprotein spike

density.
E Tilting the reconstruction towards the viewer by 45° shows that the inner leaflet contacts the M-layer.
F A fourth density layer is now visible, under the matrix. This density has been previously attributed to the RNA polymerase co-factor M2-1. Like the glycoprotein

density at the exterior of the envelope, the M2-1 density is weak and incoherently averaged.
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~ 50). The matrix layer can be thought of as a sheet corresponding

to the (a,c) plane of the C2 crystal lattice that has been rolled into a

tube. Because the number of helical strands in a filament is large,

only small distortions would need to be introduced to bend the

sheet to form a cylinder. Indeed, distortions of the M-dimer interface

that were postulated to foster curvature have been observed (Forster

et al, 2015). Incorporating different numbers of helical strands in

the matrix layer would accommodate the considerable variation in

filament diameters that are observed. Although each different num-

ber of strands would be associated with different helical parameters,

the underlying M lattice would remain the same.

Helical ordering and clustering of glycoprotein spikes—
implications for virion assembly, entry and the design of
interventions to prevent RSV disease

Our tomograms showed several virions that exhibited clear helical

ordering of glycoproteins, features confirmed by sub-tomogram

averaging. Measurements of the spacing between successive turns

of these helices gave a mean value of 135 �A. The spacing between

strands of the low-rise right-handed (1,1) helix of M-dimers that

coincides with the stripes of density attributed to the glycoprotein

spikes in our sub-tomogram average was 45 �A however. This,

together with the weak intensity of this feature in the reconstruction

(usually a consequence of low-occupancy and/or incoherent averag-

ing), indicates that the helical ordering of the glycoprotein spikes is

coordinated by, but not congruent with the underlying lattice of

matrix proteins. The most likely explanation of this anomaly is that

the helical array of glycoprotein spikes is coordinated by every third

(1,1) helical strand (and less frequently by every second or fourth

strand). Whether this phenomenon is simply a consequence of steric

collision preventing association of a glycoprotein spike with every

M-dimer, or an allosteric mechanism whereby binding of a glyco-

protein spike to one matrix dimer favours binding to successive

dimers on the same strand, or prevents binding on adjacent strands,

remains to be determined.

A B C

D E F

Figure 6. Docking the X-ray structure of M into the sub-tomogram average.

A, B The published X-ray structure for RSV M shows that it forms a dimer (PDB accession number 4V23).
C In the X-ray structure, M-dimers pack as stacked sheets in the (010) plane of the C2 crystals.
D Docking the M-dimer into the 3D reconstruction shows a curved lattice with similar packing in virio to the planar sheets seen in the crystal structure.
E Close-up view of the docked M coordinates.
F Measurements of the lattice spacings of M-dimers in the docked model of the matrix layer. A low-pitch helix corresponding to the (1,1) direction of the planar

lattice (shown in panel C) has a spacing of 82 �A. Helix strands corresponding to the a and c axes in the C2 unit cell of the X-ray structure have spacings of 54 �A and
66 �A respectively.
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Intriguingly, we have found that glycoprotein spikes tend to clus-

ter in pairs. This finding may have considerable implications for our

understanding of both viral attachment and entry processes, as well

as epitope presentation and vaccine design. Further investigation

targeting the structure of paired glycoprotein spikes will be neces-

sary to establish whether they comprise F-F, G-G or F-G clusters,

and whether clustering is coordinated by M, or an intrinsic property

of the glycoprotein spikes. The spacing of glycoprotein spikes in

doublets on filamentous virions was measured at 84 �A, whereas the

spacing of M-dimers along the low-pitch helix measured 82 �A. Thus,

doublet formation may be coordinated by M packing, the slightly

larger spacing being a consequence of the measurements being

made at a higher radius. Sub-tomogram averaging using masks to

target both the glycoprotein spikes and M from tomograms of

virions that have very well-ordered glycoproteins may therefore pro-

vide a more detailed view of the interaction between M-dimers and

the cytoplasmic tails of glycoproteins and confirm whether M

coordinates glycoprotein spike doublet formation as well as helical

packing.

In addition to helical ordering of glycoprotein spikes with doublet

formation, we also observed formation of an alternate lattice of gly-

coprotein spikes, seen on a large pleomorphic virion. Measurements

of this array indicated closer packing of spikes (74 �A), although the

analysis was subject to greater ambiguity, owing to the less sharply

resolved density. It would be interesting to establish whether this

mode of packing reflects ordering of glycoprotein spikes at the

plasma membrane and whether it too is coordinated by M. It has

previously been shown that M is critical for the formation of fila-

ments but not nucleation of budding sites (Mitra et al, 2012). Asso-

ciation of M with detergent-resistant lipid microdomains (thought to

be the sites of virion assembly) has been shown to depend on glyco-

protein expression (Henderson et al, 2002; Marty et al, 2004). Con-

focal microscopy showed the presence of M protein in inclusion

bodies and at the cytoplasmic side of the host cell plasma membrane

A B C

D E F

Figure 7. Orienting the matrix layer relative to the viral envelope and glycoproteins.

A A section through the sub-tomogram average reconstruction with fitted coordinates for M shows the orientation of the M-dimer relative to the inner leaflet of the
lipid bilayer.

B–E (B and C) A solvent excluded surface representation of the matrix layer is presented coloured to show the electrostatic potential. It shows that the surface facing
the lipid bilayer is positively charged, while the surface facing the virion interior presents stripes of negative charge (D and E).

F A view of the docked model placed within a transparent isosurface of the sub-tomogram average reconstruction and viewed at an isosurface threshold of 0 from
the virion exterior shows that the noisy weak density that we attribute to the viral glycoprotein spikes aligns with the (1,1) helix (alternate strands are coloured
pink and blue).
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(Marty et al, 2004). One possible interpretation of the honeycomb-

like packing of glycoprotein spikes may be that they (and possibly

also M) have the potential to pack in a fullerene-like manner at the

plasma membrane, fostering the formation of hemispherical caps.

Filament elongation might then be driven by assembly of the helical

M-dimer lattice, polymerising along the low-pitch helix and engag-

ing the cytoplasmic tails of F and G to form the membrane-enclosed

helically ordered virions we have observed. Further studies

employing cryo-ET of RSV budding sites may define more precisely

the ordering of envelope-associated proteins and glycoproteins at

the plasma membrane and thereby inform our understanding of

virion morphogenesis.

Summary

In the present study, we have used a range of cryogenic electron

microscopy and image analysis approaches to characterise the struc-

tures of RSV filamentous virions. In so doing, we have shown that

RSV packages large quantities of N-RNA rings as well as full-length

genome containing nucleocapsids. We have provided a detailed

description of the viral envelope, in which we discerned the packing

of M-dimers, describing how they are oriented relative to the inner

leaflet of the viral envelope and how they are ordered to form a helical

array. Furthermore, we show that the helical packing of M-dimers

coordinates helical ordering of viral glycoprotein spikes and that the

spikes have a propensity to form doublets, a feature that may also be

coordinated by M. Finally, we have described an alternate packing of

glycoprotein spikes that may be important for virion morphogenesis.

Our findings indicate that future structural analyses have the

potential to provide detailed insights into glycoprotein–matrix inter-

actions that drive virion morphogenesis, information that may lead

to interventions to treat RSV disease. Moreover, our discovery of

extensive ordering of viral glycoproteins has implications for our

understanding of the mechanisms of virus attachment and entry and

may inform the design of more effective antigens for improved vac-

cines to prevent RSV disease.

Materials and Methods

Confocal microscopy

Vero cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, Life Technologies, UK) supplemented with 10% foe-

tal bovine serum (FBS; Gibco, Life Technologies) at 37°C in an

atmosphere containing 5% CO2. Monolayers grown to 75%

confluency on glass cover slips were infected with Human Respira-

tory Syncytial Virus (strain A2—RSV) at a multiplicity of infection

(MOI) of 0.5 for 1 h and then washed, replacing the media with

DMEM containing 2% FBS. At 24-, 48- and 72-h timepoints, cells

were fixed in 4% formaldehyde and 2.5% Triton X-100 in PBSA, a

blocking step of incubation with sheep serum for 1 h was followed

by immunostaining for N using a mouse monoclonal antibody

(aN009 (Murray et al, 2001)) and detected using a sheep anti-mouse

FITC conjugate (Sigma, UK). Phalloidin Alexa Fluor 568 (Invitrogen,

UK) was used to stain actin. Cells were mounted using ProLong

Antifade plus DAPI reagent (Invitrogen, UK). Imaging was carried

out with the Zeiss LSM710 laser scanning confocal microscope.

Propagation of RSV on cryo-EM grids

Vero, U2-OS or A549 cells were seeded on to cryo-EM grids as fol-

lows. Freshly glow-discharged finder gold quantifoil grids (200

mesh R2/2—Quantifoil MicroTools GmbH, Germany) were sterilised

in 70% EtOH and placed in a glass-bottomed MatTek dish (MatTek

Corporation, MA, USA). 200 ll of laminin (50lg ml-1) was added

and incubated overnight. Grids were then washed in DMEM. 105

cells were added in 2 ml of DMEM supplemented with 10% FBS

and incubated at 37°C in an atmosphere containing 5% CO2 over-

night before infection. Cells were infected with RSV at a MOI of 1

and incubated for a further 72 h before being prepared for cryo-EM.

Grids were frozen for cryo-EM by plunge freezing. Briefly, 3 ll of
a suspension of 5nm colloidal gold beads was pipetted onto each

grid (BBI Solutions, United Kingdom). Grids were then transferred

to a Vitrobot Mk IV (Thermo Fisher Scientific), blotted for four sec-

onds and then immediately plunged into a bath of liquid ethane.

Imaging—projection images

RSV virions were imaged at the MRC—Laboratory of Molecular Biol-

ogy on a Thermo Fisher Scientific Titan Krios microscope equipped

with a Falcon II detector. The microscope was operated at a nominal

magnification of 29k× giving a calibrated pixel size of 2.84 �A at the

specimen scale. Micrographs were recorded as movies, comprising

70 individual frames and with a dose per frame of 1 electron/�A2 and

at 18 frames per second.

Imaging—tomography

Initial tomography experiments were performed on a JEOL 2200 FS

equipped with a Gatan Ultrascan 4000 CCD detector and 914 cryo-

holder. Continuous tilt-series were collected, using SerialEM, from

�60° to +60° at 2° intervals and at a nominal magnification of 20k×,

corresponding to an unbinned pixel size of 5.32 �A at the specimen

scale. Improved tomography data, suitable for sub-tomogram averag-

ing, were then collected at the UK electron bio-imaging centre at Dia-

mond Light Source (eBIC) on a Thermo Fisher Scientific Titan Krios

microscope equipped with a Gatan BioQuantum K2 energy filtered

direct detection camera. Dose-symmetric tilt-series collection was

performed using SerialEM (Mastronarde, 2005; Hagen et al, 2017).

Energy-filtered images were collected with a slit-width of 20eV and an

applied defocus of between �2 and �4.5 lm. One-second exposures

were recorded with an electron exposure of 2 electrons/�A2, partitioned

over five movie frames. A total of 41 images were recorded per tilt-

series at 3° intervals from �60° to +60°, and thus, a total exposure of

82 electrons/�A2 was applied per tilt-series. Tilt-series were recorded at

a nominal column magnification of 81k× corresponding to a calibrated

pixel size of 1.79 �A at the specimen scale.

Fourier analysis

Projection images and their Fourier transforms were initially visua-

lised using Ximdisp (Smith, 1999). Indexing was performed using

PyHI (Zhang, 2021). Fourier synthesis was used to produce a fil-

tered image of the helical components by assigning crystallographic

indices to pairs of reflections in the Fourier transform. The image

was reconstituted by masking and inverse Fourier transformation
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using trmask, a program within the MRC image processing software

suite (Crowther et al, 1996).

Tomogram calculation

Individual movies were corrected for drift and beam-induced motion

using MotionCor2 (Zheng et al, 2017). Motion corrected images

were then compiled into an angle ordered stack file using a perl

script to extract the correct files and tilt angles from the SerialEM

metadata files (mdoc), creating the final tilt-series using the IMOD

command newstack (Kremer et al, 1996). Tilt-series alignment and

reconstruction by weighted back projection were then accomplished

using the IMOD package. Defocus estimation was performed using

CTFFIND4 (Rohou & Grigorieff, 2015). For visualisation and inter-

pretation, tomograms were binned by a factor of four and then

denoised using the denoise3d option in Topaz (Bepler et al, 2020).

Sub-tomogram averaging

Tomograms were recalculated with a SIRT-like filter (50 iterations)

and 8× binning to assist in filament axis definition and particle picking

in Dynamo (Castano-Diez et al, 2012, 2017). A catalogue was created

with 10 tomograms containing 11 filamentous RSV virions. Sub-

tomogram/particle coordinates were defined along the filaments using

the “crop on rings along path” model in Dynamo (Fig EV4). From the

10 tomograms, 30,088 sub-tomograms were extracted from the over-

sampled coordinates in a box size of 323 pixels, oriented normal to the

filament/viral envelope. An initial average was calculated and smeared

along the filament major axis to produce a featureless reference. More

accurate sub-tomogram positions were calculated by running an align-

ment project with the featureless reference and allowing shifts only in

the z direction to locate the precise position of the viral envelope.

Sub-tomograms were aligned to a smeared and low pass filtered

reference while allowing angular and rotational searches of 15° with

5° sampling. Shifts of 4, 4 and 1 pixels were permitted in X, Y and Z

directions respectively. Initial alignments were performed with a wide

saddle-shaped mask (to exclude density from the viral envelope and

M2-1 layers) followed by a tighter mask. Upon completion of the

alignment projects, the sub-tomograms were re-centred in the extrac-

tion boxes based on the improved coordinates and extracted from

tomograms with a reduced level of binning, that is 4×, 2× and 1× bin-

ning. 15 alignment iterations were performed at each binning level.

The averaging and alignment protocols were repeated for each

reduced level of binning with an increasing box size until unbinned

averages were attained (in a 2563 box). For the final alignment step,

sub-tomograms were extracted from tomograms calculated using

weighted back projection (i.e. omitting the SIRT-like filter). Half-maps

were generated and compared using the Relion post-processing and

local-resolution tests (Scheres, 2012). A FSC cut-off of 0.5 was adopted

to measure the resolution of the map for the M-layer using a saddle-

shaped mask. Averages were visualised, and X-ray structures were

fitted in UCSF Chimera and ChimeraX (Pettersen et al, 2004, 2021).

Data availability

The sub-tomogram average described in this paper and a representa-

tive tomogram have been deposited in the electron microscopy data

bank with accession numbers EMD-13855 (https://www.ebi.ac.uk/

emdb/EMD-13855) and EMD-13856 (https://www.ebi.ac.uk/emdb/

EMD-13856) respectively.

Expanded View for this article is available online.
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