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Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of the COVID19
pandemic, is a highly pathogenic β-coronavirus.
As other coronaviruses, SARS-CoV-2 is enveloped
and remodels intracellular membranes for genome
replication and assembly. Here, we report critical
insights into the budding mechanism of the virus
and provide structural details of virions and virus
induced double-membrane vesicles by in situ
cryo-electron tomography. We directly visualized
double-stranded RNA within double-membrane
vesicles, forming a loosely organized network with
frequent RNA branching consistent with templatedirected RNA synthesis intermediates. Our data
indicate that membrane bending is orchestrated by
the spike trimer and viral ribonucleoprotein
complex recruitment into virion budding sites,
suggesting the synergistic interplay of both viral
components as a possible drug target for
intervention.
Coronaviridae is a large family of positive-sense
single-stranded RNA ((+)ssRNA) viruses that infect a
broad range of vertebrate hosts. β-coronaviruses,
including SARS-CoV-1 and Middle Eastern
Respiratory Virus (MERS-CoV) are highly contagious
pathogens that can cause severe lower respiratory
infections. At the end of 2019, SARS-CoV-2 emerged
in the city of Wuhan, China, likely through zoonotic
transmission via a bat reservoir and a still unidentified
intermediate host that subsequently led to a pandemic
(1), accumulating to date to over 8 million cases and
close to 500,000 deaths worldwide (2).
Cryo-electron microscopy studies of SARS-CoV-1 and
the closely related murine hepatitis virus (MHV) show
that the virions are predominantly spherical or
ellipsoidal with an average envelope diameter between
80 and 90 nm (3). The main structural components of

coronaviruses are the glycoprotein S, the
transmembrane proteins M and E and the
nucleoprotein N, which forms a viral ribonucleoprotein
(vRNPs) complex with the viral RNA (vRNA). SARSCoV-2 and SARS-CoV-1 S are structurally similar
glycosylated homotrimers (4, 5) that bind to the
angiotensin-converting enzyme 2 (ACE2) receptor
present on the cell surface of permissive cells (6).
Similar to other (+)ssRNA viruses (7), coronaviruses
modify cellular membranes to form double-membrane
vesicles (DMVs), which are used as dedicated sites for
vRNA replication (8). Several studies on βcoronaviruses SARS-CoV-1 and MERS-CoV that
include electron tomography (ET) point towards DMVs
being derived from ER cisternae in a process
predominantly driven by the nonstructural protein 3
(nsp3) and nsp4 (9). In this model, the ER lumen
constitutes the space between the DMV’s inner and
outer membrane, while the enclosed space is of
cytoplasmic origin and enriched in double-stranded
RNA (dsRNA) (10). Although the DMVs’ outer
membranes are interconnected through narrow pores,
the inner membrane appears to be sealed, posing the
important question of how RNA is transported through
the two membranes into the cytoplasm. Virion
assembly takes place on the cytoplasmic side of the
ER-Golgi
intermediate
compartment
(ERGIC)
cisternae (11).
Here, we used cryo-ET on cryo-focused ion beam
(cryo-FIB) milled lamellae or whole cell cryo-ET of
various SARS-CoV-2 infected cell lines to structurally
characterize DMV morphology, virus assembly, and
extracellular virions close to their native state. In
addition to commonly used monkey kidney derived
VeroE6 cells, we included the human pulmonary cell
lines Calu3 and an A549 derived cell line stably
expressing the ACE2 receptor (A549-ACE2) that is
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largely absent in naïve A549 cells (Fig
S1A). Consistent with previous results on
SARS-CoV-1 (12), we could show that
exogenous expression of ACE2 renders
A549 cells permissive for SARS-CoV-2
(Fig. S1B and C). Although ACE2 mRNA
levels in A549-ACE2 cells were higher
than in Calu3 and VeroE6 cells, VeroE6
and Calu3 cells showed a higher
proportion of infected cells at 16 hours
post infection (hpi) characterized by antidsRNA staining (Fig. S1D and E),
indicating that ACE2 mRNA levels do not
directly correlate with permissiveness of
these cell lines to SARS-CoV2 infection.
DMVs and the RNA network
We first focused on the characterization of
DMVs, which were found in all analyzed
cell lines (Fig. S2), and on the
visualization of RNA confined in the DMV
interior. Cryo-ET revealed that both inner
and outer DMV membranes appeared
smooth and were separated by a variable
luminal spacing of 18 nm (SD = 9 nm, n =
32) (Fig 1). DMV appearance and size
Fig. 1. Spatial distribution and length of RNA filaments. (A) Slice of a SIRTdistributions were similar in all infected
like filtered tomogram of an A549-ACE2 cell infected with SARS-CoV2 showing a
cell lines with an inner average diameter DMV. (B) Magnified slice showing filaments and a filament branching point
(arrowhead) in detail. (C) Distribution of DMV inner membrane diameter in three
of 336 nm (SD = 50 nm, n = 20) (Fig. 1C).
different cell lines (A549-ACE2: n = 14; VeroE6: n = 20; Calu3: n = 3). Data is
This is in agreement with the diameter of shown as Box and Whiskers plots indicating the median, 25% and 75% quantiles,
the DMVs in SARS-CoV-1 infected minimum and maximum values and all data points. (D and E) Tomogram slices
VeroE6 cells, which was 300 ± 50 nm shown in (A and D) after content-aware denoising using cryo-CARE (16). (F)
using the outer membranes (10). A Average normalized density line profile of filament cross-sections with indicated
deviation (n = 80 from two tomograms) and average grey value of the
network of thin and electron-dense standard
DMV interior (0.44 a.u., dotted line). (G and H) Manual segmentation of the
filaments,
presumably
representing denoised DMV (Movie S1), inner and outer membrane are represented in light and
vRNA, was clearly observed in all DMVs dark green, respectively. Individual segmented filaments are colored according to
their length and a branching point is indicated by an arrowhead in the magnified
(Fig. 1, S2). Individual vRNA filaments
appeared smooth and did not organize segmentation image (H). (I) Histogram of RNA length (n = 75) with a bin size of 20
nm. Length of branched filament was calculated as a sum of all connected
into bundles or concentric layers (Fig. 1D filaments. Scale bars: (A and D) 100 nm, (B and E) 10 nm.
and E, Movie S1) that were observed for
the dsRNA of the Flock House Virus (13). The template (Fig. 1G and H). Individual filaments featured
filaments had a uniform average diameter of 2.68 nm a highly variable length ranging from 8 – 487 nm with
(SD = 0.23 nm, n = 80 from two tomograms) (Fig. 1F) an average length of 76 nm (SD = 79 nm, n = 75) (Fig.
and no electron-densities attributable to proteins 1I). The length distribution corresponds to 29 – 1739
attached to the fibers or to the inner DMV membrane base pairs taking into account the 0.28 nm rise per
were observed. The measured filament diameter residue in the dsRNA A-helix (14). Considering that E
corresponds well to the diameter of the A-form RNA and S, based on their gene length, would form 64 nm
double-stranded helix (14). Strikingly, we observed and 1070 nm long A-form helices, the observed
filament branching points reminiscent of transcription filaments might represent dsRNA intermediates of
intermediates representing a template that is copied subgenomic transcripts. In line with other reports, we
with newly synthesized RNA being displaced from the were unable to localize an opening in the DMV
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membranes such as a pore that would allow RNA
trafficking between the DMV interior and the
cytoplasm. Together, our observations show a DMV
interior rich in dsRNA. Although DMVs might be a site
of replication, it is as well possible that DMVs’ purpose
is to conceal dsRNA transcription and replication
byproducts that would otherwise be recognized by

pattern recognition receptors of the innate immune
system. Interestingly, the vault complexes, that among
other functions have a role in dsRNA or virus-induced
proinflammatory response (15), were observed in the
proximity of DMV membranes (Fig. S3A – F).

It has previously been shown that DMVs are part of a
network and can fuse into multivesicular
compartments (10). To provide further
structural information on how DMV fusion
is mechanistically governed, DMVs
within close proximity to each other were
analyzed (Fig. 2). Besides funnel-like
connections (Fig. 2A), we observed
tightly apposed DMVs where all four
membranes were stacked forming a
curved junction budding into juxtaposed
DMVs (Fig. 2B and C). The junction
appeared to be electron-dense, yet no
particular features were found between
the
individual
membranes.
The
membrane stack at the center of the
junction had an average thickness of
19.4 nm (SD = 2.7 nm, n = 4),
approximately conforming to four lipid
bilayers, and an average diameter of 120
nm. Consistent with a recent study, we
also found vesicle packets (VPs)
containing two or more vesicles
surrounded by one outer membrane,
presumably a product of DMV-DMV
fusion (Fig. 2D – F) (17). In one case, we
observed that the inner membranes of
the DMVs formed a junction that resulted
in an opening between two fusing inner
vesicles (Fig. 2F). Based on these
observations, we propose that DMV
homotypic fusion occurs through
membrane stacking engaging both inner
and outer membranes. Tight membrane
apposition together with high curvature
might
energetically
contribute
to
membrane fusion or to a membrane
rupture followed by membrane resealing.
Fig. 2. Juxtaposed DMVs form membrane junctions that lead to homotypic
Since DMV fusion leads to a
fusion. Tomograms showing DMVs in VeroE6 (A – C) and Calu3 (D – F) cells at
minimization of membrane surface to
16 hpi. For each tomogram, a magnified area is shown below and indicated as a
white square. 10 slices of the tomogram were averaged. (A) DMV-DMV interaction
volume ratio and the number of VPs
via a constricted outer membrane connection. (B and C) Tightly apposed
increases during the infection (17), we
membrane stack composed of four membranes (arrows) of varying curvature
speculate that DMV fusion is required for
between two juxtaposed DMVs. (D) VP containing two inner vesicles with a tight
repurposing membranes for virion
membrane-membrane contact. (E) DMV interaction with a VP containing two inner
vesicles. (F) VPs containing four inner vesicles with tight contact and an opening
budding at advanced stages of the
aperture formed by two stacked membranes indicated by white arrows. Scale bars:
replication cycle, which is supported by
(A – F) 100 nm, (magnified areas) 50 nm.
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the observation of a fully assemble virion inside the VP
lumen (Fig. 2D).
Virion assembly and structure of intracellular
virions

more distant from the membrane showed a dispersed
distribution of S (Fig. 3G) around the entire virion,
indicating that S trimers are mobile on the virion
envelope and redistribute during the budding process.
Thus, the lattice between S – M – N may not be as
well-defined as previously proposed (22).

The ERGIC constitutes the main assembly site of We further analyzed the structure of intracellular
coronaviruses (11) and budding events have been virions. Notably, S trimers were not always oriented
described by EM studies (10, 18, 19). In situ cryo-ET orthogonally to the membrane of the mostly spherical
allowed us here for the first time to study SARS-CoV- or ellipsoidal virions (Fig. 4A and B). Previous
2 virion assembly in close to native conditions and ultrastructural studies of other coronaviruses reported
enabled us to localize individual S trimers and vRNPs average virion diameters of 85 ± 5 nm for MHV (3) and
with high precision. Virus-budding was mainly 88 ± 6 nm for SARS-CoV-1 (22). We did not observe
clustered in regions with a
high vesicle density and
close to ER- and Golgi-like
membrane arrangements
(Fig. 3A and S4, Movies S2
and S3). S trimers were
regularly found in low
quantities
with
the
ectodomain facing the
ERGIC lumen. Even at high
densities, in the absence of
vRNPs,
S
trimer
accumulation
did
not
coincide
with
positive
membrane curvature (Fig.
3B and C), indicating that S
alone is unable to initiate
virus
budding.
Early
budding events with a
positively
curved
membrane were decorated
on the lumenal side with S
and on the cytosolic side
with vRNPs (Fig. 3D and E)
in all observed events (n =
19), supporting the model
where
the
viral
transmembrane M protein
acts as an organization
assembly hub, interacting Fig. 3. SARS-CoV-2 virion budding and assembly at the ERGIC membrane. Different budding
events captured in two tomograms (Fig. S4, Movies S2 and S3) of VeroE6 cells infected with SARSwith both the S and the N CoV-2 at 16 hpi. A 3D volume rendering is shown for each area with cellular and viral membranes
protein (20, 21). Budded in green and magenta, respectively. S (yellow) and vRNPs (cyan) are represented as subtomogram
virions that were located averages. The S and vRNP locations correspond to the location in the tomogram, vRNP orientations
directly adjacent to the were randomized. A non-local means filter was applied, and 20 slices were averaged. (A) Overview
of budding events at the ERGIC membrane and intracellular released virions inside the ERGIC
ERGIC membrane showed lumen are indicated. (B and C) Accumulated S at the lumenal side of the ERGIC membrane. (D and
a polarized distribution of S E) Early virion budding stage with S and vRNPs accumulated at the lumenal and cytosolic ERGIC
trimers facing towards the membrane, respectively. (F) Assembled virion in the ERGIC lumen in close proximity to the
ERGIC lumen (Fig. 3F). In membrane, showing a polarized distribution of S. (G) Assembled virion further away from the
contrast, virions that were membrane with redistributed S. Scale bars (A) 200 nm, (B – G) 100 nm.
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significant differences in the average
diameters of virions derived from the
three cell lines (Fig. 4C) and calculated
an average diameter of 89.8 nm (SD =
13.7 nm, n = 74). Subtomogram
averaging (STA) of 219 individual S
trimers yielded a low resolution structure
with a total height of approximately 25
nm measured from the virion envelope
and a total width of 13 nm (Fig. 4D – F,
S5). The density map featured a welldefined trimeric structure with a height of
16 nm which is in agreement with the
published structure solved by single
particle analysis of the purified S
ectodomain in pre-fusion conformation
truncated at serine residue 1147
(PDB:6VXX) (4), indicating that the S
trimer is fully formed during virion
budding. The approximately 9 nm long
Fig. 4. Structural analysis of intracellular virions. (A) Tomogram showing an
gap between the trimeric density and the intracellular virion of VeroE6 cells infected with SARS-CoV-2 at 16 hpi. 20 slices of
virion envelope that can be attributed to the tomogram were averaged and a median filter (radius = 1 pixel) was applied.
the triple-stranded coiled-coil heptad (B) 3D volume rendering of (A) with the viral envelope shown in magenta, with both
repeat 2 (HR2) was not resolved, most leaflets of the membrane resolved. S (yellow) and vRNPs (cyan) are represented
subtomogram averages. The S and vRNP locations correspond to the location
likely because of the high flexibility of S. as
in the tomogram, vRNP orientations were randomized. (C) Distributions of
To estimate the number of S trimers per intracellular virion diameters measured in A549-ACE2 (n = 52), VeroE6 (n = 20)
virion, we extracted the 3D coordinates and Calu3 cells (n = 3). Box and Whiskers plots indicate the median, 25% and 75%
of all identifiable S trimers on nine quantiles and minimum and maximum values as well as all data points. Unpaired
intracellular virions and determined the t-test showed no significant differences between the diameter of intracellular virions
found in the three different cell lines. (D and E) Central longitudinal (D) and crossaverage nearest-neighbor distance to be sectional slice (E) showing the subtomogram average of the S trimer. (F)
23.6 nm (SD = 8.1 nm, n = 100) (Fig. Orthogonal views of the S trimer subtomogram average (yellow) and the virion
4G). Based on the mathematical envelope (magenta). Fitted structure of the S trimer ectodomain (PDB:6VXX) (4)
problem of arranging any number of and the HR2 domain of SARS-CoV-1 (PDB:2FXP) (26) are shown in black and
respectively (Movie S4). (G) Plot showing the distribution of S nearestpoints on a sphere to maximize their orange,
neighbor distances (n = 100) on the surface of virions with an average of 23.6 nm
minimum distance, known also as the (SD = 8.1 nm, n = 100). Scale bars: (A) 50 nm (D and E) 5 nm.
‘Tammes Problem’ (23, 24), we
estimated the average number of S trimers per virion high density of virions from VeroE6 cells were covering
to be 48 with a range of 25 – 127 (Fig. S6). This is in the surface of filopodia and protrusions that
line with our observation of heterogeneous S trimer interconnected neighboring cells (Fig. 5B, S7). These
densities on the surface of virions and concurs with observations are reminiscent of the cell-to-cell
previously reported estimates of 50 – 100 S trimers per transmission via viral surfing as reported for HIV (27)
and could suggest a yet undescribed mode of
virion (22, 25).
transmission for SARS-CoV-2. In contrast, no virions
Structure of extracellular virions
were found attached to Calu3 cells (Fig. 5C).
We next analyzed extracellular virions in the vicinity of Differences in the number of virions attached to the
infected cells to provide insights into conformational analyzed cell lines might be explained by different
changes of the S trimers and vRNP structure. Virions levels of ACE2 receptors controlled by surface
were found close to the plasma membranes of all host proteases such as TMPRSS2 or ADAM17 (28). It is
cells, albeit with notable differences in the number of plausible that ACE2 levels on the cell surface does not
virions directly attached. We found few virions around only influence virion entry but also virion release.
A549-ACE2 cells, all of which appeared to directly In agreement with our observations in intracellular
interact with the cell surface (Fig. 5A). In contrast, a virions, extracellular virions released from VeroE6 cells
5
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were studded with S trimers in prefusion conformation that were often
tilted and had an average length of
23.4 nm (SD = 2.3 nm, n = 48) (Fig.
5E).
Noticeably,
extracellular
virions from A549-ACE2 cells
exhibited almost exclusively thin,
rod-shaped S trimers resembling
the post-fusion conformation (29,
30) with an overall length of 23.2
nm (SD = 2.3 nm, n = 8) and
thickness of 3.8 nm (SD = 0.7 nm,
n = 9) (Fig. 5D). Virions from Calu3
cells displayed a mixture of both
spike conformations (Fig. 5F). The
host cell-type dependent difference
in the number of pre-fusion and
post-fusion conformations may be
explained by different levels of
TMPRSS2 proteases (31) and
ACE2 receptors that trigger S
conformational
changes.
Consistently, S trimers in postfusion conformation were primarily
detected on virions directly
interacting with A549-ACE2 cells
expressing high levels of ACE2
(Fig. 5D, S1). In contrast, S present
on virions in ACE2 low-expressing
VeroE6 cells (Fig. S1) were almost
exclusively
in
pre-fusion
conformation.
Fig. 5. Structural analysis of extracellular virions. (A – C) Slices of tomograms showing

Based on a previous cryo-ET study extracellular virions released from A549-ACE2, VeroE6 and Calu3 cells, respectively, with
revealing an unusual membrane indicated virions magnified in (D – F). For better visualization, 10 slices were averaged.
thickness of MHV virions of 7 – 8 Exemplarily, S glycoproteins are marked with white arrowheads, vRNP complexes are
nm (3), we measured the lipid encircled with dashed lines. (G and H) Plot profile through the membrane envelope of
virions from VeroE6 cells (G) and adjacent plasma membrane (H) to determine monolayer
bilayer separation of SARS-CoV-2 separation (n = 129 and 49, respectively, SD indicated). (I) Number of vRNP complexes
virions. Density line profiles across per virion (n = 28) released from VeroE6 cells. Data is represented as a Box and Whiskers
the
membranes
showed
a plot indicating the median, 25% and 75% quantiles and minimum and maximum values as
phospholipid monolayer separation well as all data points. (J – L) Slices through the STA of vRNP complexes found in 15
from VeroE6 cells with (J) representing the XZ-slice through the center of the
of 3.6 nm (SD = 0.5 nm, n = 129) tomograms
vRNP, (K) showing the XY-slice along the long axis of the vRNP and (L) displaying the YZ(Fig. 5G) whereas the plasma view. (M and N) Isosurface representation of the subtomogram average (Movie S5) shown
membrane was slightly but from the side (M) and top view (N). Scale bars (A – C) 100 nm, (D – F) 50 nm, (L) 5 nm.
significantly thicker (3.9 nm, SD =
0.5 nm, n = 49) as evaluated by a two-sided t-test (p = often aligned in stacks, forming filaments with a width
0.003) (Fig. 5H). This indicates that membrane of approximately 14 nm (Fig. 5F, S8), indicating a
thickness is not increased by the viral transmembrane preferred stacking orientation of vRNPs. STA of 1570
proteins M and E in SARS-CoV-2. Extracellular virions vRNPs yielded a compact, cylindrical assembly of 16
displayed on average 38 vRNPs per virion (SD = 10, n nm in length and a quasi-circular base with an
= 28) (Fig. 5I), suggesting that each vRNP contains approximate diameter of 14 nm (Fig. 5J and K, S9,
approximately 800 bases of the SARS-CoV-2 ~30kb Movie S5). The assembly is composed of parallelgenome. vRNPs associated with viral envelopes were stacked, pillar-shaped densities, presumably formed
6
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by multiple linearly aligned N proteins. Pillar-shaped
densities form two densely packed curved walls
opposing each other and surrounding a central
density, separated from the walls by 6 nm (Fig. 5J and
L). While the walls are connected by an additional pillar
on one side, the other side appears more flexible with
two pillar-like densities creating an opening. Previous
EM studies of vRNPs isolated from MHV and SARSCoV-1 virions described a helical nucleocapsid (3, 32)
or a coiled vRNP that forms a membrane-proximal
lattice (22). MHV virions analyzed by cryo-ET have
been described to contain granular densities and
quasi-circular density profiles of 11 nm in diameter,
which appear similar to the densities found in our study
(3). We propose that vRNPs are separate complexes
organized like ‘beads on a string’ that allows for
efficient packing of the unusually large vRNA genome
into the virus particles while maintaining high sterical
flexibility between the individual vRNPs required
during their incorporation into budding virions.
Concluding remarks
Our report provides the first in situ cryo-ET analysis of
coronaviruses at high preservation levels. Direct
visualization of RNA filaments inside the replicationassociated DMVs unveils dsRNA as the major
constituents of the DMV interior and filament branching
points suggestive of RNA in statu nascendi. Given the
absence of a pore on the DMV membrane and the lack
of protein densities in the DMV interior, it is also
cogitable that the DMV interior rather serves to
selectively accumulate dsRNA intermediates to evade
the antiviral innate immune response, whereas vRNA
replication might be associated with the cytosolic side
of the DMV proximal membrane. Our data indicate that
S trimers alone do not induce membrane curvature
during budding but are remarkably motile and flexible
and the increased exposure of the conserved stem
region renders it a promising candidate for
development
of
coronavirus
pan-neutralizing
antibodies. We propose that the interplay between S
trimers and vRNPs is inducing membrane curvature
during virion budding, emphasizing that the vRNP
membrane association might be a promising target to
inhibit virus assembly.
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