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Abstract
The spike protein (S) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mediates
membrane fusion to allow entry of viral genome into host cell. To understand its detailed entry
mechanism and develop speci�c entry inhibitor, the in situ structural information of SARS-CoV-2 spikes in
different states are urgently important. Here, by using the cryo-electron microscopic tomograms, we
observed spikes of inactivated SARS-CoV-2 virions in both pre-fusion and post-fusion states and solved
the nanometer resolution structure of in situ post-fusion spike. With a more complete model compared to
previous reports, the relative spatial position between fusion peptide and transmembrane domain was
discovered. Novel oligomerizations of spikes on viral membrane were observed, likely suggesting a new
mechanism of fusion pore formation.

Main Text
In the past two decades, several zoonotic coronavirus (CoV) diseases emerged and posing a devastating
threat to global public health and economy, such as severe acute respiratory syndrome (SARS) 1, Middle
East Respiratory Syndrome (MERS) 2 and coronavirus disease 2019 (COVID-19) 3. As of this writing,
COVID-19 has caused more than 120 million con�rmed cases and 2.65 million deaths worldwide, with
rapidly increasing numbers. This pneumonia epidemic was determined to be caused by a novel
coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Giving the situation
of this pandemic, understanding the architecture and the infection process of SARS-CoV-2 is vital for
vaccine development and drug discovery.

During the infection process, one trimeric viral surface protein of SARS-CoV-2 called spike (S)
glycoprotein is cleaved by host proteases 4,5 to produce two functional subunits, the N-terminal S1
subunit responsible for receptor recognition and C-terminal S2 subunit responsible for membrane fusion
6. Both in vitro and in situ structures of SARS-CoV-2 spike in pre-fusion state as well as their complexes
with receptors were studied promptly and extensively using single-particle cryo-electron microscopy (cryo-
EM) 7,8, X-ray crystallography 9–11 and cryo-electron tomography (cryo-ET) and sub-tomogram averaging
(cryo-STA) 12,13, uncovering the different distribution patterns of the conformational states and its native
glycosylation.

Both structures of recombinant and in situ spike in post-fusion state has been reported 13–16. However,
the in vitro study failed to tell how the post-fusion spikes organize on the membrane. Previous in situ
studies 12,13,15 tended to explore this question but yielded limited information due to poor quality of the
density map. Here, we report the in situ structure of SARS-CoV-2 post-fusion spike to nanometer
resolution (12.6 Å) with high quality of the map, which facilitate better understanding of the viral infection
process of SARS-CoV-2 and will be bene�cial for the viral entry inhibitor development.

Results
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Cryo-ET analysis of inactivated SARS-CoV-2 virus
In previous studies, when SARS-CoV-2 virions were inactivated by �xation with formaldehyde, the spikes
protruding from the viral surface had two morphologies – a minority in extended and thin structure for
post-fusion state, while the majority for pre-fusion state 12. But when virions were inactivated with nucleic
acid modi�er β-propiolactone (BPL) at 37°C, it was reported that only thin protrusions for post-fusion
spikes were seen on the viral surface 15,17. In our current study, we propagated SARS-CoV-2 virions in Vero
cells and puri�ed viral particles in BSL-3 (biosafety level 3) laboratory. The puri�ed virus was inactivated
with BPL prior to following structural characterization in BSL-2 (biosafety level 2) laboratory. To collect
enough data to analyze the in situ structures of spikes, we acquired a large cryo-ET dataset consisting of
500 tilt-series covering more than 2,000 viruses. In reconstructed tomograms we observed that
inactivated SARS-CoV-2 virions exhibit a typical morphology of coronavirus with the diameter range of
80 ~ 120 nm (Fig. 1A). Inside the virion, the ribonucleoprotein complexes were tightly packed with a
diameter around 15 nm. The high quality tomograms with deconvolution using Warp 18 enable most
spikes to be clearly visualized ready for the subsequent particle picking. These spikes are randomly
distributed on viral surface, up to 50 ~ 100 spikes per virion (Fig. S1), much more than ~ 30 spikes per
virion observed in previous reports (14). We could observe both post-fusion (Fig. 1A and 1B) and pre-
fusion (Fig. S1) spikes as reported previously 15.

In this study, we mainly focused on the nail shaped spikes on viral membrane, presumably in the post-
fusion state, in which S1 subunit has dissociated from S2. It was proved previously that spikes in pre-
fusion state do not always protrude straight from the viral membrane, and tilt from vertical axis to viral
membrane with a range of 50 degrees could be observed 12. In contrast, all the post-fusion spikes appear
to be perpendicular to the viral surface, suggesting that such conformation should be more stable in the
membrane proximal external region (MPER) or transmembrane (TM) region. In most cases of our
observation, the post-fusion spikes appear separated alone on the viral membrane (Fig. 1B and Fig. S2A).
However, we also noticed that some post-fusion spikes oligomerize like twins in parallel (Fig. 1C) or
branches (Fig. 1D and Fig. S2B), suggesting these post-fusion spikes may interact with each other on
viral membrane, which has not been reported before and will be discussed later.

After manual picking, statical analysis showed that the numbers of spikes in pre- and post-fusion states
account for 61% and 39% of the total number, respectively (Fig. 1E). Such ratio differs substantially with
the previous report 15. Therefore, it is reasonable an optimized inactivation process with BPL could largely
avoid the conformational transition from pre-fusion state to post-fusion state. In addition, puri�cation
strategies and conditions for plunge freezing are possibly involved in this transition.

Sub-tomogram averaging of SARS-CoV-2 post-fusion spike
The puri�ed recombinant SARS-CoV-2 S protein could form a stable post-fusion state under speci�c
conditions without target cell, whose structure has been solved to 3.3 Å resolution recently 14. But it
remains unknown whether this in vitro structure keeps same on natural viral membrane, and more
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importantly, whether the post-fusion state conformation would be further altered along with the formation
of fusion pore. Based on our large amount of cryo-ET tomograms, we ought to solve the in situ structure
of SARS-CoV-2 post-fusion spike (Fig. S3).

Using data-driven template as reference, and performing only local search at the very beginning, we
reached a �nal averaged map of post-fusion spike at 12.6 Å resolution (Fig. 1F, Fig. S3 and Movie S1).
The main structural parts of post-fusion spike, including the connector domain, six-helix bundle (6-HB)
domain and TM domain, could be clearly distinguished (Fig. 1G). The in situ structures of pre-fusion
spikes showed the presence of �exible hinges in the stalk region, leading to a large positional and
orientational freedom of S1 subunit in the head region 12. This structural feature could help the pre-fusion
spike seek and bind to the ACE2 receptor of the target cell. After the drastic allosteric change of S2
subunit, its heptad repeat 1 (HR1) and heptad repeat 2 (HR2) domains bind to each other to form 6-HB in
the post-fusion state. This 6-HB structure is highly thermodynamically stable, and thereby enabling the
head region (connector), stalk region (6-HB) and even transmembrane region (TM) visible in the
alignment process (Fig. 1G and Fig. S3). Almost all the post-fusion spikes are perpendicular to the viral
membrane (Fig. 1H). During the evolution of coronavirus, the S2 subunits keep extremely high
conservation in both sequence and structure 11, which ensures the stable structure of post-fusion spike
and the membrane fusion e�ciency.

Structural model of in situ post-fusion spike of SARS-CoV-2

The in situ structure of post-fusion spike of SARS-CoV-2 has the length of ~ 210 Å and width of ~ 87 Å at
the ectodomain (Fig. 2A). Its overall architecture resembles the previously reported recombinant post-
fusion spike (EMDB entry EMD-22293) 14 with an unusually long (> 180 Å) and rigid 6-HB formed by HR1
and HR2 domains (Fig. S4). Using domain assignment from previously determined pre- and post- fusion
spike protein, we built the in situ structural model of SARS-CoV-2 post-fusion spike, which is more
complete with the extension at the connector, FP and TM domains, when compared to previous reports 14

(Fig. 2B and 2C). The connector domain (residues from G700 to R815) between S1 and S2 subunits,
together with the linker region between HR1 and HR2 domains (residues from L1034 to G1131), form the
head of post-fusion spike. Both the FP domain (residues from S816 to I834) and TM domain (residues
from E1195 to V1230) penetrate the lipid bilayer, stabilizing the entire spike on the viral membrane.

Compared to the structure of previously reported recombinant post-fusion spike, the TM domain in
micelle could only be visualized after low pass �ltering of the map 14, whereas the TM domain can be
easily discerned in our in situ map and forms a compact trimeric array beneath HR2 trimer. (Fig. 2A, 2C,
Fig. S4A and S4B). Besides, the FP domain, which plays a major role in membrane fusion process and
has not been structurally de�ned before, can be clearly assigned in our map and located surrounding the
TM domains (Fig. 2A, 2C, Fig. S4A and S4B). This architecture could explain in sequence why the TM
region is located just right after HR2 domain but there is additional long loop between FP and HR1
domains. In addition, at the connector domain, our model extends a bit longer to G700 at the N terminus
of S2 subunit and assigns a rigid helix and a �exible linker from A771 to R815 (Fig. 2B and 2C).
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Compared to the public availably reported in situ structures of post-fusion spike of SARS-CoV-2 (EMDB
entries EMD-11627 and EMD-30428) 13,15, our map also exhibits much better quality at the regions of
connector, FP and TM domains to disclose more structural details (Fig. S4). More importantly, the
hydrophobic region immediately preceding the TM domain (MPER region) was not visible from previous
reports. This region plays an important role for S protein trimerization and membrane fusion 19. With our
structure of in situ post-fusion spike of SARS-CoV-2, an updated model of how the spike changes its
conformation from pre-fusion to post-fusion is proposed (Movie S2), where the TM domains are close to
each other and surrounded by FP domains.

The glycosylation sites in post-fusion state
Viral glycosylation has wide-ranging roles in viral pathogenesis, such as immune evasion by shielding
speci�c epitopes from neutralizing antibodies. Based on the previous study 7, there are 22 N-linked
glycosylation sites in each chain of SARS-CoV-2 S protein, 16 sites situated before FP domain and 6
situated after.

According to the current covered sequence region of our model, there are 9 N-glycosylation sites (N709,
N717, N801, N1074, N1098, N1134, N1158, N1173, and N1194) should be observed. However, we only
observed 4 N-glycosylation modi�cations with straightforward densities, N709, N1074, N1158 and N1194
(Fig. 2D). According to previous studies, the glycan types of these observed sites can be divided into two
classes. N709 and N1074 sites primarily consist of oligomannose-type modi�cation, whereas N1158 and
N1194 contain afucosylated and fucosylated glycans 20. It is worthy to note that these glycosylation
densities were only clear at their root regions, and no heavy glycosylation could be seen unless adjusting
the threshold of the map. This possibly suggested that these sugar branches have low homogeneity, or
some of these residues were not modi�ed well in host cells. These glycosylation sites are similar to the
previously reported in situ and in vitro structures of post-fusion spikes 13–15, providing the additional
evidence that these post-translational modi�cations are conserved and widespread in various SARS-Cov-
2 strains and should play important roles in viral infections and immune response.

In situ oligomerization of post-fusion spike

One important process of viral infection of enveloped viruses is the formation of fusion pore between
viral and cell membrane, which makes entry of viral genome into host cell possible. This process, as
mentioned above, is triggered by the conformational change of S2 subunits from pre-fusion to post-
fusion state. Through a “jackknife” transition, HR1 domain inserts the FP into the host cell membrane.
Then HR2 domain folds back, resulting FP and TM domains at the same end, which effectively bring viral
and cellular membranes in proximity ready for fusion.

During particle picking, we noticed two novel assembly patterns of post-fusion spikes exist on viral
membrane, one type of spikes stands parallel to each other (Fig. 1C), and the other type joints at root yet
heading out to different directions (Fig. 1D). We plotted back all particles into reconstructed volumes and
�tted the �nal model into plotted back maps, and managed to observe the organizing pattern of these
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speci�c spikes with the side-by-side and branching patterns, respectively (Fig. 3A and 3B). These patterns
occupy a small portion of the total post-fusion spikes (Fig. S5).

For the side-by-side pattern, the post-fusion spikes are parallel and closed to each other (< 10 nm for 6-HB
domain), whose connector domains are almost close enough to form direct contact. It is worth noting
that this novel oligomerization pattern has never been found for the puri�ed S protein or in situ prefusion
state of spike. Based on this observation, we propose a possible mechanism that the spikes in the side-
by-side pattern may interact with each other through �exible HR2 domains in a domain-exchange manner
(Fig. 3C). During the folding process of 6-HB from pre-fusion state to post-fusion state, the HR2 domain
needs to seek for neighboring HR1 domain for binding. If there are other spikes around, it might be likely
that HR2 domain binds to the adjacent HR1 trimer to form a domain-exchange conformation (Fig. 3D).
For the branching pattern, spikes stand in branches with jointed root and this oligomerization state may
be due to the oligomerization of their fusion peptides (Fig. 3D). These two types of organization patterns
of post-fusion spikes may play an important role for the formation of fusion pores (Fig. 3E).

Discussions
Enveloped viruses use specialized protein machinery to bring viral and cellular membranes in proximity
for membrane fusion. Despite extensive studies of protein machineries and their fusion activities, the
molecular mechanism in operating viral and cellular membranes to promote their fusion is poorly
understood, especially the formation of fusion pore. Some models of membrane fusion leading to virus
infection have been proposed and protein machinery oligomerization might facilitate to form fusion pore
21–23. In our study, we discovered novel in situ oligomerization patterns of post-fusion spikes on viral
membrane. On this basis, we proposed a novel possible model of SARS-CoV-2 infection (Fig. 3E). After
the interaction between S1 subunit and human ACE2 receptor, the S2 subunit is exposed and undergoes
the conformational change to insert FP into target cell membrane. At this point, if there are multiple
spikes nearby, they could oligomerize in this local region, leading to a more e�cient formation of viral
fusion pore.

It has been reported previously that the activation and conformational change of SARS-CoV-2 spike
protein require two cleavages by the proprotein convertase furin at the S1/S2 site and the transmembrane
serine protease 2 (TMPRSS2) at the S2' site 24,25. The second cleavage site between R815 and S816 (S2'
site) could directly expose FP domain of S2 subunit to insert into host membrane (Fig. 2B). In the in situ
cryo-STA map of post-fusion spike in our study, there are clear densities located inside the membrane
surrounding the TM domains, which is modeled to be FP domain in our model (Fig. 2C and Movie S1).
According to this model, the FP domain (start with S816) locates far away from the connector domain
(end with R815), suggesting that the post-fusion state of spike protein could be only formed after the
cleavage of the S2' site.

During SARS-CoV-2 infection process, the HR1 and HR2 domains interact with each other to bring viral
and cellular membrane close enough to form fusion pore (Movie S2), which makes 6-HB an important
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target for development of viral entry inhibitors. In this study, we found that the HR2 region has much
weaker density in comparison with HR1 domain in this in situ structure, suggesting a possibility that
some portion of spikes may have only trimer HR1 domain waiting for HR2 domain binding. This could
represent the intermediated stage during viral infection. As a result, the HR2 derived peptides designed to
have a high binding a�nity with HR1 trimer could have the chance to target the exposed HR1 domain and
then block the 6-HB formation. When comparing our in situ model with the crystal structure of SARS-CoV-
2 6-HB reported previously by us 5,11, we could note that the 6-HB region share the same conformation
and the HR1 trimer could be exposed outward completely. This suggest that the previous crystal structure
can represent the natural conformation of post-fusion spike 6-HB on the membrane. This is another
structural evidence to prove our previous inhibitor design, the highly potent pan-coronavirus fusion
inhibitor EK1C4 that can inhibit the infection of SARS-CoV-2 and other known human coronaviruses 11.
The similar strategy has also been used to develop inhibitors for other viruses, e.g. HIV-126, LASV27, and
MERS-CoV28.

As a widely used inactivation reagent to manufacture viral vaccines, BPL could not only chemically
modify nuclei acids, but also, to some extent, causes effects on viral proteins 29,30. It has also been
reported that BPL treatment could inhibit membrane fusion process of in�uenza virus via altering
structures and functions of viral proteins 31. However, in the present study, our BPL inactivation and
sample preparation procedure could still keep a reasonable ratio of prefusion to post-fusion states,
encouraging us to further optimize our inactivation strategy for better vaccine development.

In summary, our present work proposes a more complete model of post-fusion spike of SARS-CoV-2 and
discovers its novel oligomerization states on the membrane that could have important function in the
viral infection process, providing further structural information for the next development of viral entry
inhibitors.

Methods
Facility and ethics statements

All experiments with live SARS-CoV-2 viruses were performed in the enhanced biosafety level 3 (P3+)
facilities in the Academy of Military Medical Sciences (AMMS), China (Assurance Number: IACUC-DWZX-
2020-001). All experiments were carried out in accordance with the Regulations in the Guide for the
Ministry of Science and Technology of the People’s Republic of China. 

Virus puri�cation and Cryo-ET sample preparation

Vero cells (ATCC, CCL-81) were maintained in Dulbecco’s Modi�ed Essential Medium supplemented with
10% fetal bovine serum (FBS) (Biowest) at 37 °C with 5% CO2. The strain of
BetaCoV/wuhan/AMMS01/2020 was originally isolated from a COVID-19 patient returning from Wuhan,
China. The virus was ampli�ed and titrated by standard plaque forming assay on Vero cells, as previously
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reported 33,34. SARS-CoV-2 was cultured in large-scale Vero cells factories at a multiplicity of infection
(MOI) of 0.5 at 37°C with 5% CO2. To inactivate virus production, β-propiolactone was thoroughly mixed
with the supernatant of the infected cells at a ratio of 1:4,000 v/v for 48 hours at 2 to 8 °C. Following
clari�cation of cell debris and ultra�ltration, the inactivated viruses were puri�ed by Ion-exchange
Chromatography (IEC) and Size Exclusion Chromatography (SEC), as previously reported 35,36. Puri�ed
virus was mixed 5:1 (virus: gold) with 10 nm protein A-coated gold �ducials (UMC Utrecht). Then 3 μL of
the mixture was applied onto a discharged 300 mesh copper grid with a C-�at™ R 2/1 holey carbon
support �lm. Grids were blotted for 3 s in 100% relative humidity for plunge-freezing (Vitrobot, FEI) in
liquid ethane.

Cryo-ET data acquisition

Cryo-grids were loaded into a FEI Titan Krios G2 transmission electron microscope (Thermo Fisher
Scienti�c, USA) operated at 300 kV and images were recorded on a Gatan K2 Summit DDD camera
(Gatan Company, USA) equipped with a Gatan Quantum energy �lter with a slit width of 20 eV in zero-
loss mode in super resolution mode. Nominal magni�cation was set to be 105,000x, resulted in a
calibrated physical pixel size of 1.36 Å on specimen level. Tilt series between −60° to +60° were acquired
using dose-symmetric scheme 37 with a 3° angular increment using SerialEM software with in-house
script 38. A total dose of 123 e-/ Å2 per tilt series was distributed evenly among 41 tilts. The defocus range
was set between -1.5 μm and -3 μm and 10 frames were saved for each tilt angle.

Image processing and sub-tomo averaging

The output super resolution movies were �rst subjected to motion correction with a binning factor of 2
using Warp, resulted in a pixel size of 1.36 Å, picking and masking of �ducial markers was also done
using boxnet tools inside Warp. Then all tilt-series stacks were generated using automatic procedures in
Warp, alignment of tilt-series and transformation of alignment �le formats were done using a wrapped
package 39 of automatic tilt-series alignment functions in Dynamo 40 and IMOD 32 packages. Then
alignment �les were transferred back to Warp to do per-tilt CTF estimation to be ready for further
processing. Tomograms were reconstructed in Warp at a binning level of 8 and deconvolved for better
visualization of viral spike. All spikes in post-fusion state were manually picked from 500 tomograms
using Dynamo packages 40. With many attempts we found that it is impossible to align the post-fusion
spike particles if the shift and rotation parameters searching were not limited to a reasonable range, or in
other words, using the traditional global search strategy. This would be presumably due to the
interference of viral membrane and the relative low molecule weight of post-fusion spike (less than 200
kDa). Thus during particle picking process, all particles’ initial Euler angles (2 out of 3) were determined
based on the vector between manually set two points, one in the middle of the spike and one on the
membrane where spike anchors, respectively. Then coordinates and orientations of the particles were
employed for the extraction of 9404 sub-volumes into cubic sub-volumes of 48 voxels at a pixel spacing
of 10.88 Å and the corresponding 3D CTF models, which also consider radiation damage by accumulated
electron dose.
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Further alignment and reconstruction of post-fusion Ss were all carried out using RELION ver3.0 & 3.1
41,42. To avoid any model bias, no prior structures or maps from other studies were used as references
throughout the whole data processing steps. First, the sub-tomograms were directly averaged without
alignment and symmetry applied to generate a data-driven low-resolution template with only manually
set Euler angles applied using relion_reconstruct, this process lead to a good reference for subsequent
alignment (Fig. S3A). From this stage on, all alignment steps were done using local search using different
set of search steps. Then one round of 3D classi�cation applying C3 symmetry with K=1 using data-
driven template as reference was performed, with search steps of two out-plane Euler angles limited to
±18 degree and third in-plane Euler angle unlimited. Then the aligned coordinates and Euler angles of all
particles were employed for the extraction of cubic sub-volumes of 72 voxels at a pixel spacing of 5.44 Å
in Warp. Another round of 3D classi�cation with K=1 was performed, and the aligned coordinates and
Euler angles of all particles were employed for the extraction of cubic sub-tomograms of 144 voxels at a
pixel spacing of 2.72 Å in Warp. To further ensure that all the particles aligned correctly during data
processing, we plotted the sub-volumes back into the tomograms using their re�ned coordinates and
Euler angles (Fig. 1H), then removed the obviously misaligned particles, this process resulted in 4553
particles. Also, we noticed that during the alignment and re�nement process, all sub-volumes only shifted
a little in translation comparing with the manual picked coordinates in the tomogram (~ 1 nm  3 nm for 3
axis, Fig. S3B), indicating the accuracy of our manual picking process, and the particles matched well
with the data-driven reference. For the three Euler angles, the �rst one (rot) could be easily determined
manually so this Euler angle basically remained unchanged during alignment (5.1  7.0 degree), while the
second angle (tilt) changed a little more (20.7  14 degree) and the third angle (psi) showed no correlation
with the starting value (Fig. S3C), just as one could expect for a picking process as we did. Final round of
re�nement was done for sub-volumes at binning level of 2, resulted a �nal map at 12.6 Å resolution, then
resulting half-maps were combined and sharpened using an empirically determined B-factor of -100 (Fig.
1F ang 1G).

Model �tting and data analysis

The previously reported post-fusion structure of puri�ed SARS-CoV-2 spike protein (PDB entry: 6XRA &
6LXT) 11,14 were �tted into the map. The extended parts were built manually using COOT 43 with structure
of prefusion spike (PDB entry 6VXX) as reference. The �nal model was re�ned using phenix.re�ne 44.
Visualization and model analysis were performed with UCSF Chimera 45 and UCSF ChimeraX 46. RMSD
calculations were performed considering only the C-alpha atoms of the models.

Data availability

The Electron Microscopy Database (EMD) accession code of post-fusion spike in this study is EMD-
31037, and the corresponding atomic coordinates have been deposited in the Worldwide Protein Data
Bank with accession code of 7E9T.
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Figures

Figure 1

Cryo-electron tomography and sub-tomogram averaging of inactivated SARS-CoV-2 virions, displaying
spikes in post-fusion state. (A) Slices through tomographic reconstructions of BPL-inactivated SARS-CoV-
2 virions. Scale bar 20 nm. (B) Same as (A) highlighting spikes on the viral membranes in post-fusion
states. (C) Same as (B) highlighting twin spikes close to each other. (D) Same as (B) highlighting branch
spikes with roots close to each other on the membrane. All tomograms were deconvolved using Warp 18
and shown using IMOD 32. (E) Statistic of manually picked spike particles, 9071 in post-fusion state,
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14490 in pre-fusion state. (F) Gold standard FSC of �nal map of post-fusion spike, showing resolution of
12.6 Å. (G) Full map of post-fusion spike with membrane region (light gray) attached and different
domains labeled. The map is colored by dark gray (left) or by three different chains (right). (H) Plotting
back sub-tomogram averaged maps (pink) onto the tomogram of a single virion (gray).

Figure 2

In situ structure of SARS-CoV-2 post-fusion spike. (A) Geometry of post-fusion spike on the membrane.
(B) Domain arrangement of full-length spike protein, and the modelled parts of our structure and the
published result (EMD-22293). The two potential cleavage sites are indicated. (C) Extended completion
(colored and labeled) of our model compared to the published result (EMD-22293). The overlapping parts
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are shown in grey. (D) The observed glycosylation sites in our model are shown in corn�ower blue, while
the unobserved glycosylation sites marked by dotted circles.

Figure 3

Oligomerization arrangement of in situ SARS-CoV-2 post-fusion spikes. (A) Side-by-side post-fusion
spikes are shown on membrane with three chains of each spike colored in orange, light sea green and hot
pink. The glycosylation sites are all colored by corn�ower blue. (B) Post-fusion spikes of branch patten
are shown on membrane with three chains of each spike were colored by orange, light sea green and hot
pink. The glycosylation sites are all colored by corn�ower blue. (C) Possible model of HR2 domain
exchange in side-by-side oligomerization state. Two spikes were colored in hot pink and cyan,
respectively. (D) Models of in situ post-fusion spikes in regular state, side-by-side state with domain
exchange, and branching state with FP interaction. (E) A novel scheme of SARS-CoV-2 spikes transit from
prefusion to post-fusion during viral infection and fusion pore formation, where side-by-side spikes are
involved.
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