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In Brief

Several vaccine candidates using

inactivated SARS-CoV-2 viruses are

under development. Liu et al. used state-

of-the-art cryoelectron microscopy

technologies to characterize the

architecture of inactivated SARS-CoV-2

viruses. They found that the viral spikes

are mostly in a postfusion state, which is

not desirable for vaccine development.
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SUMMARY
The ongoing global pandemic of coronavirus disease 2019 (COVID-19) resulted from the outbreak of SARS-
CoV-2 in December 2019. Currently, multiple efforts are being made to rapidly develop vaccines and treat-
ments to fight COVID-19. Current vaccine candidates use inactivated SARS-CoV-2 viruses; therefore, it is
important to understand the architecture of inactivated SARS-CoV-2. We have genetically and structurally
characterized b-propiolactone-inactivated viruses from a propagated and purified clinical strain of SARS-
CoV-2. We observed that the virus particles are roughly spherical or moderately pleiomorphic. Although a
small fraction of prefusion spikes are found, most spikes appear nail shaped, thus resembling a postfusion
state, where the S1 protein of the spike has disassociated from S2. Cryoelectron tomography and subtomo-
gram averaging of these spikes yielded a density map that closely matches the overall structure of the SARS-
CoV postfusion spike and its corresponding glycosylation site. Our findings have major implications for
SARS-CoV-2 vaccine design, especially those using inactivated viruses.
INTRODUCTION

Coronaviruses are a large family of zoonotic viruses responsible

for multiple large-scale outbreaks in past few decades (Liu et al.,

2020; Perlman andNetland, 2009; Yang et al., 2013, 2019). Since

early December of 2019, the outbreak of a pneumonia epidemic

was determined to be caused by a novel coronavirus (Wang

et al., 2020; Zhu et al., 2020), SARS-CoV-2. The resulting disease

caused by SARS-CoV-2 was named coronavirus disease 2019

(COVID-19) (Viruses, 2020). As of this writing, more than 11

million confirmed cases of and more than half a million deaths

due to COVID-19 have been reported worldwide (WHO,

2020b). Information about the cultivation, purification, and ultra-

structure of SARS-CoV-2 in its native state is urgently needed to

understand the viral infection process and aid vaccine develop-

ment and COVID-19 treatment.
1218 Structure 28, 1218–1224, November 3, 2020 ª 2020 The Autho
This is an open access article under the CC BY license (http://creative
Coronaviruses are enveloped single-stranded positive-RNA

viruses, roughly 80–120 nm in diameter. The viral RNA is inti-

mately associated with the viral nucleocapsid protein (N), form-

ing large viral ribonucleoprotein complexes. The viral envelope

is derived from the host cell and decorated with viral surface pro-

teins: spike (S), membrane (M), and envelope (E).

The viral spike is responsible for cell entry and is the primary

target of human antibodies. It is a trimer protein complex

composed of S1, responsible for receptor binding, and S2,

responsible for viral fusion. S1 and S2 are translated as a single

polyprotein that is the target of two proteolytic cleavages. The

first is the maturation cleavage in the S1 and S2 boundary by

cellular proteases during particle assembly in the endoplasmic

reticulum-Golgi transit. The second is the priming (or activation)

cleavage, which is performed by the cellular serine protease

TMPRSS2 at the S20 site and is essential for viral entry. It has
r(s). Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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been shown that both receptor binding and priming cleavages

are necessary for cellular entry and viral infectivity (Hoffmann

et al., 2020). It is not clear, however, which event triggers the

spike conformational change leading to membrane fusion or

how receptor binding and the priming cleavage are related.

The prefusion conformations of SARS-CoV-2 spike were

determined alone and in complex with the cell surface receptor

ACE-2 or a neutralizing antibody (Yan et al., 2020). The structure

shows a club-like complex, with S1 occupying most of the

exposed surface of the trimer and S2 mostly sequestered. The

receptor binding domain (RBD) in S1 is located on the top of

the spike, to which ACE-2 binds when it is in the up (or open)

conformation (Lan et al., 2020; Yan et al., 2020). There is

consensus that the engagement of the S1 RBDwith the receptor

destabilizes the trimer, triggering the shedding of the S1 units,

which allows a remarkable conformational change in the spike

from a large club-shaped structure into a thin and long nail-like

structure. Nonetheless, in vitro trypsin cleavage of recombinant

mouse hepatitis virus, SARS-CoV, and Middle East respiratory

syndrome coronavirus S proteins also led to the prefusion to

postfusion transition, in the absence of receptor binding (Walls

et al., 2017). Whereas pre- and postfusion structures of SARS-

CoV-2 spike are available from engineered and recombinant pro-

teins, structural studies of the SARS-CoV-2 spike in situ in the

intact virions are still lacking.

Here we report the successful propagation and purification of

SARS-CoV-2 in a BSL-3 laboratory and reveal the whole viral ar-

chitecture of inactivated SARS-CoV-2 by cryoelectron micro-

scopy and tomography (cryo-EM and cryo-ET). Purified viruses

are decorated with viral spikes, most of them adopting a

morphology consistent with the postfusion conformation. This

opens up the possibility that alternative processes may trigger

the S protein conformational change, which has direct relevance

to current vaccine development.
RESULTS

Isolation and Identification of the SARS-CoV-2 Virus
A 62-year-old male was admitted to Shenzhen Third People’s

Hospital on January 15, 2020, with pneumonia and was further

diagnosed as COVID-19 positive. An epidemiological investiga-

tion confirmed a Wuhan travel history between January 1 and

January 14 for this patient, and symptoms began on January

11, 2020, including fever and cough. Testing for common respi-

ratory viruses, including influenza A virus, influenza B virus,

adenoviruses, human parainfluenza virus, and other human co-

ronaviruses, was negative. Lymphopenia, elevated C-reactive

protein, and elevated interleukin-6 were found upon admission

(Table S1). Computed tomography scans showed multiple

ground-glass opacities in bilateral lungs at the early stage, and

lung consolidation occurred during hospitalization (Figure 1A).

The bronchoalveolar lavage fluid sample was collected and

subjected to next-generation sequencing. The genome

sequence of this virus was submitted to the Global Initiative on

Sharing Avian Flu Data under accession number EPI_

ISL_406594 and designated as ‘‘BetaCoV/Shenzhen/SZTH-

003/2020.’’ Phylogenetic analyses showed that the virus

possessed a high homology to two isolates, BetaCoV/Wuhan/
IPBCAMS-WH-04/2019 from Wuhan and SARS-CoV-2/NTU01/

2020/TWN from Taiwan (Figure S1).

Virus from the patient was propagated and isolated using Vero

cells in the BSL-3 (biosafety level 3) laboratory. Typical cyto-

pathic effects were observed 4 days postinoculation in Vero

cells, including cell rounding, shrinkage, lysis, and detachment

throughout the cell monolayers (Figure 1B). Using the patient’s

plasma, virus could be detected in cultured cells by immunoflu-

orescence (Figure 1C). Viral RNAs were observed in the cell cul-

ture supernatant when probed using a China Food and Drug

Administration-approved commercial kit targeting the open

reading frame (ORF) 1ab (red in Figure 1D) and N (blue) genes

of SARS-CoV-2 with low cycle threshold values (Figure 1D).

The purified SARS-CoV-2 particles showed specific reactivity

to convalescent plasmas from SARS-CoV-2-infected patients

(Figure 1E) and to specific humanmonoclonal antibodies against

the RBD of the S protein using ELISA (Figure 1F). Although both

hmAb-1 and hmAb-2 are RBD-specific human monoclonal anti-

bodies, hmAb-1 (named B38) has a relatively higher binding af-

finity to RBD, with a Kd of 4.48 nM (Wu et al., 2020), compared

with hmAb-2 (named P1A-1D1), with a Kd of 260.50 nM (Ju

et al., 2020). The ELISA data suggest a certain amount of RBD

(or S1 spike) is present in the purified virus particles.

Cryo-EM Analysis of SARS-CoV-2
The isolated and concentrated SARS-CoV-2 virus particles were

inactivated with b-propiolactone for structural characterization,

initially by negative staining EM followed by cryo-EM and cryo-

ET. SARS-CoV-2 displays typical morphology of a coronavirus,

where spike proteins decorate the surface of the viral particles

(Figure S2A). A close examination of the spikes suggested the

presence of two types of spikes; one appears larger, with a

club head, resembling the prefusion spike trimer, whereas the

other is much thinner and nail shaped, and resembles the post-

fusion spike containing only the S2 trimer (Song et al., 2018) (Fig-

ure S2C). Both types were observed in individual virus particles.

Cryo-EM images of purified SARS-CoV-2 virus particles showed

that the virus particles are roughly spherical or moderately plei-

omorphic, with an average diameter of 108 ± 8 nm, ranging

from 84 to 126 nm. The viral spikes and viral membranes are

clearly discerned. About 20%–30% of the virions have abundant

spikes around the envelope, whereas many other virus particles

display few spikes (Figure S2). Consistent with the observation in

negative-stain EM, cryo-EM images showed that most spikes

are nail shaped, presumably in a postfusion state (Figure 2). Pro-

jection images from negative-staining virus particles may not

allow for a quantitative measure of the number of spikes. They

are, nevertheless, a quick and easy way to assess sample qual-

ity. One can already raise a flag if postfusion spikes are observed

in negatively stained images, which would prompt amore careful

3D analysis.

Cryo-ET and Subtomogram Averaging of SARS-CoV-2
Postfusion Spike
The 3D nature of cryo-ET allows analysis of features that would

normally be obstructed in cryo-EM projection images (Ni et al.,

2020; Zhang, 2019). Detailed parameters for tomography data

collection and processing are summarized in Table S2. The

spikes in the tomograms confirmed the findings from negative
Structure 28, 1218–1224, November 3, 2020 1219
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Figure 1. Isolation and Identification of the SARS-CoV-2 Virus

(A) Representative computed tomography scans of the patient at 7, 16, 26, and 39 days after illness onset (d.a.o).

(B) Vero cells were inoculated with a bronchoalveolar lavage fluid sample. The cytopathic effects were observed at 4 days postinfection.

(C) Detection of virus by indirect immunofluorescence assay using the patient’s plasma (top) and control plasma from a healthy individual (bottom).

(D) Viral RNAswere extracted from the cell culture supernatant and detected using a commercial kit probing theORF 1ab (red) andN (blue) genes of SARS-CoV-2.

(E and F) Testing the convalescent plasma IgG antibody (E) and SARS-CoV-2 RBD-specific human monoclonal antibodies (F) using purified SARS-CoV-2 virus

particles. The control plasmas 1 and 2were obtained from a patient recovered from influenza A virus infection and a healthy volunteer, respectively. All data points

represent duplicate measurements. The control monoclonal antibody is a human monoclonal antibody specific to influenza A virus generated by the Institute for

Hepatology in the Third People’s Hospital of Shenzhen. Scale bar, 50 mm.
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staining and cryo-EM, showing that the spikes adopt a confor-

mation consistent with the postfusion state of the S2 protein

(Figures 3A and 3B). Frequently, the spikes were arranged in

clusters (Figures S2B and 2D). Among 125 spikes from 19 virus

particles analyzed from high defocused tomograms, we

observed 32 prefusion and 93 postfusion spikes from which

S1 had dissociated. The postfusion spikes account for 74%

of total spikes in the b-propiolactone-treated SARS-CoV-2 par-

ticles (Figure 3C). Virus tomograms also showed the ribonu-

cleoprotein complexes organized inside the viruses (Figures

3A–3C).

Despite the determination of many structures of prefusion

SARS-CoV-2 spike alone and in complex with its receptor

and antibodies, the structure of the postfusion SARS-CoV-2

spike is still lacking. A recent study showed the structure of
1220 Structure 28, 1218–1224, November 3, 2020
postfusion SARS-CoV spikes from purified recombinant S pro-

teins using single-particle cryo-EM (PDB: 6M3W) (Fan et al.,

2020). To obtain an in situ 3D structure of the postfusion

SARS-CoV-2 spike on the native virion, we carried out cryo-

ET and subtomogram alignment and averaging (Sutton et al.,

2020; Zhang, 2019). A set of 956 manually picked nail-shaped

spike subvolumes from 242 tomograms were aligned and aver-

aged iteratively with a 3-fold symmetry applied using the pro-

grams Dynamo and emClarity (Castaño-Dı́ez et al., 2012;

Himes and Zhang, 2018). The resulting map at 11 Å resolution

showed the characteristic postfusion conformation of coronavi-

rus spikes (Figures 3D and S3): a 240 Å tall structure, 66 Å at its

widest point, where the connector domains and core b

sheets are, and 27 Å at its narrowest point, near heptad repeat

1 (HR1). The atomic model of postfusion SARS-CoV
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Figure 2. Cryo-EM Analysis of SARS-CoV-2

(A and B) Representative cryo-EM images of purified inactivated SARS-CoV-2 virus particles.

(C and D). Zoom-in views of the boxed virions in (A and B). Envelope and nucleocapsids are indicated by green dashed lines and a blue triangle, respectively. Viral

spikes are indicated by red arrowheads.

(E and F). Enlarged views of the spikes indicated by yellow arrowheads in (C and D), respectively. The shape of the spike is depicted by yellow dotted lines. Green

dotted lines indicate the viral envelope. Scale bars, 100 nm in (A and B), 50 nm in (C and D), 25 nm in (E and F).
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(PDB: 6M3W) (Fan et al., 2020), which shares 89.97%

sequence identity with SARS-CoV-2 at the S2 region (Fig-

ure S4), fit well into the subtomogram averaged density map.

A significant portion of density at the bottom of the spike close

to the membrane was not modeled (Figure 3C). This region

could account for about 224 residues that were not resolved

in the SARS-CoV structure (Figure S4). Protrusions on the

side and top of the map are consistent with glycosylation moi-

eties, in particular at the N1194 and N1173 sites (Figure 3D). It

should be noted that these glycan densities are more extensive

than what was modeled in PDB: 6M3W (just one sugar) (Fan

et al., 2020). Glycosylation is expected to be complex and var-

iable and often contains a chain of multiple sugars. Although

the subtomogram average shows a continuous density that in-

cludes the viral membrane, the lipid membrane bilayer is not

well resolved. This indicates that the postfusion spikes are flex-

ible and have some confined variable orientations relative to the

viral membrane. Due to the limited number of prefusion spikes

available on the virus particles, a high-resolution subtomogram

average of the prefusion spike was not obtained.
DISCUSSION

The relationship between receptor binding, priming proteolytic

cleavage, and the pre- to postfusion spike transition is still not

clear. Here, we have shown that isolated SARS-CoV-2 viruses

treated with the inactivating agent b-propiolactone exhibit

most of the spikes in the postfusion conformation, forming clus-

ters. The density map of postfusion spikes derived from in situ

subtomogram averaging of native virus particles shows a struc-

ture similar to that of the SARS-CoV S2 spikes previously deter-

mined by cryo-EM single-particle analysis of recombinant

proteins. The anticipated glycosylation sites in the subtomogram

average of SARS-CoV-2 postfusion spikes match well with the

atomic model of the SARS-CoV S2 spike.

The use of chemically inactivated pathogens is one of themost

common vaccine strategies. It has a good track record of gener-

ating long-lasting immunity for many different viral diseases,

such as flu, polio, and yellow fever. Nonetheless, this strategy

is not universally suited to all viruses and can even have disas-

trous consequences if a molecular and structural understanding
Structure 28, 1218–1224, November 3, 2020 1221
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Figure 3. Cryo-ET and Subtomogram Aver-

aging of SARS-CoV-2 Postfusion Spike

(A) Tomographic slice of inactivated SARS-CoV-2

viruses.

(B) Enlarged view of the boxed region in (A). Viral

spikes are indicated by yellow arrowheads.

(C) Segmentation of a representative virus particle,

showing the prefusion spikes in cyan, postfusion

spikes in orange, membrane in light gray, and

ribonucleoprotein and RNA genome complex in

blue. The distribution of prefusion and postfusion

spikes and the 95% confidence interval are listed

below.

(D) Density map of the postfusion SARS-CoV-2

spike fitted with a SARS-CoV model (PDB: 6M3W)

(Fan et al., 2020). The unmodeled density at the

bottom could account for 224 residues not

resolved in PDB: 6M3W. Two glycan sites are

labeled. Right side shows sectional views at the

positions marked by the blue dashed lines. Scale

bars, 50 nm in (A), 20 nm in (B).
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of the antigen is lacking. One such unfortunate example is the

formalin-inactivated respiratory syncytial virus (FI-RSV) vaccine

trial of the 1960s, which led to enhancement of disease symp-

toms in vaccinated children after natural exposure to RSV, with

two fatal cases. Themolecular mechanism of this negative effect

of the RSV vaccine was not fully understood until the structures

of formalin-inactivated RSV were determined (McLellan et al.,

2013). The RSV spike is formed by the F protein, a class I fusion

protein similar to coronaviruses’ S protein, and can adopt a pre-

fusion or a postfusion state. Structural studies revealed that one

contributing factor to the vaccine failure was that the prefusion

state of the RSV spike was absent and the postfusion state

was primarily represented in the FI-RSV vaccine formula (Killi-

kelly et al., 2016; McLellan et al., 2013). This highlights the

need to understand the differential roles of neutralizing and

non-neutralizing antibodies elicited by vaccines and the chal-

lenge of avoiding antibody-dependent enhancement.

b-propiolactone is the chemical inactivating agent success-

fully used in rabies and other vaccines. Here we have shown

that b-propiolactone-treated SARS-CoV-2 viruses exhibit most
1222 Structure 28, 1218–1224, November 3, 2020
of their spikes in the postfusion confor-

mation. It is possible that b-propiolactone

could induce this conformation change,

yet we cannot rule out the effect of purifi-

cation and concentration procedures.

Most COVID-19 vaccine candidates rely

on the S protein as its antigen, since this

is the primary exposed protein on the sur-

face of the SARS-CoV-2 viral particle. As

of July 7, 2020, 21 COVID-19 vaccine

candidates were in clinical evaluation, 4

of them utilizing inactivated viruses

(WHO, 2020a). b-propiolactone was

used in three of four candidates as the

inactivation reagent (Chen et al., 2020;

Gao et al., 2020; Wrapp et al., 2020a;

Xia et al., 2020) (Table S3). One of the

vaccine candidates, PiCoVacc, was puri-
fied and inactivated the same way as in this study, and not sur-

prisingly also showed substantial postfusion spikes, even

though a prefusion state was incorrectly claimed (Gao et al.,

2020). Therefore, structural studies, particularly on the confor-

mational state of the viral spike in situ in intact virus particles,

are paramount for these vaccine candidates, especially when

the antigenicity of a vaccinal antigen is not predictive of the pro-

tective immunity elicited by it, as the FI-RSV trial shows.
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests should be directed and will be fulfilled by the Lead Contact, Prof. Peijun Zhang, (peijun@strubi.ox.

ac.uk).

Materials Availability
Viral strain is available from Drs Zheng Zhang (zhangzheng1975@aliyun.com) and Lei Liu (liulei3322@aliyun.com) with a completed

Materials and Transfer Agreement.

Data and Code Availability
The genome sequence of isolated virus was submitted to theGlobal Initiative on Sharing Avian Flu Data (GISAID) with an access num-

ber of EPI_ISL_406594 and designated as ‘‘BetaCoV/Shenzhen/SZTH-003/2020’’.

CryoEM density map for postfusion SARS-CoV-2 Spike Protein is deposited at the EMDB under accession code EMD-11627.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement
The research received approval from the Research Ethics Committee of Shenzhen Third People’s Hospital, China (approval number:

2020-038). The Research Ethics Committee waived the requirement for informed consent before the study started because of the

urgent need to collect epidemiological and clinical data. We analysed the data anonymously.

Cell Lines and Viruses
African green monkey kidney Vero cell (Female) (ATCC, CCL-81) were obtained from ATCC and maintained in Dulbecco’s minimal

essential medium (DMEM)(GIBCO) supplemented with 10% fetal bovine serum (FBS)(Corning) and penicillin (100U/ml)-streptomycin

(100mg/ml)(GIBCO). Cell line has not been authenticated.

Patient-derived SARS-CoV-2 isolate BetaCoV/Shenzhen/SZTH-003/2020 (EPI_ISL_406594) was isolated the BALF sample of the

COVID-19 patient using Vero cell in biosafety level 3 (BSL-3) laboratory.

METHOD DETAILS

Sample Collection and Virus Isolation
The Bronchoalveolar Lavage Fluid (BALF) was collected from the patient at 1 day after admission. Vero cells were used for the virus

isolation in the biosafety level 3 (BSL-3) laboratory. The BALF sample was centrifuged at 5, 000 rpm at 4�C for 5 minutes, and then

200 ml supernatant was added to monolayer of cell in 6 well plates and incubated at 37�C and 5% CO2 for 1 hour. Then cells were

washed with PBS 3 times, and fresh DMEM containing 2% fetal bovine serum (FBS) and 1% penicillin streptomycin (PS) was added

to cell culture. Cells were maintained at 37�C and 5% CO2, and CPEs were monitored daily with light microscopy. Meanwhile viral

RNAs were detected at 3 and 5 dpi using qRT-PCR to monitor the replication of virus, and the supernatant was harvested at 6 dpi.

qRT-PCR
Viral RNAs from BALF and cell culture supernatant were extracted using the QIAamp RNA Viral Kit (Qiagen, Heiden, Germany). Then

quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using a commercial kit specific for 2019-

nCoV detection targeting the ORF lab and N genes (BioGerm, Ltd., Shanghai, China) as reported previously (Liu et al., 2020). The

amplification conditions were: Incubation at 50�C for 10min,Taq activation for 5 min at 95�C, followed by 40 cycles of amplification

comprising denaturation for 10 sec at 95�C, annealing and primer extension for 40 sec at 55�C. The specimens were considered pos-

itive if the Ct value was 37.0 or lower, negative if the result were undetermined. Specimens with a Ct value higher than 37.0 were

repeated. The specimen was considered positive if the repeated results were the same as the initial result and between 37 and

40. If the repeated Ct was undetectable, the specimen was considered negative.

Indirect Immunofluorescence Assay (IFA)
IFA was done as described previously (Yang et al., 2013, 2015). Vero cells were fixed in 4% formaldehyde at 48 hours post infection.

Then cells were permeabilized in 0.5% Triton X-100, blocked in 5% BSA in PBS, and then probed with the plasma of this patient or

healthy control at a dilution of 1:500 for 1 h at room temperature. The cells were washed three timeswith PBS and then incubated with

either goat anti-human IgG conjugated with Alexa fluor 488 at a dilution of 1:500 for 1 h (Invitrogen, Carlsbad, CA). The cells were then

washed and stained with hoechest-33342 (Invitrogen, Carlsbad, CA) to detect nuclei. Fluorescence images were obtained and an-

alysed using EVOS FL Auto Imaging System (Invitrogen, Carlsbad, CA).
e2 Structure 28, 1218–1224.e1–e4, November 3, 2020
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Enzyme Linked Immunosorbent Assay (ELISA)
Microtiter plates (Sangon Biotech) were coated overnight at 4�C with 2.5 3 103 TCID50/well/100 ml purified and inactivated SARS-

CoV-2 particles. The plates were washed twice with PBS containing 0.1% v/v Tween-20 (PBST) and blocked with blocking solution

(PBS containing 2% w/v non-fat dry milk) for 2 hours at 37�C. The plates were then washed with PBST. The plasma was diluted to

1000-fold and humanmonoclonal antibody specific to SARS-CoV-2-RBD generated by our laboratory were diluted to 200 mg/ml into

PBS as initial concentration, and serial 3-fold dilutions of sera was added to the wells and incubated at 37�C for 60 minutes. After

three washes, 100 ml of horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody solution (Sangon Biotech) was

added to each well and incubated at 37�C for 60 minutes. After washing, 100 ml of tetramethylbenzidine (TMB) substrate (Sangon

Biotech) was added at room temperature in the dark. After 15 minutes, the reaction was stopped with a 2M H2SO4 solution. The

absorbancewasmeasured at 450 nm. All data points represent a singlemeasurement. The ELISA titers were determined by endpoint

dilution.

Virus Preparation
Virus was amplified in Vero cell in an incubator at 37�C and 5% CO2 for 96 hours and the viral load was determined by qPCR assay.

The harvested 400ml virus supernatant with a virus titer of about 1.083 105 TCID50/ml (genome equivalent) was firstly inactivated by

adding 0.05% (v/v) b-propiolactone and incubating at 4�C for 36 hours.

Then the inactivated viruses were pelleted by centrifugation at 85,000 g, 4�C using a SW28 rotor. The pellet was dissolved at 4�C
overnight in buffered saline (0.15MNaCl, 20mMHEPES, pH 6.8). The 3ml of the suspended virus was layered on top of linear gradient

of 40% (w/w) potassium tartrate, 20mMHEPES, pH 7.4 (bottom) to 15% (w/w) glycerol, 20mMHEPES, pH 7.4 (top) and subjected to

isopycnic centrifugation in SW40 rotor at 85,000 g, 4�C for 3 hours. The resulting milky band of virus was diluted with buffered saline

and pelleted by centrifugation using an SW40 rotor at 85,000, 4�C for another 3 hours. Finally, the pellet was allowed to dissolve at

4�C overnight in 50 ml of buffered saline. Six independent virus samples were prepared and analysed in the following work. All

following work was not blinded. Randomization, subject inclusion and/or exclusion criteria and sample size estimation do not apply

to this sample.

Viral Genome Sequence and Phylogenetic Analyses
The extracted viral RNAs were subjected for next generation sequencing using the Illumina sequencing platform. The assembled

sequence was further analyzed together with other genomes of SARS-CoV-2 downloaded from National Center for Biotechnology

Information (NCBI) database. The phylogenetic analyses were completed as previously reported(Yang et al., 2019). Software Muscle

was used for multiple sequence alignment. The phylogenetic analysis was performed using RAxML, 1000 bootstrap replicates

were run.

Negative Stain EM Imaging
An aliquot of 3ml purified sample was applied to a glow-discharged grid with continuous carbon layer (Electron microscopy China,

China) for 1min. Grid was then blotted by filter paper to absorb excrescent sample. The grid was then stained with 3%(w/w) phos-

photungstic acid for 1min. Redundant liquid was absorbed using filter paper. The grid was transferred to a Talos 120C transmission

electron microscope (Thermo Fisher Scientific) performed at the 120 kV. Data was collected at a nominal magnification of 45000 3,

corresponding to a pixel size of 3.5 Å/pixel with a Ceta 16M CMOS detector (Thermo Fisher Scientific).

Cryo-EM Imaging
For cryo-EM sample preparation, 3ml of sample was placed on a glow-discharged Quantifoil grid (R1.2/1.3). The grid was blotted us-

ing Vitrobot Mark IV (Thermo Fisher Scientific). Frozen grid was then transferred to a Titan Krios transmission electron microscope

(Thermo Fisher Scientific) operated at 300 kV and images were recorded by a Falcon III direct electron detector (Thermo Fisher Sci-

entific). Image stacks with 16 frames were collected in linear mode by EPU at a nominal magnification of 59000 x, corresponding to a

pixel size of 1.14 Å/pixel. Total dose was estimated at about 60 e-/Å2.

Cryo-ET Data Acquisition
Tilt-series were acquired on a Gatan K2-Summit detector in super-resolution mode using an FEI Titan Krios operating at 300 kV

equipped with an energy filter (slit width 20 eV; GIF Quantum LS, Gatan). Tilt-series were recorded at a nominal magnification of

105,000x, corresponding to a calibrated pixel size of 0.7 Å. A dose-symmetric scheme(Hagen et al., 2017) was used to collect

tilt-series from -60� to 60� at a step size of 3� using SerialEM software(Mastronarde, 2005). At each tilt, a movie stack consisting

of 10 frames was recorded with a set dose rate of 3 e-/Å2/sec. Tilt-series were collected at a range of nominal defocus between

-1.5 and -4.5 mm and a target total dose of 120 e-/Å2 was applied over the entire series.

Cryo-ET Image Processing and Subtomogram Averaging
Frames were motion-corrected and Fourier-cropped to a final pixel size of 1.4 Å using MotionCor2(Zheng et al., 2017). Tilt-series

were aligned using eTomo using gold fiducials. Tomographic reconstructions were produced using tilt-series binned by a factor

of 6 and using SIRT-like filter equivalent to 10 iterations in order to enhance contrast. Postfusion spike positionsweremanually picked

in IMOD(Kremer et al., 1996). To acquire initial particle orientations, the tomograms were imported to Dynamo(Castaño-Dı́ez et al.,
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2012) and oriented surface models were hand-drawn so that model points were oriented normal to the viral membrane. In-house

MATLAB scripts were used to copy the orientation from the closest membrane point to the manually picked postfusion spikes

points. 956 subtomograms were cropped, and iteratively aligned and averaged using Dynamo and emClarity(Pettersen et al.,

2004), first using bin 6 boxes, and later using bin 2 boxes. Images and atomic-model fittings of PDB 6M3W were produced in

UCSF Chimera(Pettersen et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS

Spike distributions were determined after visual inspection andmanually counting pre and postfusion spikes in 19 randomly selected

viral particles (for a total of 125 spikes). 95% Confidence intervals of pre and postfusion spike proportions were calculated by the

modified Wald method using the GraphPad QuickCalcs Web site: https://www.graphpad.com/quickcalcs/confInterval2/ (accessed

in September 2020).

Viral particle diameter was measured in IMOD(Kremer et al., 1996). Measurements plotting and statistical analysis was performed

using GraphPad Prism. Data are presented as mean ± SEM.

The investigators were not blinded to allocation during experiments and outcome assessment.
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