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SUMMARY

Vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been proven to be
an effective means of decreasing COVID-19 mortality, hospitalization rates, and transmission. One of the
vaccines deployed worldwide is ChAdOx1 nCoV-19, which uses an adenovirus vector to drive the expres-
sion of the original SARS-CoV-2 spike on the surface of transduced cells. Using cryo-electron tomography
and subtomogram averaging, we determined the native structures of the vaccine product expressed on
cell surfaces in situ. We show that ChAdOx1-vectored vaccines expressing the Beta SARS-CoV-2 variant
produce abundant native prefusion spikes predominantly in one-RBD-up conformation. Furthermore,
the ChAdOx1-vectored HexaPro-stabilized spike yields higher cell surface expression, enhanced RBD
exposure, and reduced shedding of S1 compared to thewild type.We demonstrate in situ structure deter-
mination as a powerful means for studying antigen design options in future vaccine development against
emerging novel SARS-CoV-2 variants and broadly against other infectious viruses.

INTRODUCTION

The current COVID-19 pandemic provoked the fastest vaccine development effort in the history of mankind: approximately a year from dis-

ease report to vaccine distribution. Previously the record belonged to themumps vaccine, which took about four years from initiation of devel-

opment to deployment. The majority of World Health Organization (WHO)-recognized severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) vaccines are based on the spike (S) glycoprotein. S decorates the exterior of viral particles and is responsible for both attach-

ment of viruses to the target cells through its interaction with the angiotensin-converting enzyme 2 (ACE2) receptor and the fusion of the viral

membrane with the host cell membrane to deliver the viral content to the target cell.1–3 S is a homotrimer that undergoes massive structural

rearrangements during the viral entry and fusion steps. The prefusion conformation, composed of S1 and S2 subunits, is metastable, active,

and responsible for binding to the ACE2 receptor. The postfusion conformation is achieved after shedding S1 and is more stable but inactive.

Immune responses against the prefusion conformation are more likely to be protective as they may impede viral entry and subsequent infec-

tion. The natural propensity of the spike to convert to the postfusion conformation may therefore present a challenge in vaccine develop-

ment.4 To address this issue, a structure-based design approach identified six proline substitutions (F817P, A892P, A899P, A942P, K986P,

and V987P) in S2 (HexaPro) that increase stability and expression yield of the SARS-CoV-2 prefusion spike.5

One of the COVID-19 vaccines granted Emergency Use Licensure by the World Health Organization is AstraZeneca’s ChAdOx1 nCoV-19/

AZD1222, which is basedon a replication-incompetent adenoviral vector.6 This viral vector enters cells anddelivers the gene for the SARS-CoV-2

spike, leading to its transient expression. AZD1222 drives expression of the spike from the Wuhan-Hu-1 strain (GenBank accession no.

MN908947), an early SARS-CoV-2 isolate.7 The spike derived from this vaccine adopts a similar glycosylation pattern and overall structure as

the one found in native SARS-CoV-2 viruses.8 Vaccination with AZD1222 triggers cellular and humoral immune responses that greatly reduce
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COVID-19 infection, deaths, and hospitalizations.6,9 During the pandemic, a number of spike variants were expressed fromChAdOx1, including

the beta variant both with (described here as 19E6) and without (described here as 19E, elsewhere as AZD2816) Hexapro stabilization.10,11

RESULTS

We investigated the second-generation ChAdOx1 constructs against the Beta/South Africa SARS-CoV-2 variant, specifically the ChAdOx1

19E and 19E6. U2OS cells were transduced by each of the ChAdOx1 constructs. The expression levels of SARS-CoV-2 spike proteins were

analyzed by flow cytometry and staining at three post-transfection time points (24 h, 48 h, and 72 h) (Figure S1). ACE2-Fc was used to detect

the functional spike which has at least one-RBD-up conformation while amonoclonal human antibody Ab222 was used to probe the prefusion

state of the spike. Ab222 is isolated from a recovered COVID-19 patient, which has been extensively characterized and been determined to

bind to S1 RBD region of the spike.12 In both constructs, the expression level of spikes at 24 h post-infection is high and does not further in-

crease after longer expression time. 19E6 construct showed a higher percentage of spike-producing cells (Figures 1A and 1B), which is likely a

consequence of higher level of surface expression (Figures 1C and 1D) of the spike in the prefusion functional state than the 19E construct. The

higher level of the surface spike in 19E6 could be attributed to the increased stability of the spike. Indeed, the level of S1 shedding in the

extracellular media in the 19E6 is considerably lower than that in 19E, especially at 72 h post-infection (Figure 1E). Transfection of

ChAdOx1 does not affect the viability of cells (Figure 1F).

To understand what conformation(s) the vaccine spikes adopt on transduced U2OS cell surfaces, we collected cryo-electron tomography

(cryo-ET) tilt-series to image the cell periphery (Figure S2; Table S1). As shown in representative tomograms (Figure 2A and Videos S1 and S2),

a remarkably high amount of spike protein is seen on the cell surface, as seen by the club-head shapes in the side view and triangular shapes in

the top view (Figure 2A). Spike-covered exosomes are also commonly identified (Figure S2B). These spikes are packed on the membrane

surfaces with the same height, resembling hedgerows, suggesting they are mostly prefusion spikes. We performed cryo-ET subtomogram

averaging (STA) of these in situ spikes and obtained the maps with C3 symmetry at 9.0 Å and 9.6 Å resolution for the 19E6 and 19E construct,

respectively (Figure 2B; Figure S3A). Local resolution maps suggest a stable central core and much more dynamic RBD domains (Figure 2B).

The central helix bundles are resolved clearly (Figure 2C), as well as a number of N-linked glycans (Figure 2D). A spike structure in 3-RBD-down

conformation (PDB 6ZGI) did not fit well into our density maps, due to the local rotation of the NTD. In contrast, a single chain in RBD-down

conformation from a one-RBD-up trimer (PDB 6ZGG) fits better into the density map; the remaining two chains were generated by rigid-body

docking of the first chain into density (Figure 2C). The majority of spikes on the native cell membrane are mono-dispersed with a median dis-

tance of �15 nm as shown in the nearest neighbor distance distribution, distinct from the dimer configuration observed in detergent-solu-

bilized and purified recombinant spikes13 (Figures 2E and 2F).

The poorer local resolution in the RBD domain indicates that it may be conformationally flexible (Figure 2B). Additionally, although the

RBD-down conformation was fitted into this C3 symmetrized map, additional density can be clearly observed above the fitted RBD, suggest-

ing the RBDs are not completely all in down conformation. We, therefore, carried out subtomogram classification without symmetry in em-

Clarity14 using a principal-component analysis (PCA)-based reference-free classification method (Figure S4). This analysis revealed that the

majority of spikes are in the one-RBD-up conformation and smaller fractions of spikes are in all-RBD-down or two-RBD-down with the third

RBDmissing/flexible conformations (Figure 3A). The same three distinct classes of spikes at a similar ratio were reproduced using a reference-

based classification (Figure S4). Intriguingly, the distribution of the three classes for the 19E6 spikes is markedly different from that of the 19E

spikes (Figure 3B). More than 85% of 19E6 spikes adopt one-RDB-up conformation as opposed to 58% of 19E spikes. Previous structural an-

alyses of spikes from inactivated virions and from recombinant soluble proteins showedmultiple spike conformations with the majority of the

spikes in one-RBD-up conformation,15 supporting the conformational authenticity of the antigen generated by the ChAdOx1 vaccine, both

with and without HexaPro stabilization. Further refinement of the one-RBD-up spike class resulted in a structure at 9.6 Å for the 19E6 spike

which closely resembles the purified spike from in vitro studies (Figures 3C and 3D).

DISCUSSION

Wedetermined native structure of the vaccine products in the cellular context by cryo-ET, allowing vaccine characterization and validation.We

compared two second-generation ChAdOx1 constructs expressing the wild-type and HexaPro spikes of the Beta SARS-CoV-2 variant and re-

vealed that the HexaPro ChAdOx1 spikes are more stable, with enhanced cell surface expression, improved RBD exposure, and reduced S1

shedding.While the original in vitro study of the recombinantHexaPromutant suggested an approximately equal distribution of spikes in one-

RBD-up, two-RBD-up, and one-RBD-flexible prefusion state,5 our in situ structure from the cell surfaces showed that the spikes are mostly in

the prefusion state with about 85% of spikes in one-RBD-up conformation. HexaPro-stabilized SARS-CoV-2 spikes delivered by a Newcastle

Disease Virus vector are currently being used in a clinical phase 1 trial. Interim analyses show an acceptable safety profile and potent immu-

nogenicity.16 In mice and hamsters, HexaPro spike delivered by a vesicular stomatitis virus (VSV)-vectored vaccine is more potent for inducing

antibodies that neutralize viral variants of concern than the 2-Proline mutant and the wild-type spike.17 However, in pre-clinical studies, vacci-

nation of BALB/c mice with the ChAdOx1 vectors expressing Beta variant HexaPro-stabilized spikes was shown to induce equivalent immu-

noglobulin G (IgG) responses to non-stabilized spikes and induced slightly lower interferon-gamma production in splenocytes when

compared to non-stabilized spikes, suggesting a moderately lower cell-mediated immune response.17 The complexity of neutralizing anti-

body induction and immune cell responses by various virus-vectored vaccines in different hosts warrants further in-depth investigations but

may relate to the different expressions of the vaccine antigen from VSV and ChAdOx1. VSV-vectored vaccines carry the vaccine glycoprotein

on the surface of VSV particles, and the spike protein is therefore present during vaccine manufacture and storage, perhaps allowing time for
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the antigen to alter conformation from the prefusion to postfusion form. In contrast, high levels of vaccine antigen are produced in cells trans-

ducedwith ChadOx1 only after vaccination, with a significant amount of the antigen remaining in the prefusion form. However, the addition of

prolines may adversely affect the processing of the vaccine antigen by the proteasome, thereby reducing T cell responses to the antigen.

The continuous emergence of SARS-CoV-2 variants will most likely require regular booster vaccinations to keep up the arms race against

the virus. Optimizing antigens in the future-generation vaccines will be crucial in the fight against SARS-CoV-2 and to prepare for potential

future coronavirus outbreaks. Structural characterization and validation in situ are paramount for these vaccine candidates, especially when

A

D

E F

C

B

Figure 1. Cytometry analysis of SARS-CoV-2 spike expression

(A and B) Percentage of cells expressing SARS-CoV-2 spike after ChAdOx1 19E and 19E6 transduction as assessed by staining with Ab222, an S1-targetting

monoclonal antibody (A), and an ACE2-Fc chimera (B).

(C and D) Cell surface expression levels of SARS-CoV-2 spike after ChAdOx 19E and 19E6 transduction as assessed by staining with Ab222 (C) and an ACE2-Fc

chimera (D).

(E) S1 concentration in microvesicle-depleted cell-culture supernatant determined by quantitative S1 ELISA.

(F) Viability of cells transfected with ChAdOx1 19E and 19E6 at 24 h, 48 h, and 72 h post-infection. p values from two-way ANOVAwith Tukeymultiple comparisons

test. Error bars represent the stardard deviation (SD). Experiment was performed two times with biological triplicates. See also Figure S1.
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the antigenicity of a vaccine antigen is not predictive of the protective immunity elicited by it, as the formalin-inactivated respiratory syncytial

virus (FI-RSV) trial shows.18 Our in situ structural study involves minimal experimental manipulation of spikes, which reflects the closest reca-

pitulation of antigen status presented in their native condition. These structural and conformational characterizations of spikes in situ provide

a basis for the development of next-generation immunogens, meeting the different requirements of alternative vaccine technologies.

Limitations of the study

Limitations of the study include the following. Due to the technical challenges to obtain a much larger dataset as only a small fraction of cells

expressed visibly abundant spikes on cell surface, it was not possible to identify other conformational variations of ChAdOx spikes, in addition
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Figure 2. Subtomogram averaging of ChAdOx1 spikes in situ

(A) A tomogram slice of 19E6 infected cell showing spikes decorating the cell membrane. Red arrows point to the representative spikes. Inset box shows the

spikes in the top slide of the filopodia. Scale bar = 100 nm.

(B) Orthogonal views of subtomogram averaging of ChAdOx1 spike 19E6 (top) and 19E (bottom) with C3 symmetry applied.

(C) Orthogonal views ChAdOx1 spike 19E6 density map overlay with a structure model of spike (PDB 6ZGG).

(D) A close-up view of the boxed region in C. The density extrusions indicate good fit with the N-linked glycosylation. Several glycans are highlighted.

(E) Pairwise distance distribution of spikes for ChAdOx1 19E and 19E6 samples.

(F) Model of dimerized spikes (EMD-22354) has a distance of 10 nm between spikes. The density map EMD-22354 was Gaussian filtered for presentation. See also

Figures S2–S4, Table S1 and Videos S1 and S2.
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to the three major classes reported here. The structural study was carried out using U2OS cells which allow us to image thin cell periphery for

surface-expressed spikes.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

d METHOD DETAILS

B Production of ChAdOx1 19E and 19E6

B Electron microscopy grid preparation

B Cell viability analysis

B Flow cytometry

B S1 ELISA

B CryoET imaging

B Subtomogram averaging

B Subtomogram classification

B Model fitting

d QUANTIFICATION AND STATISTICAL ANALYSES
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Figure 3. Classification of spike conformations

(A) Three classes were identified in both ChAdOx1 19E and ChAdOx1 19E6 spikes: one RBD up (blue), three RBD down (brown), and two RBD down with one RBD

flexible (gray).

(B) Distribution of the three spike conformations in both ChAdOx1 19E and ChAdOx1 19E6 vaccines.

(C) STA map of ChAdOx1 19E6 spike in one-RBD-up conformation at 9.6 Å resolution.

(D) Comparison between ChAdOx1 19E6 spike (one RBD up) in situwith cryo-EM SPA study (PDB 6ZGG) with an RMSD of 0.875 Å. The ACE2 binding site is on the

top of RBD domain. See also Figure S4.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human monoclonal Ab222 Dejnirattisai et al. 1112 RRID: AB_3064889

Anti Human Alexa Fluor 488 secondary Life Technologies A-11013; RRID: AB_2534080

Gold G300F1 grids with Quantifoil R2/2 Quantifoil N1-C16nAuG3-01

Trypan Blue solution Sigma Cat#93595

EM BSA Gold Tracer, 10 nm EMS (Aurion) Cat#25486

Phosphate Buffered Solution Sigma P4474

Chemicals, peptides, and recombinant proteins

16% Paraformaldehyde Aqueous Solution EMS Cat #15710

Critical commercial assays

SARS-CoV-2 Spike Protein S1 RBD ELISA Kit eLabScience Cat#E-EL-E605-ELA

QuickTiter� Adenovirus Titer Immunoassay kit Cell Biolabs Inc Cat#VPK-109

Deposited data

Motion corrected tilt-series EMPIAR This study: ChAdOx1 19E6, EMPIAR-11456,

and ChAdOx1 19E, EMPIAR-11457.

EM density maps EMDB ChAdOx1 19E6 spike C3 symmetrized

(EMD-16403); ChAdOx1 19E6 spike in

C1 symmetry (EMD-16404, all particles);

ChAdOx1 19E6 spike in C1 symmetry

(EMD-16697, one-RBD-up only); ChAdOx1

19E spike C3 symmetrized (EMD-16405);

ChAdOx1 19E spike in C1 symmetry (EMD-16406).

Experimental models: Cell lines

U2OS ATCC HTB-96

T-REx TM cells Invitrogen Cat#R71007

Recombinant DNA

ChAdOx11 SARS CoV-2 S (WT, AZD2816) Doremalen et al.10

ChAdOx11 SARS CoV-2 S (HexaP) Spencer et al.11

Software and algorithms

IMOD Kremer J.R. et al.19

emClarity Ni, T. et al.14,20

serialEM Mastronard, D.N.21

RELION Zivanov, J. et al.22

ChimeraX Pettersen, E.F. et al.23

Chimera Pettersen, E.F. et al.24

FlowJo FlowJo LLC Version 9

GraphPad Prism GraphPad

emClarity2em This study https://doi.org/10.5281/zenodo.8125829

em2emClarity This study https://doi.org/10.5281/zenodo.8125831
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Peijun Zhang

(peijun.zhang@strubi.ox.ac.uk).

Materials availability

All requests for resources and reagents should be directed to the lead contact author. All reagents will be made available on request after

completion of a Materials Transfer Agreement.

Data and code availability

� All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary information. The following

datasets are public and available through the link provided. The motion-corrected tilt-series have been deposited to EMPIAR with the

accession codes as follows: ChAdOx1 19E6, EMPIAR-11456 (https://www.ebi.ac.uk/empiar/EMPIAR-11456/), and ChAdOx1 19E,

EMPIAR-11457 (https://www.ebi.ac.uk/empiar/EMPIAR-11457/). The cryo-ET subtomogram averaging density maps have been depos-

ited in the EMDBwith the accession codes as follows: ChAdOx1 19E6 spike C3 symmetrized (EMD-16403, https://www.ebi.ac.uk/emdb/

EMD-16403); ChAdOx1 19E6 spike in C1 symmetry (EMD-16404, all particles, https://www.ebi.ac.uk/emdb/EMD-16404); ChAdOx1

19E6 spike in C1 symmetry (EMD-16697, one-RBD-up only, https://www.ebi.ac.uk/emdb/EMD-16697); ChAdOx1 19E spike C3 symme-

trized (EMD-16405, https://www.ebi.ac.uk/emdb/EMD-16405); ChAdOx1 19E spike in C1 symmetry (EMD-16406, https://www.ebi.ac.

uk/emdb/EMD-16406).
� All original code has been deposited at Zenodo and is publicly available as of the date of publication. The original MATLAB scripts have

been deposited to zenodo (emClarity2em: https://doi.org/10.5281/zenodo.8125829; em2emClarity: https://doi.org/10.5281/zenodo.

8125831).

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

U2OS cell transfected with ChAdOx are used in this study.

METHOD DETAILS

Production of ChAdOx1 19E and 19E6

The construction of ChAdOx1 nCov-19 expressing the glycoprotein (S) gene from from strain B.1.351 of SARS CoV-2 first identified in South

Africa, as well as the derived vector containing 6 proline substitutions (F817P, A892P, A899P, A942P, K986P, and V987P) has been described

previously.11 Briefly, the sequence was codon-optimized for expression in human cell lines and synthesized with the tissue plasminogen acti-

vator (tPA) leader sequence at the 50 end byGeneArt Gene Synthesis (Thermo Fisher Scientific). The S genes were inserted into the Gateway�
recombination cassette of the shuttle plasmid containing a human cytomegalovirusmajor immediate early promoter (IE CMV), which includes

intron A and two tetracycline operator 2 sites, and the bovine growth hormone polyadenylation signal. BACs containing the ChAdOx11 SARS

CoV-2 S were prepared by Gateway� recombination between the ChAdOx11 destination DNA BAC vector25 and the shuttle plasmids con-

taining the SARS CoV- 2 gene expression cassettes using standard protocols resulting in the insertion of the SARS-CoV-2 expression cassette

at the E1 locus. The ChAdOx1 SARS CoV-2 S adenovirus genome was excised from the BAC using unique PmeI sites flanking the adenovirus

genome sequence. ChAdOx1 SARS CoV-2 S viral vectors were rescued in T-REx TM cells (Invitrogen, Cat. R71007). The resultant viruses,

ChAdOx1 nCov-19E and ChAdOx1 nCoV-19E6, were purified by CsCl gradient ultracentrifugation as described previously.26 The infectious

titers were determined on T-REx TM cells using an anti-hexon immunostaining assay based on the QuickTiter� Adenovirus Titer Immuno-

assay kit (Cell Biolabs Inc).

Electron microscopy grid preparation

Gold G300F1 grids with Quantifoil R2/2 carbon were glow discharged (Harrick Plasma) on the highest setting for 45 seconds, transferred car-

bon-side up to a 6-well plate, and treated with 20 mg/mL of Bovine Plasma Fibronectin (Sigma) in PBS for 30 minutes and washed three times

with PBS. Grids were thenUV-treated using a short-wavemercury lamp (Jena Analitik) for 1 h. U2OS cells were seeded in 6 well plates on top of

the EMgrids. 3 to 6x104 cells were used in each well. Plates were incubated at 37�Covernight before ChAdOx1 SA 19E andChAdOx1 SA 19E6

transduction. The ChAdOx1 vector was diluted in serum-freemedia and anMOI of 10 was used for all transductions. Cell media was replaced

by serum-free media and the vector dilutions were added drop-wise to each well. Cells were incubated at 37�C for 4 h before the addition of

serum-containing media to a final concentration of 10% FBS. Non-transduced cell controls were performed for each time point with the same

conditions. Plates were incubated at 37�C until plunge-freezing. Grids were picked up from the wells and gently washed three times with PBS.

A fewmicrolitres of concentrated 10 nmGold fiducials (EMS) were applied to the gold side of grids, which were then blotted on the gold side

and immediately plunge-frozen in liquid ethane using a Leica GP2 plunge freezer. Grids were stored in liquid nitrogen until cryo-ET imaging.

The remaining cells on the 6-well plates were used for FACS and viability analyses.
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Cell viability analysis

Cells were detached from the wells using a cell scraper and resuspended in Phosphate Buffered Saline (PBS). 20 ml of cell suspension was

mixed with 20 ml of 0.4% Trypan Blue solution (Sigma) and manually counted using a hemocytometer. Each sample was counted in technical

duplicate. Three biological replicates were performed for each condition.

Flow cytometry

ChAdOx1-transduced and non-transduced control cells at 24, 48, and 72 h post-transduction were detached from the wells using a cell

scraper and resuspended in PBS. Cells were centrifuged at 1500 3g for 5 minutes and washed with 1% BSA in PBS before being incubated

with 1mg/ml humanmonoclonal Ab222 or 2mg/ml recombinant humanACE2-Fc for 2 h at room temperature. Cells were washed three times

using 1%BSA in PBS and fixed using 1%paraformaldehyde in PBS for 30minutes at room temperature. Cells were washed three timeswith 1%

BSA in PBS and then incubated for 1 h at room temperature with Goat Anti Human AlexaFluor 488 secondary antibody (Life Technologies).

Cells were washed twice and then analyzed by flow cytometry using a Fortessa X20 FACS analyzer. Cells were considered positive for spike

expression if they had a fluorescence intensity above a threshold value determined by themaximum intensity of the non-infected control cells.

Twoexperiments were done independently, with three biological replicates performed for each condition. Data were analyzed using FlowJo

v9 (TreeStar).

S1 ELISA

The supernatant was harvested from ChAdOx1-transduced and non-transduced control cells at 24, 48, and 72 h time points. They were spun

at 1000 3g for 5 min and filtered through a 0.45 mm syringe filter. S1 concentration was assessed using a SARS-CoV-2 Spike Protein S1 RBD

ELISA Kit (Catalogue No. E-EL-E605-ELA, eLabScience) according to manufacturer instructions. Three biological replicates were performed

for each condition.

CryoET imaging

Tilt-series were acquired using ThermoFisher Titan Krios microscopes operated at 300 kV, equipped with a K3 camera and Quantum energy

filter in zero-loss mode. The energy slit width was set to 20 eV. The tilt series were collected with serialEM(v3.8)21 using a dose-symmetric

scheme, starting from 0� with a 3� tilt increment by a group of 3, with an angular range from -60� to 60�. The accumulated exposure for

each tilt series was�120 e-/Å2, with a defocus range between -2 and -5 mmand a pixel size of 2.2 Å. Ten raw frames without gain normalization

at each tilt were saved in tif format and data collection details are listed in Table S1.

Subtomogram averaging

An in-house on-the-fly script toolbox.py was used to generate tilt-series and tomograms for visualization, from raw micrographs (https://

github.com/ffyr2w/cet_toolbox). Briefly, the raw micrographs were gain normalized and motion-corrected using MotionCor2,27 removing

the first frame in the raw tilt. The images were stacked together using the newstack command in IMOD19 and aligned with batchruntomo

using gold fiducial beads. The aligned tilt-series were manually checked in Etomo and only high-quality tilt-series were included for further

subtomogram averaging: (1) > 5 gold fiducial beads for tilt-series alignment; (2) visible spikes on the membrane from the tomogram recon-

structions. Tilt series with no identifiable spikes were excluded for further processing.

Subtomogram averaging of the two datasets was performed separately using the same pipeline and parameters in emClarity.14 First CTF

and defocus gradient were estimated. The spikes on the membrane were then identified through template matching in emClarity (v1.5.0.2)

with none-CTF convoluted tomograms (4x down-sampled, pixel size of 8.8Å), using a prefusion spike (EMD-21452, closed state) filtered to

20 Å resolution as a template. The position and orientation of each spike were manually checked in Chimera with the Place Object plugin

(v2.1.0).28 An in-house script (em2emClarity.m) was developed to convert emClarity database into pyTOM format for the Place Object plugin

in Chimera. Particles in thewrong orientation or positionwith respect to themembranewere removedmanually. The remaining particles were

imported to emClarity for further processing (em2emClarity.m). The two scripts for converting files between emClarity database and pyTOM

formats have been deposited to zenodo (emClarity2em: https://doi.org/10.5281/zenodo.8125829; em2emClarity: https://doi.org/10.5281/

zenodo.8125831).

The subtomograms were iteratively aligned and averaged using 33, 23 and 13 down-sampled tomograms, initially with C3 symmetry

applied. The rotational search ranges were iteratively reduced for each down-sampled tomogram until the resolution of averages did not

further improve. The same dataset was also processed with C1 symmetry using 23 down-sampled tomograms, allowing a full-range in-plane

rotational search after relaxation from the previous C3 symmetry alignment. Further local alignment was performed using 1x binned tomo-

grams. The final half maps were reconstructed with cisTEMwithin the emClarity package with either C3 or C1 symmetry using the total expo-

sure. One round of local translational search on the extracted projection images was performed to further improve the resolution of final re-

constructions. The final combined maps with FSC weighting and B-factor sharpening were generated in RELION (v4.0).22 Local resolution

estimation of density maps was conducted in RELION using relion_postprocess with a soft molecular mask.
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Subtomogram classification

Subtomogram classification was performed using emClarity.14,20 Two different classification methods were applied: the standard PCA-based

3D classification and reference-based 3D classification. For the PCA-based 3D classification, the subtomograms were firstly aligned with C3

symmetry, then relaxed to C1 symmetry allowingG120� rotation, with a 120� step size using 2x binned subtomograms (Figures S4A and S4B).

Several iterations were allowed for the in-plane rotational alignment until convergence. The resulting structure was further aligned with local

search before 3D classification (Figure S4C). For classification, a spherical mask enclosing the bulky domain of NTD and RBD trimer was used.

16 class averages were generated and further merged into three classes: three-RBDs-down, one-RBD-up, and one-RBD-flexible (Figures S4D

and S4E). For reference-based classification, three references (all RBDs down, one RBD up, and one RBD disordered) were generated using

molmap command in Chimera from structuremodels (PDB codes: 6ZGI, 6ZGGand 6ZGH), filtered at 15 Å resolution. The resultingmapswere

used as references in emClarity to calculate the cross-correlation coefficients (CCCs) against each subtomogram, allowing a minimal rota-

tional and translational search. Each subtomogram was then assigned to one of the three classes based on its highest CCC. Details of the

classification procedure are illustrated in Figure S4F.

Model fitting

The 3-fold symmetrized density maps for both E and E6 reveal the feature of 3RBD down conformation. An initial rigid-body fitting using a

spike structure from cryoEM SPAwith all 3 RBDs down conformation (PDB 6ZGI) was attempted but did not fit well, due to the local rotation of

theNTD. In contrast, rigid-body fitting of spike structure with one RBD up conformation (PDB 6ZGG) is better. Therefore, a single chain in RBD

down conformation (PDB 6ZGG, chain A) was extracted and a rigid body fit into the density map; the other two chains were generated by

rigid-body docking of the Chain A structure into density. For the C1 density map, the whole spike trimer with one RBD up conformation

(PDB 6ZGG) was rigid-body fitted into the density map, and each chain was further rigid-body refined. Figures were prepared in ChimeraX23

and Chimera.24

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed in GraphPad Prism 9. Two-way ANOVAwith Tukey multiple comparisons test was performed to compare

19E, 19E6, and control FACS and cell viability results. The distances of the nearest spike neighbour were calculated using the coordinates of

refined spikes in their corresponding tomograms. The center of the resulting subtomogram averaging map was used as the center of the

spike. The distance between two spikes in the dimer of the spike trimers map (EMD-22354) was calculated using the same spike center.

The histogram of distance distribution was plotted in GraphPad Prism9.
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