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The entry of SARS-CoV-2 into host cells depends on the refolding of the virus-encoded
spike protein from a prefusion conformation, which is metastable after cleavage, to a

lower-energy stable postfusion conformation'?. This transition overcomes kinetic
barriers for fusion of viral and target cell membranes®*. Here we report a cryogenic
electron microscopy (cryo-EM) structure of the intact postfusion spike in alipid
bilayer that represents the single-membrane product of the fusion reaction. The
structure provides structural definition of the functionally critical membrane-
interacting segments, including the fusion peptide and transmembrane anchor. The
internal fusion peptide forms a hairpin-like wedge that spans almost the entire lipid
bilayer and the transmembrane segment wraps around the fusion peptide at the last
stage of membrane fusion. These results advance our understanding of the spike
proteininamembrane environment and may guide development of intervention

strategies.

The COVID-19 pandemic, caused by SARS-CoV-2, has resulted in the
deaths of millions of people and has had devastating socioeconomic
impactsworldwide. SARS-CoV-2is an enveloped positive-stranded RNA
virus thatenters ahost cell after fusion of the viral and cell membranes.
Althoughmembrane fusionis energetically favourable, there are high
kinetic barriers when two membranes approach each other, primarily
duetorepulsive hydration forces**. Free energy, whichis required for
viral membrane fusion to overcome the kinetic barriers, comes from
refolding of the virus-encoded fusion protein from a prefusion confor-
mation, whichis metastable after proteolytic cleavage to alower-energy
stable postfusion state* The fusion protein of SARS-CoV-2 is its spike
(S) protein, whichis a type |, heavily glycosylated membrane protein
withatransmembrane (TM) segment embedded in the viral membrane,
and another membrane-interacting region, known as fusion peptide
(FP), which caninsertinto the target cellmembrane’. Like other class|1
viral fusion proteins, including HIV-1envelope glycoprotein, influenza
haemagglutinin and Ebola glycoprotein®? the S protein is synthesized
asasingle-chain precursor, trimerized and subsequently cleaved by a
furin-like protease fromthe infected host cell into two fragments—the
receptor-binding fragment S1and the fusion fragment S2°. To initiate
the next round infection, S protein binds to the receptor angiotensin
converting enzyme 2 (ACE2) on the surface of anew host cell and is fur-
ther cleaved atasecond site in S2 (S2’site) by the host serine protease
TMPRSS2 or the endosomal cysteine protease cathepsin L>”%. It then
undergoes large conformational changes toinsert the FPinto the target
cellmembrane and thenrefold into a hairpin-like postfusion structure,
placing the TM segmentand FP at the same end of the molecule, thereby

dragging two membranes close together to complete fusion®°.

Soon after the release of the first SARS-CoV-2 genomic sequence”,
the structures of the S protein fragments—such asits ectodomain sta-
bilized in the prefusion conformation'>?, the receptor-binding domain
(RBD) in complex with ACE2"*" and fragments of S2 in the postfusion
conformation®*—were reported. In the prefusion ectodomain structure,
S1foldsinto four different domains, the N-terminal domain (NTD),
RBD, C-terminaldomain1(CTD-1) and CTD-2,and they wrap around the
prefusion conformation of S2. The structures of the purified full-length
Sproteininboth the prefusion and postfusion conformations®, as well
asthose of the S proteins present on chemically inactivated SARS-CoV-2
virions”?, were subsequently determined, revealing additional struc-
tural details. The fusion fragment S2 contains several segments that
have important structural and functionalroles, including the FP, hep-
tad repeat1(HR1), central helix (CH), connector domain (CD), heptad
repeat 2 (HR2), TM segment and cytoplasmictail (CT) (Extended Data
Fig.1).Inthe postfusion trimer of the S2 ectodomain, HR1and CH form
acentral three-stranded coiled coil, around 180 A long®. Part of HR2
adopts a helical conformation and packs against the groove of the
HR1 coiled-coil to formasix-helix bundle and stabilize the hairpin-like
postfusion structure. It is consistent withamembrane fusion model, in
which HR1 undergoes a ‘jack-knife’ transition to insert the FP into the
target cell membrane and HR2 folds back to bring the FP and TM seg-
ments close together®, in turn causing the two membranes to fuse into
asingle lipid bilayer. However, in all previous structures, the regions
of the S protein near the viral membrane, although structurally and
functionally critical?®* %, are either not present or disordered.

Among the membrane-interacting regions of coronavirus spike
proteins, the FP is one of the most crucial structural elements for
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Fig.1|Preparation ofthe membrane-bound SARS-CoV-2 spike protein
inlipid nanodiscs. a, The purified full-length SARS-CoV-2 S protein was
reconstitutedin lipid nanodiscs and resolved using gel-filtration
chromatography onthe Superose 6 column. The three major peaks (not at the
void volume), as analysed by SDS-PAGE, are peak, containing the prefusion S
trimer in nanodiscs; peakIl, containing empty nanodiscs; and peak ll, containing
free MSP. Representative 2D averages on the basis of negative-stain EM analysis
ofthe peakIfractionsare alsoshown. The box size of the 2D averagesisaround
880 A.A,q,, absorbance at 280 nm. b, The purified full-length SARS-CoV-2 S
proteinwas first reconstituted in nanodiscs, incubated with soluble ACE2 and

membrane fusion, but its exact location has been the source of various
competing theories?. Three membranotropic regionsin the SARS-CoV
S2 have been suggested as putative fusion peptides (Extended Data
Fig. 1), including a potentially glycosylated segment upstream of
the S2’ cleavage site (residues 770-788, named the N-terminal FP;
ref. 27,28); the segment immediately downstream of the S2’ cleav-
age site (residues 798-816 or 798-835, widely accepted as the bona
fide FP*3°); and the segment immediately upstream of HR1 (residues
858-886, also known as the internal FP**2%3")_ Early studies supported
the assignment of the internal FP because it had strong membrane-
perturbing capacities and mutations in this region led to inhibition
of S-mediated cell-cell fusion®. Subsequent studies have shown that
the bona fide FP, which is highly conserved among coronaviruses,
has an even stronger calcium-dependent membrane ordering
activity—a main characteristic of a viral FP when studied as a short
peptide insolution—than the internal FP?**°, Recently, several broadly
neutralizing antibodies have been identified, recognizing the bona
fide FP region of spike proteins from all known human-infecting
coronaviruses, and the FP has therefore been suggested to be a
potential target for developing universal coronavirus vaccines®*,
A fourth hydrophobic region (residues 1190-1203, also called the
pretransmembrane domain (pre-TM) or aromatic domain) adjacent
to the TM domain has been shown to be important in SARS-CoV
fusion, and may act in concert with the FP to support membrane
fusion®*,

To visualize the membrane-interacting regions of postfusion
SARS-CoV-2 spike protein, we reconstituted the full-length protein
inlipid-based nanodiscs, induced the conformational changes using
soluble ACE2 to prepare asample of the postfusion spike in lipid bilayer
and determined its structure using cryo-EMto reveal structural details
that are critical for a full understanding of the SARS-CoV-2 entry. This
study shows that the true FP, as defined by target-membraneinsertion,
is the segment containing residues 867-909. We therefore use the
designation FP to refer to that segment exclusively.
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thenresolved using gel-filtration chromatography on the Superose 6 column.
The three non-void-volume peaks, as analysed by SDS-PAGE, are peak],
containing the postfusion S2 trimer in nanodiscs; peak I, containing empty
nanodiscs and dissociated S1in complex with ACE2; and peak I, containing
unbound ACE2 and free MSP. Representative 2D averages on the basis of
negative-stain EM analysis of the peak I fractions are also shown. The box size
ofthe 2D averagesisaround 880 A. The experimentsinaandbwere repeated at
least four timesindependently with similar results. Gel source data are provided
inSupplementaryFig.1.

Postfusion S2 trimer in lipid nanodiscs

Wereconstituted the purified, intact protein derived from the early vari-
ant G614 (B.1) inlipid nanodiscs using a circularized membrane scaffold
protein (MSP)***, The reconstituted sample resolved by gel-filtration
chromatography into three major peaks. SDS-PAGE analysis showed
that peak I contained mainly the cleaved S protein in nanodiscs; peak
Il contained empty nanodiscs without the S protein; and peak Il con-
tained the free MSP (Fig. 1a). Negative-stain EM confirmed the identity
of peaklasthe nanodisc-associated prefusionS trimer, showing some
flexibility between the ectodomain and the TM region. We induced
the conformational changes of the prefusion S trimer by incubating
the reconstitution reaction or the purified trimer in nanodiscs with
soluble ACE2 (Fig.1b and Extended DataFig. 2). The ACE2-treated sam-
plealsoresolvedinto three peaks onthe basis of gel-filtration chroma-
tography. Peak I contained primarily the dissociated S2 in nanodiscs;
peak Il contained empty nanodiscs co-eluting with dissociated S1in
complex with ACE2; and peak Il contained unbound ACE2 co-eluting
with free MSP (Fig. 1b and Extended Data Fig. 2). Negative-stain EM
images of the peak I fraction showed averyrigid, postfusion S2 trimer
projecting from the nanodisc. The S2’site in the postfusion S2 trimer
appeared tobe uncleaved, as determined using SDS-PAGE analysis and
N-terminal sequencing. These results demonstrate that ACE2 binding
is sufficient to trigger the prefusion-to-postfusion conformational
transition of the purified S trimer evenin the context of the restricted
bilayer membrane in ananodisc.

Structure of postfusion S2 in membrane

We determined using cryo-EM the structure of the postfusion S2
trimer in nanodiscs, prepared as described above. The terminology
for various segments of the S2 polypeptide chain are described in
Fig.2a. We recorded cryo-EM images on a Titan Krios electron micro-
scope equipped with a Gatan K3 direct electron detector and used
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Fig.2|Cryo-EMstructure of SARS-CoV-2S2in the postfusion conformation.
a, Schematic of the SARS-CoV-2 S2 fragment. Various segments include the
S1/S2 cleavagessite (S1/S2), the S2’ cleavage site (S2’), B 7* in the S1/S2-S2’
fragment, the three-helix segment (3H), segment s®*3 the fusion peptide
proximal region (FPPR), fusion peptide (FP), heptad repeat1(HR1), central helix
(CH), connector domain (CD), 1'#1135, #8715 heptad repeat2 (HR2), the
transmembrane anchor (TM), the cytoplasmic tail (CT) and glycans (tree-like
symbols). b, Thestructure of the S2 trimer fitsintoa2.9 A density map. Three
protomers (A, Band C) are colouredingreen, blueandred, respectively.c, The
overallstructure of the S2 trimerin the postfusion conformation shownasa

cryoSPARC* for particle picking, two-dimensional (2D) classification,
three-dimensional (3D) classification and refinement (Extended Data
Fig.3).One major class was obtained from 3D classification and refined
t02.9 Aresolution (Fig. 2b, Extended DataFigs. 3-5and Extended Data
Table1). To improve the local resolution near the nanodisc, we per-
formed additional masked local refinement, leading to a 3.3 A map
covering the TM and CT regions.

Theoverall structure of the postfusion S2 ectodomainin a nanodisc
is nearly identical to that of the protein solubilized in detergent® and
that of SARS-CoV™. It also fits very wellin the low-resolution map of the
postfusion spike onthe surface of SARS-CoV-2 virion, reconstructed by
cryo-electron tomography® (Extended DataFig. 6). As reported previ-
ously, the core structure is a long central three-stranded coiled-coil
made up by HR1and CH (Fig.2c). Athree-stranded 3-sheet formed by a
B-hairpin from the CD and asegment (residues 718-729 (87*7%)) from
the S1/S2-S2’ fragment, created by proteolytic cleavages, wraps around
the C-terminal end of the CH coiled-coil. This connector -sheet and
CH form the invariant structure between the prefusion and postfu-
sion structures. Another segment (residues 737-769 (s*”7%)) in the
S1/S2-S2’ fragment folds into three consecutive a-helices (3H), locked
by two disulfide bonds, and also tightly packed against the groove of
the CH coiled-coil. Inour new structure, there is additional density for
the segmentimmediately downstream 3H, whichbends back towards
the TMregion and attaches to the surface of the postfusion structure,
becoming disordered after GIn785. The S2’ site near Arg815, which is
supposedly cleaved in this conformational state, remains invisible.
In the C-terminal half of S2, a B-strand formed by residues 1127-1135
(B"#135) upstream of HR2 from another protomer joins the connec-
tor B-sheet to expand it into four strands, projecting HR2 towards the
TMregion and probably initiating the HR2 folding back. Furthermore,

CH R
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FP .',7[37‘87729 e pr18-729
:. Postfusion

Prefusion

ribbondiagram. Various structural components, coloured asina, include 3H,
FPPR,FP,HR1,CH,CD,HR2, TMand CT. The S2’ cleavage siteisinadisordered
segmentbetween GIn785and Gly832, indicated by adashed line. A top view
ofthe transmembraneregionin the nanodiscisalsoshown.d, One protomer
eachofthe S2 trimer from the prefusion and the postfusion conformations
superposed by theinvariant CHand CD region. Thelocations of HR2, TM and
CT disorderedinthe prefusionstructure, aswellas the b-FP in the postfusion
structure areindicated by coloured rectangles. The N-terminalend of HR1,
connected directly to the FP, translocates by about 185 A during the prefusion-
to-postfusion transition.

atwo-turnhelix formed by residues 1148-1155 (a4 1) wedges between
two neighbouring 3Hs and alonger helix of HR2 makes up the six-helix
bundle with the HR1 coiled-coil, together reinforcing the very rigid
postfusion structure.

The membrane-interacting segments of S2, missing in all previ-
ous postfusion structures of any class I viral fusion proteins, are well
resolved in our new structure. There are nine membrane-spanning
helices (three per protomer) in the nanodisc region that were fully
resolved in the refined maps. The FP region immediately upstream
of HR1 forms a continuous a-helix extending the central coiled-coil
to around 218 A long and well into the lipid bilayer (Fig. 2c), possibly
accounting for the rigidity of the entire postfusion structureincluding
the transmembrane region. This first FP membrane-spanning helix is
followed by a sharp U-turn within the lipid bilayer, and another helix
that spans through the membrane once again and sends the adjacent FP
proximalregion (FPPR) back to the ectodomainside of the membrane.
A total of six transmembrane helices of the FP from three protomers
packtightly together to formablunted cone shape (Fig. 2c), probably
required for effectively penetrating the target cellmembrane. The third
membrane-spanning helix is the TM segment, which tilts relative to
the plane of the membrane, gently wrapping around the blunted cone.
Part of the following CT appears to be embedded horizontally in the
cytosolic headgroup region of the lipid bilayer, and three copies of it
form a triangle that caps the tip of the transmembrane cone (Fig. 2c).
Comparison of the prefusion and postfusion structuresindicates that
formation of the long postfusion central helix translocates the FP by
185 A, and the FP reconfigures to become a hairpin-like wedge inserted
into the target membrane (Fig. 2d). The FP not only inserts into the
target membrane but also becomes a docking site for the TM helix in
the final stages of membrane merger.
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Fig.3|Structural details of the postfusion SARS-CoV-2spike.a, The
transmembrane region of the postfusion S2 fitsin the EM density with one
protomer (left). HR1(yellow), FPPR (green), FP (red), HR2 (orange), TM segment
(magenta) and CT (light green) are shown. Right, the atomic models for the FP
and TM segment with key residuesindicated.b, Interactions between the TM
segmentand FP near the ectodomain side of the membrane with key interface
residues shown asastickmodel. The elongated densities (grey) show potentially

Definition of the SARS-CoV-2 FP and TM segments

Thelocalrefined maps with sidechain density for many residuesin the
transmembrane region enabled unambiguous modelling (Extended
Data Fig. 5). It is clear that both s788% and s%¢"%* (Supplementary
Fig.2) aredisordered butlocated outside the membrane (Fig.2c), and
they therefore do not function as the real FP. It is the FP that forms a
hairpin-like wedge inatrimeric cone-shaped assembly to span almost
the entire lipid bilayer (Fig. 3a). As expected, the membrane-inserted
region of the wedge is largely hydrophobic with Trp886 and Phe888
at the blunted tip, while there are several charged residues (Asp867,
Glu868 and Arg905) at the base of the wedge located in the headgroup
region of lipid bilayer. Thus, a total of 43 residues (Asp867-11€909)
insertinto membrane and make up the functional FP. Notably, Pro897
introduces akink in the long central helix, making the region near the
tip of the fusion wedge deviated froma canonical coiled-coil structure
and also enabling the tight packing of the returning helix (residues
870-882) through an *° AXXXG**° motif to form the blunted cone shape
(Fig. 3a). The interactions among the FPs from the three protomers
are primarily mediated by polar residues (Thr881 and GIn895) before
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ordered phospholipids. ¢, Interactions between the TM segment and FP near
the CTside of the membrane; key interface residues are shown as astick model.
d, Attachment of the FPPR and the segment of residues 857-866 to the lipid
bilayer with the hydrophobicresidues facing towards the hydrophobic core of
the membrane highlighted as astick model. e, Interactions between the FPPR
and FPonthe ectodomainside of the membrane; key interface residues are
shownasastickmodel.

the Pro897-introduced kink, but by hydrophobic residues (Phe898,
Met902, Phe906 and 11e909) after the kink (Extended Data Fig. 7).

For the transmembrane anchor, the TM helix begins at Tyr1215and
endsatLeul234,and Trp1212 and Trp1217 from the pre-TM are embed-
dedentirely in the lipid bilayer, indicating that the pre-TMis part of the
TMdomain, not aseparate structural element. Furthermore, Cys1235
and Cys1236 are clearly not part of the TM helix and mark the beginning
ofthe CT (Fig. 3a). These two cysteine residues, possibly palmitoylated
inthe virus®**, are also very close to Cys1247 and Cys1248 from the CT
of aneighbouring protomer, although formation of disulfide bonds
between them on the cytosolic side is unlikely.

Interactions among the membrane regions

Itis postulated that the FP of a class I viral fusion protein may interact
withits TM domain in the final stage of the fusion process, but there
hasbeen nodirect structural evidence for this interactioninanintact
protein in the context of the membrane. The structure reported here
shows an intimate FP-TM interaction in the SARS-CoV-2 postfusion
spike. The TM segment packs against the FP from another protomer



with two major contacts. First, Trp1212, Trp1217 and Phel220 near the
ectodomainside pack against the base of the fusion wedge; the contact
may alsoinvolve some phospholipids, as suggested by strong elongated
density in the vicinity, aligned perpendicular to the membrane plane
(Fig.3b).Second, Leul234 near the CT side interacts with Trp886 and
Phe888 from two different protomers at the tip of the fusion wedge
(Fig. 3c). Three copies of the CT fragment come together to cap the
tip of the fusion wedge.

The segment (residues 857-866) immediately upstream of the FP lies
inthe headgroup region of the lipid bilayer with several hydrophobic
residues pointing towards the hydrophobic core of the membrane. This
configuration probably helps orient the adjacent disulfide-locked FPPR
(residues 835-856) inamanner withits C-terminal halfembeddedinthe
membrane as well (Fig. 3d,e). The N-terminal half of the FPPR, directly
connected to the disordered s**#*, projects away from the membrane.
Moreover, the FPPR packs against the FP wedge and Asp848 from the
FPPR forms a salt bridge with Arg905 of the FP. Thus, the FPPR, which
facilitates clamping down of the RBD in the prefusion conformation’,
may also contribute to anchoring the membrane-interacting regions
of the postfusion S2 structure.

Functional effect of designed mutations

To test the functional roles of the membrane-interacting structural
elements, we assessed the impacts of several structure-guided muta-
tions in the s#¢%34 FP, FPPR and CT regions. As shown in Fig. 4a, we
substituted multiple hydrophobicresiduesin the s which would
inprinciplebe critical formembraneinteraction, with charged residues
(Mut-1); we mutated the key residues that participatein the FPPRinter-
action with the FP (Mut-2); we introduced multiple charged residues
inthe FP (Mut-3 and Mut-4) and mutated its AXXXG motif (Mut-5and
Mut-6); and we changed the two cysteine residues that mark the begin-
ning of the CT (Mut-7).

When transiently transfected into HEK293T cells, these mutants
expressed the same level of S, but the extent of cleavage between S1
and S2 was substantially reduced for Mut-3, Mut-4, Mut-5 and Mut-6, all
ofwhichareinthe FP (Extended DataFig. 8a). Like fusion peptides and
fusionloops of many other viral fusion proteins**, the FPisburiedin
the prefusion conformation, in the present case by asegmentnear the
N terminus of S2 from another promoter®?3, When detected by mono-
clonal antibodies using flow cytometry (Extended Data Fig. 8b), the
recognition patterns by RBD-specific antibodies (C63C8, G32B6,C63C7,
REGN10933 and REGN10987)**, NTD-specific antibodies (C12C9, 4A8
and C81D6)***¢, S2-specific antibodies (C163E6 and 3H3)***¢ and ACE2
for Mut-1, Mut-2 and Mut-7 were very similar to that of the wild-type S,
exceptthatthe overall bindinglevels were substantially lower for Mut-1,
suggesting that the mutations had someimpact on protein secretion.
The secretion level of Mut-3 was very low, as judged by binding to all
antibodies and ACE2, indicating that this mutant protein might notbe
folded correctly. The patterns for binding to the antibodies and ACE2
were similar among Mut-4, Mut-5 and Mut-6, but they bound more
weakly to RBD-specific antibodies and the neutralizing NTD-specific
antibody 4A8 while much more strongly to S2-specific antibodies and
to the non-neutralizing NTD-specific antibody C81D6 compared with
the wild-typeS, consistent with large structural rearrangements caused
by the mutations in these proteins. These results suggest that the FP
does not tolerate multiple mutations in the prefusion conformation,
consistent with its buried position. In an S-mediated cell-cell fusion
assay’, Mut-1showed reduced fusion activity, whereas Mut-7 behaved
like a wild-type spike; all of the other mutants showed no detectable
fusion activity (Fig. 4b). Thus, as our structure shows, the s81¢%* s
not the FP and does not interact with the membrane, as introducing
multiple charged residues does not abolish membrane fusion. Moreo-
ver, the two cysteineresiduesin the CT close to the TM domain, which
have the potential to forminterchain disulfide bonds, are dispensable
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toformanactive enzyme, and the fusion activity was then quantified using a
chemiluminescent assay. Cells not transfected with ACE2 were used as negative
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Dataaremean +s.d.d, Cell-cell fusion mediated by the Delta-variant Sand its
mutants. The negative control conditionsincluded no spikeand no ACE2, no
spike, no w fragment of B-galactosidase and no « fragment of 3-galactosidase.
The experiment was repeated three times with similar results. Dataare

mean +s.d.

for membrane fusion. Mut-3, Mut-4, Mut-5 and Mut-6 lost their mem-
brane fusionactivity, but their mutations also had a substantialimpact
on the prefusion structures of the mutant proteins. We next created
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additional constructs (Mut-8-Mut-15), each with a single point muta-
tioninthe FP, and identified three mutants (Mut-8, Mut-11and Mut-14)
that preserved the prefusion conformation but showed almost no
detectable membrane fusion (Fig. 4c and Extended Data Fig. 8c,d).
Similar results were obtained when the mutations of Mut-1, Mut-2,
Mut-8, Mut-11 and Mut-14 were introduced in the Delta variant spike
(Fig.4d and Extended Data Fig. 8e,f). These results confirm that the FP
isakey functional structural element in the SARS-CoV-2 spike.

Discussion

Our structure of the SARS-CoV-2 postfusion S2, with membrane-
associated elements interacting with a lipid bilayer, has resolved a
long-standing contentiousissuein the coronavirus field regarding the
functionalidentity of the FP. Although both the s** % and FP were sug-
gested as candidates, the s*®*subsequently became widely accepted
asbonafidebecause it was more conserved among coronaviruses and
showed astronger activity than the other two in perturbing membrane
structure as a synthetic peptide?**°. Our results show unambiguously
thatonly the FPinteracts with membrane. Our results underscore the
risk of studying fusion peptides when taken out of the context of intact
viral fusion proteins, because many hydrophobic peptides caninduce
structural changes of alipid bilayer. For example, the FPPR, also identi-
fied as fusion peptide 2 for SARS-CoV in some studies®®, projects part
way into the membrane headgroup region and could therefore modify
thelocal membrane structure, butit does notinsertinto the hydropho-
bic part of the lipid bilayer. From our structure, neither the s738% nor
the s®¢"%** inserts into the membrane in the postfusion structure and
therefore neither is likely to function as a real FP. The conclusion is
further supported by the evidence that introducing multiple charged
residues into s#*°"%** does not abolish the membrane fusion activity of
the full-length Sand by the presence of a conserved N-linked glycosyla-
tion site in s7%78%_ We cannot rule out the possibility that s”%78% and
s816°83* may transiently interact with the membrane during the fusion
process. Nevertheless, membrane insertion of the FP does not seem
to depend on s788°8%¢ or s816°834 a5 jt is probably directly coupled with
the refolding of adjacent HR1 into the coiled-coil. Moreover, a fusion
peptide may not have to be fully conserved inits amino acid sequence
provided thatit maintains the ability toinsert correctly into the target
membrane. Indeed, thereis afour-residue deletion at the tip of the FPin
some coronaviruses, including HCoV-OC43 and HCoV-229E (Extended
Data Fig. 6), but it is not likely to alter the overall shape of the fusion
wedge and therefore its conserved function.

Thesubstantial lipid-bilayer interaction surface of the fusion wedge
observed here s consistent with the stability of the extended interme-
diate, which has been shown to persist for many minutes, even after
release of S1 and its associated ACE2, when SARS-CoV-2 binds at the
cell surface, unless the pH falls below neutral*. Fusion peptides with
less extensive hydrophobic contacts, such as those postulated for the
influenza virus fusion peptide*®, would probably have shorter lifetimes.

Our structurealso provides amore accurate structural definition of
the TMdomain, as well as the direct evidence for interactions between
the FPand TM segment in the merged membrane for aclass I viral fusion
protein. The previously designated pre-TM segment, now shown to be
partofthe TM segment, contributes to the packing of the TM segment
against the FP, explainingits functional rolein membrane fusion. One
study reported that asingle-residue insertion into the TM segment of
SARS-CoV S led toacomplete loss in membrane fusion*’, and the obser-
vationwas difficult tointerpret on the basis of the presumptive trimeric
TM domain structure in the prefusion conformation®. The insertion
was between Gly1201and Phe1202 of SARS-CoV, which correspond to
Gly1219 and Phel220 in SARS-CoV-2. Such aninsertion would cause a
rotation of the C-terminal portion of the TM helix possibly together with
the CTinthe postfusionstructure, thereby disrupting the interactions
betweenthe FP and the TM segment and CT and blocking the last step
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of membrane fusion. These results, together with our new structure,
highlight the functional importance of the interactions among the
membrane-interacting elements withinthe lipid bilayer, which have not
beenrecognized previously. Nevertheless, it remains an open question
how and to what extent these interactions functionally contribute to
membrane fusion.

Finally, our structure suggests that the real FP of SARS-Cov-2 spike
is probably not a useful vaccine target as it is well protected and is not
accessible by antibodies in the prefusion conformation®?*, nor is
itexposed after inserting into the target cell membrane in the pre-
hairpin intermediate state. The s3'°®3*, targeted by several broadly
neutralizing antibodies®***, may be conserved for other structural or
functional reasons, which will require further investigation. Moreo-
ver, the interactions among the FP and FPPR, TM segment and CT
shown in our structure may provide therapeutic targets for develop-
ing peptide-based or small-molecule fusion inhibitors. In particular,
mutationsinthe FPPR, designed to disruptitsinteraction with the FP,
completely abolish fusion activity, raising the possibility of identify-
ing therapeutic candidates that target this interaction and block viral
infection.
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Methods

Expression constructs

The expression constructs for the full-length S protein (residues 1-1273)
of SARS-CoV-2 (G614) and monomeric soluble ACE2 protein were
described previously**2. To produce MSP, amodified gene encoding
MSP2N2%¢% fused to a 7<His tag and a TEV site at N-terminal end and
asortase eSrt site and a 6xHis tag at C-terminal end, was synthesized
and clonedinto the pET28a vector between the Ncol and Xhol restric-
tion sites to create the construct pET28a-IsMSP2N2 by GenScript.
The expression constructs for the mutant spike proteins were gener-
ated according to standard PCR methods and were verified by DNA
sequencing of the entire coding regions.

Expression and purification of recombinant proteins

A stable cell line was generated using HEK293T cells for large-scale
production of the full-length G614 S protein according to a published
protocol®®. Purification of the full-length S protein was performed
as previously described®. In brief, the stably transfected cells were
grown in Expi293 expression medium (Thermo Fisher Scientific)
containing 1% penicillin-streptomycin (Thermo Fisher Scientific)
and 1.0 pg ml™ puromycin (Thermo Fisher Scientific) to a density of
around 4-5 x 10°® per ml, then lysed in a lysis buffer containing buffer
A (100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA) and 1% (w/v)
n-dodecyl-B-D-maltopyranoside (DDM) (Anatrace), EDTA-free complete
protease inhibitor cocktail (Roche), and incubated at 4 °C for one hour.
After centrifugation at27,000gfor 30 min, the supernatant was loaded
ontoaStrep-Tactin (IBA Lifesciences) column equilibrated with the lysis
buffer. The column was washed with 50 column volumes of buffer A
and 0.3% DDM, followed by additional washes with 50 column volumes
ofbuffer Aand 0.1% DDM, and with 50 column volumes of buffer Aand
0.02%DDM. The S protein was eluted by buffer A containing 0.02% DDM
and 5 mM desthiobiotin (IBA Lifesciences). The protein was further
purified by gel-filtration chromatography on the Superose 6 10/300
column (GE Healthcare) in abuffer containing 25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.02% DDM.

Another stable cell line was also generated for large-scale production
of monomeric soluble ACE2 protein. Purification of the ACE2 protein
was performed as previously described®. In brief, the stably transfected
cellswereincubated in Expi293 expression medium containing 1% peni-
cillin-streptomycin and 1.0 pg ml™ puromycin to a density of around
4-5x10°per ml, the cell supernatant was collected by centrifugation at
3,000gfor 30 minand loaded onto a column packed with NiSepharose
excelresin (Cytiva Life Sciences). The column was washed with abuffer
containing 20 mM Tris-HCI, pH 7.5,300 mM NaCl and 10 mM imida-
zole. The ACE2 protein was eluted with a buffer containing 300 mM
imidazole, and further purified by gel-filtration chromatography on
the HiLoad 16/600 Superdex 200 pg column (GE Healthcare) in25 mM
Tris-HCI, pH 7.5 and 150 mM NacCl.

To produce the linear MSP2N2 (IsMSP2N2) protein, the expres-
sion construct was transformed into E. coli BL21 Star (DE3) (Thermo
Fisher Scientific), and the cells were grown at 37 °C in LB medium
with 50 pg ml™ kanamycin to an optical density at 600 nm of 0.8
and then induced with 1 mM isopropyl-B-D-thiogalactopyranoside
(Sigma-Aldrich) at 30 °Cfor 5 h, and collected by centrifugation. Puri-
fication and circularization of the ISMSP2N2 protein were performed
as previously described®>*. In brief, the cells were completely resus-
pended in a buffer (40 mM Tris-HCI, pH 8.0, 300 mM NaCl) and lysed
by sonication. The cell lysate was clarified by centrifugation at 30,000g
for 30 minand the supernatant was loaded onto a column packed with
Ni-NTA agarose (Qiagen). The column was sequentially washed with
buffer1(40 mM Tris-HCI, pH 8.0,300 mMNacCl, 1% Trion X-100), buffer I
(40 mM Tris-HCI, pH 8.0,300 mM NacCl, 50 mM sodium cholate,20 mM
imidazole) and buffer I11 (40 mM Tris-HCI, pH 8.0,300 mM NaCl, 50 mM
imidazole). The ISMSP2N2 protein was eluted with 40 mM Tris-HCI,

pH 8.0,300 mM NacCl, 400 mM imidazole. To remove the N-terminal
His-tag, the protein was treated with TEV protease in the TEV buffer
(20 mM Tris-HCI, pH 8.0,100 mMNaCl,1 mMEDTA,1 mMDTT) atroom
temperature for 3 h. Toproduce circularized protein (csMSP2N2) while
removing its C-terminal His-tag, the sortase eSrt was mixed with the
TEV-treated ISMSP2N2 with a molar ratio of 1:20 in a circularization
buffer (30 mM Tris-HCI, pH 7.5,150 mM NaCl,10 mM CaCl,, 1 mMDTT),
andincubatedat37 °Cfor 3 h. The circularization reaction was passed
through a Ni-NTA agarose column to remove the His-tagged protein,
and we collected the flow-through, which contained the csMSP2N2
protein. The protein was further purified by anion-exchange chroma-
tography on the HiTrap Q HP column (Cytiva Life Sciences), dialysed
against 20 mM Tris-HCI, pH 7.5 and 100 mM NacCl, then flash-frozen in
liquid nitrogen and stored at -80 °C.

The trimeric ACE2 protein and S-specific monoclonal antibodies
were described previously*+*

Reconstitution of the spike protein in nanodiscs

To reconstitute the spike proteinin nanodiscs, soy extract polar lipid
(Avanti) in chloroformwas first dried under a nitrogen streamand dried
further overnightinavacuum desiccator. Lipid films were dissolved in
abuffer containing 25 mM Tris pH 7.5,150 mM NaCl, 2% DDM, 0.4% CHS,
vortexed vigorously and sonicated until the solution became clear. The
S protein and lipids were mixed and incubated on ice for 30 min. The
¢csMSP2N2 was added to the mixture with a spike:csMSP2N2:lipid molar
ratio of 1:8:700 and incubated on ice for another 30 min. Bio-beads
SM2 (Bio-Rad) were added to remove detergents from the mixture
andinitiate thereconstitution. After gentle rotation at4 °C overnight,
the Bio-beads were removed through filtration. To induce the con-
formational transition of the S protein from the prefusion state to
the postfusion state in the nanodiscs, the reconstitution mixture
was added with soluble ACE2 protein at 6 uM and incubated at room
temperature for 30 min. A control experiment confirmed that the
prefusion S protein was stable at room temperature in the absence of
ACE2. The ACE2-induced postfusion S-nanodisc sample was purified
by gel-filtration chromatography on the Superose 6 Increase 10/300
column (GE Healthcare) in a buffer containing 25 mM Tris-HCI, pH 7.5,
and 150 mM NaCl. Peak fractions containing the postfusion S-nanodisc
sample were used for cryo-EM analysis.

Negative-stain EM

To prepare grids, 4 pl of freshly purified prefusion or postfusion
S-nanodisc sample was adsorbed onto aglow-discharged carbon-coated
copper grid (Electron Microscopy Sciences), washed with deionized
water and stained with freshly prepared 1.5% uranyl formate. Images
were recorded at room temperature on the Phillips CM10 transmis-
sion electron microscope with a nominal magnification of x52,000.
Particles were auto-picked and 2D class averages were generated using
RELION (v.4.0.0)%.

Cryo-EM sample preparation and data collection

To prepare cryo-EM grids, the postfusion S-nanodisc sample at
1.5 mg ml"was applied to a1.2/1.3 Quantifoil gold grid (Electron Micro-
scopy Sciences) that had been glow-discharged with aPELCO easiGlow
Glow Discharge Cleaning system (Ted Pella) for 60 sat15 mA. The grids
were immediately plunge-frozeninto liquid ethane using the Vitrobot
Mark IV (Thermo Fisher Scientific), and excess protein was blotted
away using grade 595 filter paper (Ted Pella) withablotting time of 4 s,
ablotting force of -12 at 4 °C with 100% humidity. The grids were
screened forice thickness and particle distribution. Selected grids were
used to acquire images with a Titan Krios transmission electron micro-
scope (Thermo Fisher Scientific) operated at 300 keV and equipped
with a BioQuantum GIF/K3 direct electron detector. Automated data
collection was carried out using SerialEM (v.4.0.5) at a nominal
magnification of x105,000 and the K3 detector in counting mode



(calibrated pixelsize, 0.825 A) at an exposure rate of -13.8 electrons per
pixel per second. Each video adds a total accumulated electron expo-
sure of around 50.6/51.3 e” A2, fractionated in 50/51 frames. Datasets
were acquired using a defocus range of 0.8-2.2 um.

Image processing and 3D reconstructions

All data were processed using cryoSPARC (v.3.3.1)*® and RELION.
Drift correction for cryo-EM images was performed using patch
mode, and contrast transfer function was estimated by patch mode.
Motion-corrected sums with dose weighting were used for all other
image processing. Blob picking was performed for particle picking. In
total, 18,339,830 particles were extracted from 14,299 images using a
box size of 600 A (downsizing to128 A) from dataset I, and 57,656,504
particles from 17,028 images from dataset II. The two sets of particles
were processed separately and each was subjected to 8-10 rounds of
2D classification, giving 1,532,458 and 3,885,698 good particles, respec-
tively. Aninitial model was produced using ab initio reconstructionin
cryoSPARC on the basis of selected 2D class averages from dataset I.

For dataset I, good particles from 2D classification were used for
one round of heterogeneous classification with six copies of the ini-
tial model as the reference in C; symmetry. Three major classes with
atotal of 57.6% of the particles showing clear structural features were
processed for two additional rounds of heterogeneous refinement with
six copies of the initial model as the reference in C; symmetry. The major
classwithananodisc shape atone end was re-extracted to an unbinned
box size of 600 A and processed for one round of 2D classification to
remove bad particles, followed by one round of non-uniform refine-
mentin C,symmetry to produce amap at 3.18 Aresolution from153,658
particles. Another round of non-uniform refinementin C;symmetry was
performed and improved the resolution to 3.0 A. To further improve
thelocalresolutionin the nanodisc, these particles were transferred to
RELION and subjected to oneround of focus classification with a mask
covering the entire protein, leading to a major class (78.9% particles)
with continuous density at the transmembrane region. This class with
123,298 particles was imported back to cryoSPARC, and processed for
another round of non-uniformrefinementin C;symmetry, givingamap
at2.96 A resolution. One round of particle subtraction was performed
to remove noises from the nanodiscs, followed by one round of local
refinement with an overall mask in C;symmetry to produce a map at
2.84 A resolution. Another round of local refinement in C; symmetry
focused onthe transmembrane region was performed subsequently to
improveits resolution, giving amap at 3.35 A resolution. These overall
and locally refined maps showed clear density for transmembrane
helices, but the resolution was not high enough for unambiguously
modelling the structure. Dataset Il was therefore collected with the
same batch of the S-nanodisc sample.

For dataset I, the selected particles from 2D classification were
used for one round of heterogeneous classification with six copies of
the initial model as the reference in C; symmetry. Two major classes
with total 37.8% of the particles showing clear structural features were
processed for two additional rounds of heterogeneous refinement
with six copies of the initial model as the reference in C;symmetry.
The major class was re-extracted to an unbinned box size of 600 A and
processed for one round of 2D classification, followed by one round
of duplicate removing and non-uniform refinement in C;symmetry,
givingamap at 3.4 Aresolution from131,604 particles. These particles
were combined with the particle set from dataset I after the focus clas-
sification, and processed for one round of non-uniform refinementin
C,symmetry, contrast transfer function refinement and another round
of non-uniform refinement in C;symmetry, giving a final overall map
at 2.86 A resolution from the combined 254,902 particles. Particle
subtraction was also performed to reduce noises from the nanodiscs,
followed by two rounds of local refinement with a different mask in
size each time, giving amap at3.26 A resolution in the transmembrane
regionshowing clear sidechain density for the transmembrane helices.

The best maps from dataset I and the combined dataset were all used
for model building.

All resolutions were reported from the gold-standard Fourier shell
correlation using the 0.143 criterion. Density maps were corrected from
the modulation transfer function of the K3 detector and sharpened by
applying a temperature factor that was estimated using sharpening
tools in cryoSPARC. The local resolution was also determined using
cryoSPARC.

Model building
Theinitial template for model building was our postfusion S structure
(Protein Data Bank: 6XRA). Several rounds of manual building were per-
formedin Coot. The model around the transmembrane region was first
refinedin Phenix” against the locally refined maps at 3.26/3.35 A resolu-
tion, and further refined in Phenix against the 2.9 A overall map. Itera-
tively, refinement was performedinboth Phenix (real space refinement)
and ISOLDE®, and the Phenix refinement strategy included minimiza-
tion_global, local_grid_search, and adp, with rotamer, Ramachandran,
and reference-model restraints, using 6XRA as the reference models.
Thelocal map from dataset | had stronger density for the CT region and
was used for modelling the CT; the map from the combined dataset
map had better sidechain density for the transmembrane helices and
was therefore used for modelling them. The refinement statistics are
summarized in Extended Data Table 1. Structural biology applications
used in this project were compiled and configured by SBGrid*.

The intact S2 proteins from various coronaviruses were aligned by
Clustal Omega®® and were displayed using the online server ESPript
(v.3.0)%L

Westernblot

Full-length S protein samples were resolved in 4-15% Mini-Protean
TGX gel (Bio-Rad) and transferred onto PYDF membranes (Millipore)
by an Iblot2 (Invitrogen by Thermo Fisher Scientific). Membranes
were blocked with 5% skimmed milk in PBS for 1 h and incubated with
a SARS-CoV-2 (2019-nCoV) Spike RBD Antibody (Sino Biological,
40592-T62) ataconcentration of 1 ug ml™ for another hour atroomtem-
perature. Alkaline-phosphatase-conjugated anti-rabbit IgG (1:5,000)
(Sigma-Aldrich) was used as asecondary antibody. Proteins were visual-
ized using one-step NBT/BCIP substrates (Promega).

Flow cytometry

Expi293F cells were grown in Expi293 expression medium. Cell surface
display DNA constructs for the SARS-CoV-2 G614 or its mutants or S2
together with aplasmid expressing blue fluorescent protein (BFP) were
transiently transfected into Expi293F cells using ExpiFectamine 293
reagent (Thermo Fisher Scientific) according to the manufacturer’s
instruction. Then, 2 days after transfection, the cells were stained
with primary antibodies ata concentration of 5 pg ml™. An Alexa Fluor
647-conjugated donkey anti-humanIgG Fc F(ab’)2 fragment (Jackson
ImmunoResearch) was used as the secondary antibody ataconcentra-
tion of 5 pg ml™. Cells were run through an IntellicytiQue Screener Plus
flow cytometer. Cells gated for positive BFP expression were analysed
for antibody binding.

Cell-cell fusion assay

The cell-cell fusion assay, based on the a-complementation of Escheri-
chiacoliB-galactosidase, was conducted to quantify the fusion activity
mediated by SARS-CoV-2 S protein, as described previously®. In brief,
the full-length G614 S or its mutants (10 pg) and the o fragment of
E. coli B-galactosidase construct (10 pg), or the full-length ACE2 con-
struct (5 pg) together with the w fragment of E. coli 3-galactosidase
construct (10 pg), were transfected into HEK293T cells using polyethyl-
enimine (80 pg). Afterincubation at 37 °C for 5 h, the medium was aspi-
rated and replaced with complete DMEM (1% penicillin-streptomycin,
1% GlutaMax and 10% FBS), followed by incubation at 37 °C for


https://doi.org/10.2210/pdb6XRA/pdb
https://doi.org/10.2210/pdb6XRA/pdb

Article

additional 19 h. The cells were detached using PBS and resuspended
in complete DMEM. S-expressing cells (50 pl, 1.0 x 10° cells per ml) were
mixed with 50 pl ACE2-expressing cells (1.0 x 10° cells per ml) to allow
cell-cell fusionto proceed at 37 °Cfor 4 h. Cell-cell fusion activity was
quantified using achemiluminescent assay system, Gal-Screen (Applied
Biosystems), according to the standard protocol recommended by the
manufacturer. The substrate was added to the mixture of the cellsand
allowed toreact for 90 minindark atroomtemperature. The lumines-
cence signal was recorded using a Synergy Neo plate reader (Biotek).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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The atomic structure coordinates and EM map have been deposited
in the Protein Data Bank (8FDW) and Electron Microscopy Data Bank
(EMD-29016, EMD-29017 and EMD-29018). All other related data gen-
erated during and/or analysed during this study, such as raw cryo-EM
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Extended DataFig.1|Schematic representations of the full-length
SARS-CoV-2and SARS-CoV spike proteins. Segments of SLland S2 include:
NTD, N-terminal domain; RBD, receptor-binding domain; CTD1, C-terminal
domain1; CTD2, C-terminal domain 2; S1/S2, the furin cleavage site at the
S1/S2boundary; S2’,S2’ cleavage site; FP, fusion peptide; FPPR, fusion peptide
proximal region; HR1, heptad repeat 1; CH, central helix region; CD, connector
domain; HR2, heptad repeat 2; TM, transmembrane segment; CT, cytoplasmic

tail; and tree-like symbols for glycans. Based on studies of the SARS-CoV S
protein, three membranotropicregionsinthe SARS-CoV S2 have been suggested
as putative fusion peptides, including asegment of residues 770-788, equivalent
ofthe N-terminal FPin SARS-CoV S; asegment of residues 798-816 or 798-835,
widely accepted as the “bonafide” FP;and asegment of residues 858-886, also
equivalentoftheinternal FPin SARS-CoVS. Asegment of residues1190-1203 is
called the pretransmembrane domain (pre-TM).
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Formation of the postfusion
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formation of the postfusion S2 trimer in nanodiscs (c). Samples from each step
were analysed by SDS-PAGE and negative stain EM. The box size of 2D averages
is-880 A. The experiment was repeated at least three times independently at
differentscales withsimilar results. For gel source data, see Supplementary Fig. 1.

Extended DataFig.2|Additional details for preparation of the cryo-EM
sample. The prefusion S trimer was first reconstituted in nanodiscs (a) and
further purified by gel filtration chromatography (b). Incubation of the stable
prefusionS trimer in nanodiscs with soluble ACE2 led to S1dissociation, and
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Extended DataFig. 3 | Cryo-EM analysis of the postfusion S2 trimer. Top, representative micrograph out of -30,000 similar micrographs, and 2D averages (box
dimension: 500 A) of the cryo-EM particle images of the postfusion S2 trimer in nanodiscs. Bottom, data processing workflow for structure determination.
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Extended DataFig. 4| Analysis of the postfusion S2 trimer structures by cryoSPARC. Gold standard FSC curves of the three refined 3D reconstructions of the
postfusionS2 trimer and the corresponding cryoSPARC output for particle distribution of each reconstruction.
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Extended DataFig. 6 | Fit of the postfusionstructure into the density map of the postfusion spike on the virion surface. The postfusionstructure was fitinto
the map of the viral postfusion spike reconstructed by cryo-ET (EMD-30428) at two different contour levels.
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Extended DataFig.7|Interactions amongthree FP protomersinthe Residues mediating the formation of the three-stranded coiled coil near the
postfusion SARS-CoV-2 spike. Left, side view of packing of three FP protomer three-fold axis are indicated. Right, top views of representative residues that
with each coloured differently showninbothribbon diagram and stick model. mediate the formation of the three-stranded coiled coil.
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8 | Expression and antigenic properties of the mutant
spike proteins assessed by flow cytometry. (a) Expression and processing of

the full-length G614 S construct and its mutants (Mut-1 - Mut-7) in HEK293 cells.

Sproteinsamples prepared from HEK293 cells transiently transfected with
10 pgofthe full-length S expression plasmids were detected by anti-RBD

polyclonal antibodies. Bands for the uncleaved S and S1fragment are indicated.

The experiment was repeated four times with similar results. (b) Antibody
binding to the full-length G614 S protein and its mutants (Mut-1 - Mut-7), as well
asanS2constructexpressed onthe cell surfaces analysed by flow cytometry.
Theantibodies and their targets areindicated. A designed ACE2-based fusion
inhibitor ACE2,s-foldon-T27W was used for detecting receptor binding2. MFI,
mean fluorescentintensity. The error barsrepresent standard errors of mean
from measurements using threeindependently transfected cell samples. The
flow cytometry assays were repeated three times with essentially identical
results. (c) Expression and processing of the full-length G614 S construct and

itsadditional mutants (Mut-8 - Mut-15) in HEK293 cells. The experiment was
repeated three times with similar results. (d) Antibody binding to the full-
length G614 S protein and its additional mutants (Mut-8 - Mut-15), aswell asan
S2 constructexpressed on the cell surfaces analysed by flow cytometry. The
error barsrepresentstandard errors of mean from measurements using three
independently transfected cell samples. The flow cytometry assays were
repeated three times with essentially identical results. (e) Expression and
processing of the full-length Delta S construct and its mutants in HEK293 cells.
The experiment was repeated four times with similar results. (f) Antibody
bindingto the full-length Delta S proteinand its mutants, as wellas an S2
construct expressed on the cell surfaces analysed by flow cytometry. The error
barsrepresentstandard errors of mean from measurements using three
independently transfected cell samples. The flow cytometry assays were
repeated three times with essentially identical results. For western blot source
data, see Supplementary Fig. 1.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

SARS-CoV-2 Local map Local map
postfusion spike from data set I  from the
protein in nanodisc  (EMDB- combined data
(EMDB-29016) 29017) sets
(PDB 8FDW) (EMDB-
29018)
Data collection and
processing
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 50.6,51.3 50.6 50.6,51.3
Defocus range (um) -0.8to-2.2 -1.2to-2.2 -0.8to-2.2
Pixel size (A) 0.825 0.825 0.825
Symmetry imposed C3 C3 C3
Initial particle images (no.) 75,996,334 18,339,830 75,996,334
Final particle images (no.) 254,902 123,298 254,902
Map resolution (A) 2.9 34 33
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 1.7-8.0 1.8-11.0 2.0-7.7
Refinement
Initial model used (PDB code) 6XRA
Model resolution (A) 4.23
FSC threshold 0.5
Model resolution range (A) 2.14-5.80
Map sharpening B factor (A%)  -93.1 -112.3 -122.5
Model composition
Non-hydrogen atoms 12456
Protein residues 1524
Ligands 24
B factors (A?)
Protein 75
Ligand 99
R.m.s. deviations
Bond lengths (A) 0.012
Bond angles (°) 1.603
Validation
MolProbity score 2.23
Clashscore 9.93
Poor rotamers (%) 1.92
Ramachandran plot
Favored (%) 91.80
Allowed (%) 8.07
Disallowed (%) 0.13
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cat# 709-606-098; Sars-Cov-2(2019-nCov) Spike RBD, Rabbit PAb, From Sino Biological,cat#40592-T62; and Anti-Rabbit whole IgG-
Alkaline Phosphatase antibody from Sigma Cat#A3687; 40590-D001 from SinoBiological, Cat: 40590-D001.
Validation The non-commercial antibodies used in the current manuscript have been characterized in previous studies (Tong et al., Cell. 2021

Jul 23:50092-8674(21)00884-9; Zhang et al., Science. 2021 Apr 30;372(6541):525-530). Alexa Fluor 647 conjugated donkey anti-
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human 1gG Fc F(ab’)2 fragment was validated by immunoelectrophoresis and/or ELISA (https://www.jacksonimmuno.com/catalog/
products/709-606-149/Donkey-Human-lgG-HL-Alexa-Fluor-647); SARS-CoV-2 (2019-nCoV) Spike RBD Antibody was validated by
western blot and ELISA (https://www.sinobiological.com/antibodies/cov-spike-40592-t62); Anti-Rabbit whole 1gG-Alkaline
Phosphatase antibody was validated by ELISA and western blot (https://www.sigmaaldrich.com/US/en/product/sigma/a3687);
40590-D001 was validated by ELISA, FCM and ICC/IF (https://www.sinobiological.com/antibodies/cov-spike-40590-d001).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK 293 and HEK 293T cells were purchased from ATCC; Expi293F from Thermo Fisher Scientific.

Authentication HEK 293, HEK293T and Expi293F cells used for protein production were authenticated for protein production by western blot
and protein purification.

Mycoplasma contamination Mycoplasma contamination is routinely tested for our cell culture and no contaminated cells were ever used for our studies.
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Commonly misidentified lines  None.
(See ICLAC register)

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Expi293 cells were transient transfected with SPIKE variants and BFP.
Instrument Sartorius iQue Plus
Software iQue Forecyt® Enterprise Client Edition 9.0 (R3)
Cell population abundance Stained cells were evaluated in the flow cytometer, but not sorted. Approximately 2000 BFP+ cells from each sample were
analyzed.
Gating strategy Cell population was identified using FSC-H/SSC-H gate. Singlet cells were further defined using FSC-H/FSC-A gates. Positive

transfected cells were identified using the VL-1 channel gating for the co-transfected BFP. Antibodies bindings were
determined by Alexa Fluor 647-labeled secondary antibodies using the RL-1 channel.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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