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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein binds the receptor
angiotensin converting enzyme 2 (ACE2) and drives virus-host membrane fusion through refolding
of its S2 domain. Whereas the S1 domain contains high sequence variability, the S2 domain is
conserved and is a promising pan-betacoronavirus vaccine target. We applied cryo–electron tomography
to capture intermediates of S2 refolding and understand inhibition by antibodies to the S2 stem-helix.
Subtomogram averaging revealed ACE2 dimers cross-linking spikes before transitioning into S2
intermediates, which were captured at various stages of refolding. Pan-betacoronavirus neutralizing
antibodies targeting the S2 stem-helix bound to and inhibited refolding of spike prehairpin
intermediates. Combined with molecular dynamics simulations, these structures elucidate the
process of SARS-CoV-2 entry and reveal how pan-betacoronavirus S2-targeting antibodies neutralize
infectivity by arresting prehairpin intermediates.

S
evere acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is the causative
agent for COVID-19 and remains a global
public health threat. The SARS-CoV-2
spike glycoprotein mediates entry into

host cells by recognition of the cellular recep-
tor angiotensin converting enzyme 2 (ACE2).
Spike is a trimer of heterodimers composed
of S1 and S2 subunits, which are cleaved by the
host protease, furin, into a metastable state
held together by noncovalent bonds (1). Spike
activation for fusion is initiated by the S1 re-
ceptor binding domain (RBD) engaging host
receptor ACE2, which triggers conformational
changes in spike that promote shedding of the
S1 domain (2). The exposed S2 domain is then
thought to extend and insert the fusion pep-
tide (FP) into the host membrane to bridge
the virus and host membranes and form the
“prehairpin intermediate” structure (1–7). This
prehairpin intermediate structure is believed
to be short-lived and to fold back onto itself
through hydrophobic interactions of the heptad

repeat 1 (HR1) and HR2 domains (3, 7). Back-
folding or “zippering” of S2 initiates fusion of
the virus and host membranes (3, 8), followed
by the transition of S2 into the postfusion con-
formation as a six-helix bundle with a rodlike
shape (9–11).
Most neutralizing antibodies generated in

response to SARS-CoV-2 infection or spike im-
munogens target the spike S1 subunit, which
consists of the RBD and the N-terminal do-
main (NTD). Antibodies that target the RBD of
S1 can neutralize SARS-CoV-2 by precluding
RBD binding to ACE2 (either through direct
competition or steric hindrance), locking RBD
in a “down” conformation, or causing S1 to shed
and prematurely triggering spikes to the post-
fusion state (12–18). SARS-CoV-2 variants of
concern (VOCs) have rapidly acquired muta-
tions in the S1 domain to escape neutralization
by convalescent sera, vaccine sera, and mono-
clonal antibodies (19–25). Conversely, the spike
S2 domain, particularly the stem-helix region,
is highly conserved among betacoronaviruses
(26, 27). Antibodies and inhibitors that target
the stem-helix have high cross-reactivity against
betacoronaviruses, including SARS-CoV-2 VOCs,
SARS-CoV, and Middle East respiratory syn-
drome coronavirus (MERS-CoV) (14, 26–33).
S2 can also be immunogenic and elicit broadly
reactive vaccine or convalescent sera (34–36).
Further, S2-based subunit vaccines were shown
to be protective against SARS-CoV-2 challenge
in mice, Syrian golden hamsters, and rhesus
macaques (37, 38).
Although the purified spike has been struc-

turally well characterized in complex with
soluble ACE2 in vitro, it remains unclear how
spike trimers engage ACE2 dimerswithinmem-
branes and undergo refolding into the post-
fusion conformation. There is growing interest
in the development of antibodies and immu-

nogens targeting the S2 subunit; however, the
exact mechanism by which these antibodies
inhibit the refolding of spike from the pre-
fusion to the postfusion state is still unclear.
Defining the inhibitory mechanism of anti-
bodies to S2 is critical for rational S2-based
immunogen and monoclonal antibody design
against known and emerging coronaviruses.

Spike-receptor complexes and
fusion intermediates captured at
membrane-membrane interfaces

To better understand the spike-mediated fusion
process, we developed a system to observe early
virus entry and fusion events by using cryo–
electron tomography (cryo-ET) and subtomo-
gram averaging. We generated virus-like par-
ticles (VLPs) with distinct retroviral cores from
human immunodeficiency virus (HIV-1) and
murine leukemia virus (MLV) decorated with
either spike or ACE2, respectively (spikeVLP
and ACE2VLP) (Fig. 1A). The advantages of this
system include achieving high production of
spike- and ACE2-bearing particles compared
with use of coronavirus-like particles or extra-
cellular vesicles (3, 14, 17), avoiding the need
for chemical fixation and reducing heteroge-
neity in particle size andmorphology. Thus, it
allows us to capture spike-ACE2 membrane
interfaces after co-incubation at high fre-
quency and uniformity for imaging and sub-
tomogram averaging of membrane-bound spike
structures.
We confirmed the fusogenicity of spike- and

ACE2-decorated VLPs using a split nano lucif-
erase complementation-based virus-cell fusion
assay. SpikeVLPs fused with cells expressing
ACE2 in a temperature-dependent and spike-
dependentmanner (Fig. 1B). Likewise, ACE2VLPs
fused with spike-expressing cells in a temper-
ature and ACE2-dependent manner (Fig. 1B).
Spike- and ACE2-decorated VLPmixtures were
incubated at 4° or 37°C and imaged by using
the Titan Krios cryo–electron microscope. In-
teractions between VLPs with HIV-1 andMLV
capsid cores were readily identified owing to
the distinct capsid morphology (Fig. 1, A and
C). VLP interfaces derived from 4°C incuba-
tion contained intact prefusion spikes that
were cross-linked by ACE2 dimers (Fig. 1D
and fig. S1). Transitioning from 4° to 37°C,
spike-ACE2 complexes largely disappeared,
and rodlike structures appeared that bridged
membrane-membrane interfaces (Fig. 1E and
fig. S2A). Point-like protrusions and distor-
tions on ACE2VLP membrane were observed
at the tip of the rods, indicating that a pulling
force was being exerted by these structures
(fig. S2A). Both structures were also observed
at 4° and 37°C, respectively, betweenVLPs and
membrane blebs (fig. S3, A and B). Membrane
blebsweremore heterogeneous in size andmor-
phology, which prompted the use of VLPs in
subsequent analyses. Together, the VLP system
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provides experimental access to spike attach-
ment and activation.

Spikes are cross-linked by ACE2 dimers
in membranes

We next structurally characterized the attach-
ment of spike to ACE2 in membranes. To facil-

itate structure determination, we introduced
CV3-25 Fab, an antibody targeting the stem-helix
(14, 27, 39, 40), to the spike- and ACE2-bearing
VLP mixture incubated at 4°C. CV3-25 was
previously shown to reduce spike tilting (14).
One ormultiple CV3-25 Fabs were observed to
bind to the spike-ACE2 complex at the stem-

helix region, which is consistent with previous
results of CV3-25binding to spikes alone (Fig. 2A)
(14). The presence of CV3-25 Fabwas associated
with an~8-nm increase in themedian distance,
which is defined by two points located at the
nearest approach between the spikeVLP and
ACE2VLP interface membranes (Fig. 2B and
table S1). The distributions of spikeVLP-ACE2VLP
membrane-membrane distances suggested two
apparent modes at 16 to 17 nm and 33 to 34 nm
distance both with and without CV3-25 Fab
(Fig. 2C and fig. S4, A and C). CV3-25 Fab was
associated with a strong shift in the distribu-
tion toward the second mode (Fig. 2C and fig.
S4, A and C). Additionally, strong associations
between the spike tilt angles and themembrane-
membrane distanceswere observed in both the
presence and absence of CV3-25 Fab (Fig. 2D
and fig. S5A). These data indicate that CV3-25
Fab reduces spike tilting in the spike-ACE2
complex, preventing spikeVLP andACE2VLPmem-
branes from approaching. Reduced spike tilt-
ing facilitated structural characterization of
the spike-ACE2 complex at membrane-mem-
brane interfaces.
We performed subtomogramaveraging of the

prefusion spike-ACE2 complexes in the pres-
ence and absence of CV3-25 Fab. The combined
averaged structure of the prefusion spike-ACE2
complexes derived from ~2000 subtomograms
revealed spike in a three-RBD-up conformation,
with each RBD occupied by one ACE2 dimer
(Fig. 2, E and F, and fig. S6). Classification did
not reveal spikes with only one or two RBDs
bound by ACE2. All spike trimers appeared
bound to three ACE2 molecules (EMD-42857)
(Fig. 2F). An atomic model of spike bound
with three monomeric ACE2s [Protein Data
Bank (PDB) ID 7EDJ] fit well into the cryo-ET
density map (Fig. 2G), indicating that the in-
teraction between spike trimers and ACE2
dimers inmembranes was established by the
similar RBD-ACE2 interaction observed with
soluble proteins (41).
The local resolution analysis of the prefu-

sion spike-ACE2 averaged structure indicated
lower resolutions of ACE2 dimers compared
with spike trimers, especially at the outer halves
of ACE2 dimers (Fig. 2H). This suggests het-
erogeneity among ACE2 dimers within these
complexes. We therefore performed subtomo-
gram averaging and classification of ACE2
molecules in complex with RBDs. Classifica-
tion revealed the presence of ACE2 dimers
bound to one RBD, ACE2 dimers bound to two
RBDs, and ACE2 monomers bound to one RBD
(EMD-42875, EMD-42876, and EMD-42877)
(Fig. 2, I to K). The structure of an ACE2 dimer
bound to two RBDs is reflected in the observed
cross-linking of spikes in tomographic slices,
where one ACE2 dimer can bind two RBDs
from neighboring spikes (Fig. 1D and fig. S1).
ACE2 dimers binding two RBDs from the same
spike were not observed. An atomic model with
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Fig. 1. SARS-CoV-2 spike-ACE2 complexes and fusion intermediates captured at membrane-
membrane interfaces. (A) Representative tomographic slices of (top) MLV particles decorated with
ACE2 and (bottom) HIV particles decorated with spike. (B) (Left) Cartoon representation of VLP-to-cell
fusion nanoluciferase complementation assay. (Right) Spike-decorated (spike+), ACE2-decorated (ACE2+),
or bald VLPs (–) containing CypA-HiBiT were incubated with endurazine-labeled target cells expressing
(top) spike or (bottom) ACE2 and membrane-bound PH-LgBiT at 4° and 37°C for 1 hour before assessment
of NanoLuc (Promega) activity. Error bars indicate the standard deviation from triplicate infections. Data
shown are representative from two independent experiments. (C) Cartoon representation of interacting
(bottom) spikeVLPs and (top) ACE2VLPs. (D and E) Representative tomographic slices of spike- and
ACE2-decorated VLPs co-incubated at (D) 4°C or (E) 37°C. Red arrowheads indicate spikes at the
membrane-membrane interfaces.
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Fig. 2. Spikes are cross-linked by ACE2 dimers in membranes. (A) Representative
tomographic slices of spike- and ACE2-decorated VLPs co-incubated at 4°C in the
presence of CV3-25 Fab. (Top) One or (bottom) multiple CV3-25 Fabs can be seen
binding to the spike stem-helix. Magenta arrows indicate CV3-25 Fab, and blue
arrows indicate ACE2 cross-linking spikes. Colored annotations are shown at right
(blue, ACE2; brown, spike; magenta, CV3-25). (B) The distances between interacting
spike- and ACE2-VLP membranes in the presence (n = 302 interfaces) and absence
(n = 93 interfaces) of CV3-25 Fab were compared by using a Mann-Whitney U test
(****P < 0.0001). (C) The distributions of membrane distance values in the
presence and absence of CV3-25 Fab are compared. (D) Tilt angles of spike-ACE2
complexes on virion surfaces were plotted against their respective spikeVLP-ACE2VLP
membrane distances. The color mapping indicates the point density determined
through kernel density estimation. No Antibody, 93 distinct membrane distances and
683 spike angles; +CV3-25 Fab, 302 distinct membrane distances and 1269 spike
angles. (E) Spike-ACE2 complexes were aligned through subtomogram averaging

(EMD-42857). The image shows a central slice through the averaged EM
density. Images at right correspond to dashed lines that indicate top-view
slices along the length of the spike. (F and G) Isosurface representations of (F)
the spike-ACE2 complex with (G) the fitted atomic model of spike binding
to soluble ACE2 [PDB 7EDJ (41)]. Brown, spike; blue, ACE2. (H) Local-resolution
estimation of the spike-ACE2 structure is shown. The red arrowheads indicate
lower-resolution areas in ACE2. (I to K) Isosurface representations of three
classes of ACE2 molecules determined by means of subtomogram averaging and
classification focusing on ACE2-RBD interface within spike-ACE2 complexes.
(I) One-RBD-bound ACE2 dimer (EMD-42875). (J) Two-RBD-bound ACE2 dimer
(EMD-42876). (K) RBD-bound ACE2 monomer (EMD-42877). PDB 6M17 was
fit into the EM density maps (42). In (J), the second RBD from a different
cross-linked spike is shown in yellow. The red arrowhead indicates imperfect
agreement (red coloring) between the EM map and atomic model. (L) The
relative class percentages of ACE2 bound with RBD are shown.
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Fig. 3. Spikes transition to prehairpin intermediates after temperature
activation. (A) A representative tomographic slice of spike- and ACE2-decorated
VLPs co-incubated at 37°C. Prehairpin intermediates (brown) are distinguished
from postfusion structures (yellow) by their opposite topology. (B and C) Central
slices of EM density maps obtained from subtomogram averaging of (B) spike
prehairpin intermediates (EMD-42859) and (C) postfusion spikes (EMD-42865).
(D) Isosurface representations of the (left) prehairpin intermediate and (right)
postfusion spike. PDB 8FDW was fit into the postfusion density map (11).
(E) Representative tomographic slices of prehairpin intermediates observed at
various stages of S2 refolding. (Left) Extended intermediates. Red annotation
indicates membrane protrusion. (Left middle and right middle) Partial backfolding.
(Right) Contracting membranes. (F) Classification of the prehairpin intermediates
revealed distinct classes with spikeVLP membranes present at different angles
relative to ACE2VLP membranes (yellow line). Central slices through the EM density

maps (left) along with the isosurface views (right) are shown. Models from all-atom
MD simulations of spike refolding were selected on the basis of their agreement
with EM density maps. Residues 706 to 814 and 919 to 1234 of the spike protein
and glycans associated with Asn1158, Asn1173, and Asn1194 are shown (magenta).
(G) Tilt angles of prehairpin intermediates on virion surfaces were plotted against
their respective spikeVLP-ACE2VLP membrane distances. The color mapping
indicates the point density determined through kernel density estimation. The
scatter plot contains 909 distinct membrane distances corresponding to 2095
individual spike angles. (H) The distributions of simulated ensembles, that
agree with prehairpin intermediate EM density maps, throughout the time course
of MD simulations. The time points of the models fitted in the EM density
maps (F) are labeled. Distributions were compared by using a Kruskal Wallis test
with Dunn’s multiple comparisons test (****P < 0.0001). Low tilt, n = 10,732
structures; medium tilt, n = 13,002 structures; high tilt, n = 121,139 structures.
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an ACE2 dimer bound to soluble RBDs (PDB ID
6M17) agreed well with the electron micros-
copy (EM)densitymapsof one-RBD-boundACE2
dimers and ACE2 monomers (Fig. 2, I and K)
(42). However, the RBDs in the atomic model
had imperfect agreement with the two-RBD-
bound ACE2 density map and appeared rotated
slightly outward from the EM density (Fig. 2J,
red arrow). This suggests that there may be
additional conformational changes in spike
to facilitate ACE2 cross-linking that were not
previously captured in single-particle cryo-
EM structures (42). The relative percentages
of ACE2 molecules bound to RBDs revealed
that ~85% of RBD-associated ACE2 molecules
were dimerized, and about one-fourth of ACE2
dimers were bound to two RBDs (Fig. 2L). The
tilting of ACE2 dimer on the membrane may
also facilitate its binding to one or two spike
RBDs (fig. S5, B to D), which is consistent with
previous prediction from molecular dynamics
(MD) simulations (43). From the spike perspec-
tive, only spike trimers binding three ACE2
molecules resulting in all three RBDs oriented
upwere observed. Collectively, these data offer
structural evidence that spike trimers and ACE2
dimers are mutually cross-linked at membrane
interfaces.

Spikes transition to prehairpin intermediates
at increased temperature

Unlike 4°C co-incubation of spikeVLPs and
ACE2VLPs, which generated prefusion spike-
ACE2 complexes, incubation at 37°C resulted
in the appearance of spike S2 fusion interme-
diates (Fig. 1E and fig. S2A). Additionally, shed
S1 subunitswere found to coat ACE2 dimers on
MLVACE2 VLPs (fig. S2B). S2 fusion intermedi-
ates could be easily distinguished from post-
fusion structures by the reversed topology, with
the thicker head oriented toward the spikeVLP
membrane and the rod anchored in the ACE2VLP
membrane (Fig. 3A). We performed subtomo-
gram averaging of ~2000 fusion intermediate
spikesderived from275 tomograms (EMD-42859)
(Fig. 3B). The HR2 regions and the spikeVLP
membrane were unresolved, which reflects the
heterogeneity of this region as suggested by
previous studies (3, 7, 44). The distance from the
HR1 ACE2VLP membrane contact point and
the head group is measured to be 21 nm, which
is also consistent with previous observations
in raw tomographic data and MD simulations
(3, 7). Subtomogram averaging was addition-
ally performed for ~6500 postfusion spikes
present in these tomograms (EMD-42865) (Fig.
3C). The postfusion spike structure shows the
presence of extra density along the rod body,
which is consistent with postfusion spike
atomic models (Fig. 3, C and D), suggesting
that the HR2 domains are repositioned near
the exposed HR1 domain after spike refold-
ing (11, 45–48).

The tomograms revealed spike fusion inter-
mediates captured at various stages of refolding,
from extended intermediates, to partial back-
folding, tocontactingspikeandACE2membranes
(Fig. 3E). Therefore, we performed classifica-
tion on the averaged fusion intermediate struc-
ture.Whereas the spikeVLPmembrane is absent
in the combined average (Fig. 3B), the spikeVLP
membrane appeared in class averages with
increasing membrane tilt angle relative to the
ACE2VLP target membrane (Fig. 3F, left). Fur-
ther classification revealed more structures
with different tilting of the spike membrane
relative to the ACE2membrane (fig. S7). These
results suggest that the position of the spikeVLP
membrane relative to the ACE2VLP mem-
brane is dynamic and that fusion intermedi-
ates were captured during the S2 refolding
process when membranes move progressive-
ly closer together. We additionally found a
strong relationship between the prehairpin
intermediate spike angle and the distance
between the spikeVLP andACE2VLPmembranes
(Fig. 3G and fig. S5E). A closer analysis of
the distribution of membrane distances sug-
gested the presence of a major mode near
11 nm (membranes in close proximity) and
other notable modes near 16, 23, and 30 nm
(fig. S4, B and C). Collectively, this analysis
displays a continuum of increasing spike angles
corresponding to decreasing membrane dis-
tances, along with intermediates exhibiting
increased occupancy.
We noticed that the EM density maps of the

S2 fusion intermediates are very similar to
conformations that were predicted with re-
cent simulations of the prefusion-to-postfusion
transition of the spike protein (7). In that study,
a total of 1000 transitions between pre- and
postfusion conformations were simulated by
using an all-atom model with structure-based
energetics (“SMOG” model) (49). These simu-
lations were found to sample configurations
that are compatible with the cryo-ET class av-
erages described here (table S2). By comparing
the MD simulations of the spike transition with
the cryo-ET subclass averages, we identified en-
sembles of structures that agree with the EM
density maps (Fig. 3F). These structural en-
sembles reflect early, intermediate, and late
time points in the simulations (Fig. 3H). Be-
cause the simulation lacks a target membrane,
the placement of the FP regions was not
previously determined. However, the strong
rod-like EM density that is a hallmark of all
subclass averages indicates that the prehair-
pin HR1 with theN-terminal FPs likely adopts
a conformation similar to that of the post-
fusion spike in the target membrane very
early (fig. S8) (11). Together, subtomogram
averaging and classification reveal different
conformations of the spike prehairpin inter-
mediate progressing along increasing mem-
brane tilt angles that is the consequence of

S2 refolding driving the membranes closer
together (movie S1).

Broadly neutralizing antibodies to stem-helix
inhibit spike refolding

Antibodies targeting the conserved spike S2
domain are of considerable interest for ad-
dressing emerging VOCs and for potential
broad-spectrum activity against betacorona-
viruses (14, 26, 27, 30, 31, 33, 34). Because of
the low variation in the epitopes, antibodies
targeting the S2 stem-helix neutralize SARS-
CoV and all SARS-CoV-2 variants, from the
original strain at the beginning of the pan-
demic to recent variants such as BA.2.86 and
EG.5.1 (Fig. 4A and fig. S9, A and B). Within
this group of antibodies, CV3-25 stands out
because of its distinctive binding to the ex-
posed face of the stem-helix. By contrast, the
other stem-helix antibodies, such as CC25.106
and CC99.103, bind to the buried face, which
is concealed within the three-helix bundle of
prefusion spike (Fig. 4B). None of these anti-
bodies bind to postfusion spike (14, 27, 50).
It has been suggested through single-particle
cryo-EM studies of prefusion spike that these
antibodies bind to a disrupted three-helix
bundle (51). Therefore, we hypothesized that
they may bind to the spike prehairpin inter-
mediate conformation after separation of the
stem-helices.
To identify the stage at which antibody bind-

ing may occur during the spike refolding pro-
cess, we assessed previousMD simulations of
the prefusion-to-postfusion conformational
transition (7). For those simulations, a structure-
based SMOG model was applied (49), in which
all interactions present in the postfusion con-
formation were explicitly defined to be stable.
Interactions not found in the poststructure
are purely based on excluded volume, ensur-
ing that only sterically accessible conforma-
tions are sampled. To incorporate the effect
of a viral membrane, the transmembrane do-
main (TM) region was restrained to a plane.
Qualitatively, this model treats the prefusion
conformation as an energetically loaded state,
in which energy is released as the system ap-
proaches the postfusion conformation. Earlier
simulations with this model (“Spike Force
Field”; supplementary materials) showed that
molecular sterics strongly limits the possible
interconversion pathways and that the gly-
cans can strongly influence the kinetics (7).We
analyzed the previous simulations and found
that the CV3-25 and CC25.106 epitopes are tran-
siently exposed, where the antibody-accessible
surface area (AbASA) increases, before de-
creasing as the postfusion conformation is
reached (Fig. 4C and fig. S10, A and B). Al-
though the CV3-25 epitope seems to be more
exposed in the postfusion conformation, the ori-
entations of S2 residues suggest steric clashes
that are incompatible with binding as defined
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Fig. 4. Broadly neutralizing antibodies to stem-helix inhibit spike refolding.
(A) Neutralization activities of stem-helix antibodies against VLPs bearing
spikes from indicated betacoronaviruses. Infectivity [percent relative light units
(RLUs)] is shown, and error bars indicate standard deviation from duplicate wells.

Results are representative of at least three independent experiments. (B) Models
of CV3-25 [magenta; PDB 7NAB (14)] and CC25.106 [blue; PDB 8DGU (27)]
bound to SARS-CoV-2 stem-helix peptide were superimposed on the prefusion
spike [PDB 6XR8 joined to a model of the full-length S2 stem (7, 9)]. CC25.106
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by the high-resolution structure of CV3-25 Fab
in complex with S2 peptide (14). We next eval-
uated the distribution of AbASA values, calcu-
lated for the corresponding simulated ensemble
for each cryo-ET density map of prehairpin
intermediates (fig. S10C). Later-stage inter-
mediates at higher tilt angles are associated
with a decrease in AbASA for both CV3-25
and CC25.106 epitopes. Decreases in AbASA
values are due to “zippering” of S2 at late time
points during the conformational transition,
which agreeswith antibody-peptide structures
and structures of prefusion and postfusion
spikes (9, 11, 14, 27, 41). Glycans reduce the
AbASA values (fig. S11), which is consistent
with the notion of a glycan “shield” (52). How-
ever, disrupting the stem-helix glycan epi-
tope only modestly increases CC25.106 and
CC99.103 neutralization potency, indicating
that fluctuations in glycan conformations
transiently expose the stem-helix epitope to
allow for antibody binding (27). Collectively,
these data indicate that the epitopes for anti-
bodies to S2 stem-helix are most exposed dur-
ing early stages of S2 refolding.
To test the impact of CV3-25 binding on spike

refolding, we modified the earlier theoretical
model to include a single-bound CV3-25 mol-
ecule and the effect of the host membrane. In
the current study, to mimic the presence of a
host membrane, we introduced a constant
force on the terminal region of HR1 that was
directed normal to the viral membrane then
performed our simulations with this extended
model (“Spike+Host” and “Spike+Host+CV3-
25” force fields; supplementary materials) to
identify the influence of CV3-25 under differ-
ent values of the force. Consistent with pre-
vious calculations (7), nearly every simulation
reached the postfusion conformation in the
absence of the applied force. However, this
probability decreased when force was applied
(fig. S12) and decreased more rapidly with force
when CV3-25 was included in the simula-
tions (Fig. 4D and fig. S12). When the anti-

bodywas present and the applied forcewas set
to ~43.2 pN, the TM-HR1 distances plateaued
at ~20 nm for almost every simulation. By con-
trast, when the antibody was absent, the ma-
jority of the simulations successfully reached
the postfusion state. This difference is due to the
antibody interfering with the HR1-HR2 zipper-
ing process (Fig. 4E), which reduces the force
that spike may exert on the host membrane.
Antibodies to S2 stem-helix were also able

to bind spike from SARS-CoV-2 variants and
other betacoronaviruses on cell membranes
in the absence and presence of soluble ACE2
(fig. S9C). We hypothesized that these anti-
bodies could inhibit viral entry by precluding
spike refolding after ACE2 binding when vi-
ruses attach to target cells. We therefore inves-
tigated inhibition of virus entry before or after
the viruses attached to receptor-expressing cells.
Whereas the RBD-targeting antibody CV3-1
could only inhibit virus entry before attach-
ment, all S2 stem-helix antibodies inhibited
virus entry both before and after attachment
to a similar extent (Fig. 4F). These data sug-
gest that antibodies targeting both the buried
and exposed faces of the stem-helix can in-
hibit spike refolding after ACE2 binding.
We revisited the spike refolding by means

of cryo-ET analysis at 37°C in the presence of
antibodies targeting stem-helix. Samples were
first prepared by using CV3-25 Fab domains
for visualization (Fig. 4G and fig. S13), which
showed the presence of CV3-25 Fab density
near the head group of prehairpin intermedi-
ates at the approximate locations of the HR2
stem-helix (Fig. 4G and fig. S13). We next de-
termined whether immunoglobulin G (IgG)
binding to the exposed face (CV3-25) and the
buried face (CC25.106 and CC99.103) would
similarly bind to prehairpin intermediates.
The Ig domains of all three antibodies were
observed to bind near the head group of pre-
hairpin intermediates (Fig. 4, H to J). All
three antibodies resulted in greater distances
between the spikeVLP and ACE2VLP membranes

(Fig. 4K and table S1). The presence of anti-
bodies resulted in a strong shift in the distribu-
tions of membrane distances, with the highest
density mode consistently near 30 nm (Fig. 4L
and fig. S4, B and C). The mode near 30 nm
was also detected in the absence of antibody,
albeit much less prominent (fig. S4, B and C).
Collectively, these data indicate that antibodies
to stem-helix act by hindering the back-zippering
of HR2 along the extended HR1 prehairpin,
stabilizing a preexisting intermediate state
and preventing the membranes from moving
closer together (Fig. 4M and movie S2).

Structure and inhibition of spike on native
SARS-CoV-2 virions

To ask whether the observations of spike pro-
teins on spikeVLPs are reflective of what is ob-
served with native SARS-CoV-2 virions, we used
an attenuated strain of SARS-CoV-2 that lacked
ORF3, -6, -7, and -8 (D3678), carrying green flu-
orescent protein (GFP) and bearing Omicron
XBB.1.5 spike (XBB.1.5D3678) (53). At 4°C, as we
showed on spikeVLPs, we observed spike-ACE2
complexes between XBB.1.5D3678 and ACE2VLP
membranes (fig. S14A-E), along with spike
cross-linking by ACE2 dimers (fig. S14, C to E).
At 37°C in the presence of antibody to S2 stem-
helix, we observed prehairpin intermediate
structures, such as those between spikeVLPs
andACE2VLPs bound by antibody (fig. S14, F to
J). Consistent with previous cryo-EM studies
of the SARS-CoV-2 Delta strain, there were
also interactions and prehairpin intermedi-
ates between XBB.1.5D3678 virions (fig. S14J)
(46). More XBB.1.5D3678 prefusion spike-ACE2
complexes were intact after 37°C incubation
compared with those between spikeVLPs and
ACE2VLPs, where temperature activation had
triggered nearly all of the prefusion spikes.
Lesser XBB.1.5D3678 spike activation at 37°C
suggests that SARS-CoV-2 virion fusion may
require sequential activation processes such
as S2′ cleavage by host TMPRRS2 or endo-
somal cathepsin (54). These results with native

shows a clash in binding with the prefusion spike. (C) AbASA for CV3-25
epitope (magenta) and CC25.106 epitope (blue) along a simulated prefusion-to-
postfusion transition of the spike. (D) MD simulations of spike refolding in
the presence and absence of CV3-25 Fab with an applied normal membrane
force of 47.3 pN. The distances between the TM and the heptad region 1 (HR1) of
the spike protein along simulated trajectories with and without CV3-25 were
calculated (fig. S12). (E) A representative structural snapshot from the simulated
trajectories in (D) is shown. CV3-25 (magenta) can halt the prefusion-to-
postfusion transition of the spike protein by blocking the HR2-HR1 zippering
process of one of the monomers (blue). (F) Stem-helix antibodies and the RBD-
targeting antibody CV3-1 were compared for their virus neutralization activity
before and after attachment to target cells by using HIV-decorated spike virions
with an HIV-integrated Gaussia luciferase reporter. Error bars indicate the
standard deviation from triplicate wells, and results shown are representative of
three independent experiments. (G) SpikeVLPs and ACE2VLPs were coincubated
at 37°C in the presence of CV3-25 Fab. Three representative tomographic
slices are shown with magenta arrowheads indicating Fab (left), and brown and

magenta annotations corresponding to prehairpin intermediate spike and CV3-25
Fab, respectively (right). The yellow arrowhead indicates a postfusion spike.
(H to J) Two representative tomographic slices of spikeVLPs and ACE2VLPs
co-incubated at 37°C in the presence of (H) CV3-25, (I) CC25.106, and (J)
CC99.103. The antibodies are indicated by arrows (leftimages), and the
prehairpin intermediate spikes (brown) and antibodies (magenta, blue, or green)
are annotated (right images). Multiple IgG domains may be visible. (K) The
distances between interacting spike- and ACE2-bearing membranes in the presence
and absence of indicated antibodies were compared by using a Kruskal-Wallis
test and Dunn’s multiple comparisons test (****P < 0.0001, **P < 0.01). No Antibody
(No Ab), n = 909 interfaces; CV3-25, n = 374 interfaces; CC25.106, n = 385 interfaces;
CC99.103, n = 111 interfaces. (L) The distributions of membrane distance values
in the presence and absence of indicated antibodies are compared. (M) A summary
graphic of the structure and inhibition of spike refolding in membranes. The
image was generated by using the simulated intermediate atomic models from
Dodero-Rojas et al. and PDBs 6M17, 7EDJ, 7NAB, and 8FDW (7, 11, 14, 41, 42). The
glossy encasing around atomic models indicates EM density from this study.
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SARS-CoV-2 confirm ACE2-induced clustering
of spikes and that antibodies to stem-helix can
still recognize prehairpin intermediates of re-
cently emerging variants.

Conclusions

The initial virus entry events mediated by
SARS-CoV-2 spike, such as attachment to the
ACE2 receptor, have been extensively investi-
gated by using soluble components (42, 55–59).
However, the interactions between spike and
ACE2 in membranes that lead to S2-mediated
membrane fusion are less well understood.
We used a VLP-VLP system to increase the fre-
quency of observed spike-ACE2 interfaces in
membranes to enable subtomogram averaging.
Subtomogram averaging permits a quantita-
tive assessment of observed structural inter-
mediates. Using this approach, we determined
an averaged structure of spike-ACE2 prefusion
complexes in membranes. Our findings sug-
gest that the geometry of the RBD-ACE2 in-
teraction prevents the binding of one ACE2
dimer to twoRBDs on the same spike. Instead,
it promotes ACE2 dimers to engage RBDs from
neighboring spikes. These results reveal how
ACE2 dimers cross-link spike trimers at mem-
brane interfaces to facilitate spike clustering.
ACE2-induced clustering of spikemay point to
additional advantages for adopting a dimeric
cellular receptor for entry. In addition to ACE2
being used as a receptor for SARS-CoV-2, SARS-
CoV, and human coronavirus NL63, MERS
receptor DPP4 and human coronavirus 229E
receptor APN are also dimeric (60–62).
Whereas VOCs have acquired constellations

of mutations in the RBD and NTD of the S1
spike subunit, the S2 domain containing the
fusion machinery remains highly conserved
but it is structurally less understood. To study
refolding of the S2 domain, we used tempera-
ture activation of membrane-bound prefusion
spike-ACE2 complexes. Subtomogram averag-
ing and classification revealed prehairpin in-
termediates in distinct stages of refolding, as
suggested by the different relative spikeVLP
and ACE2VLP membrane angles. The ability of
subtomogram averaging to reveal various pre-
hairpin intermediates points to their existence
as structural intermediates with a life span
long enough that they can be captured and
potentially targeted by antibodies or small-
molecule inhibitors.
The angles and distances between the spike

HR2 and head-group domains of the averaged
structures correspondedwell withMD simula-
tions of the spike prehairpin intermediate (7).
With respect to the HR1-FP regions, their pre-
cise structural properties were previously not
determined owing to the absence of a target
membrane in the simulated model. How-
ever, the cryo-ET density maps suggest that
the HR1-FP regions are bundled within the
target membrane and more closely resemble

the postfusion conformation, as shown in re-
cent cryo-EM structures of the postfusion spike
in membranes (11). Our combination of cryo-ET
andMD simulation arrives at a model for how
S2 refolding drives the membranes together
for fusion (movie S1).
Studying spike refolding inmembranes pro-

vides a platform for investigating the inhibition
of this process. Recently, an HR2-mimic lipo-
peptide fusion inhibitor was shown to enrich
the S2 prehairpin intermediate at a late-stage
conformation just before the final transition to
the postfusion state (3). In this study, we have
demonstrated that broadly reactive antibodies,
targeting both the buried and exposed faces
of the stem-helix, impede spike refolding by
sterically blocking the back-zippering of HR2
onto the extended HR1 domains during the
transition fromprehairpin intermediate to the
postfusion state (Fig. 4M and movie S2). This
mechanism effectively arrests the fusion process
at a preexisting intermediate. AbASA analysis
of MD simulations indicates that the epitopes
are exposed early during the refolding. The tran-
sient exposure of the buried S2 stem epitopes
explains why these antibodies are relatively
rare and exhibit reduced neutralizing potency
as compared with that of RBD-targeting anti-
bodies. Our structural work pinpointing the
prehairpin intermediate as the main target of
the antibodies to S2 stem-helix opens the door
for immunogen design aimed at eliciting these
antibodies more effectively.
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