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Abstract
SARS-CoV-2 infection is initiated by virus binding to ACE2 cell surface receptors, followed by fusion of
virus and cell membranes to release the virus genome into the cell. Both receptor binding and membrane
fusion activities are mediated by the virus spike glycoprotein, S. As with other class I membrane fusion
proteins, S is post-translationally cleaved, in this case by furin, into S1 and S2 components that remain
associated following cleavage. Fusion activation following receptor binding is proposed to involve the
exposure of a second proteolytic site (S2’), cleavage of which is required for the fusion peptide release.
We have investigated the binding of ACE2 to the furin-cleaved form of SARS-CoV-2 S by cryoEM. We
classify ten different molecular species including the unbound, closed spike trimer, the fully open ACE2-
bound trimer, and dissociated monomeric S1 bound to ACE2. The ten structures describe sequential ACE2
binding events which destabilise the spike trimer, progressively opening up, and out, the individual S1
components. The opening process reduces S1 contacts with each other and un-shields the trimeric S2
core, priming fusion activation and dissociation of ACE2-bound S1 monomers. The structures also reveal
refolding of one of the S1 subdomains, following ACE2 binding, that disrupts interactions with S2,
notably involving Asp614, leading to destabilisation of the structure of S2 proximal to the secondary (S2’)
cleavage site.

Main Text
Recognition of the ACE2 receptor by the Spike (S) membrane glycoprotein of SARS- CoV-2 is a major
determinant of virus infectivity, pathogenesis, and host range. Previous structural studies on coronavirus
S glycoproteins 6,16–21 demonstrated that the S trimer consists of a central helical stalk, made of three
interacting S2 components, which is covered at the top by the S1. Each S1 component consists of two
large domains, the N-terminal domain (NTD) and receptor-binding domain (RBD), each associated with a
smaller intermediate subdomain. In virus membranes, Spike glycoproteins exist in a closed form, in which
the RBDs cap the top of the S2 core and are inaccessible to ACE2, and in an open form, in which one S1
component has opened to expose the RBD for ACE2 binding6,16,18,22. Recent structural studies on the
isolated RBD of SARS-CoV-2 S in complex with ACE27,23,24 provided a molecular description of the
interface. However, even though some comparisons can be inferred from the previous cryoEM studies on
S of SARS112,18,19,22, the exact nature and effect of the ACE2 binding to the trimeric S of pandemic
SARS-CoV-2 remains unknown.

To examine this interaction between the SARS-CoV-2 spike and its receptor, we mixed ectodomains of
furin-cleaved S with ectodomains of ACE2 and incubated them for ~60 s prior to plunge freezing in liquid
ethane for examination by cryoEM. In the images obtained, we could resolve ten distinct species of S and
S-ACE2 complexes (Fig. 1 & S1), ranging from tightly-closed, unbound, trimers to open trimers forming
complexes with three ACE2 molecules and dissociated monomeric S1-ACE2 complexes. Of the S trimers
analysed, 2/3 have an ACE2 bound (Fig. S1). Of the unbound species, we observe good quality particles
in the closed unbound conformation, equally compact to those reported in our previous study25 and
slightly more so than those described in earlier reports6,16. There are also signi�cant numbers (16% of all
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trimers) of unbound particles with one erect RBD, as well as some (4%) in an intermediate conformation,
a less compact closed form, with a single disordered RBD, reported in our previous study of furin-cleaved
S 25.

Of the S trimers bound to receptor, half accommodate one ACE2 receptor. As reported previously for
SARS-CoV-1 S12,22 the ACE2-bound RBD occupies a range of tilts with respect to the long axis of the
trimer (Fig. S2A). Of the two RBDs per trimer that do not engage the receptor, either both are closed or one
of the RBDs remains closed and one (either clockwise or anticlockwise to the bound S1 [Fig. S1]) is in the
open conformation. We were also able to identify, reconstruct, and re�ne trimers with both two and three
ACE2 receptors bound, giving rise to successively more open structures (Fig. 1).

Two points emerge from comparing trimers with one erect RBD that is either bound or unbound by an
ACE2 receptor. Firstly, ACE2 binding alters the position of the open RBD by a rigid-body rotation of the
domain that moves its centre of mass on average a further ~5.5 Å away from the trimer axis (Fig. S2B)
and at the same time the NTDs of all three S1 components move by ~1.5 – 3.0 Å (Fig. S2C). Since bound
ACE2 only interacts with the trimer through a single RBD interface this change in the orientation of the
bound RBD, and the changes of the NTDs, arise from conformational adjustments that accompany the
binding event, although the subtle conformational changes within the RBD that account for this are
beyond the resolution of our current maps. Secondly, our data suggest that ACE2 binding favours the
open conformation of RBD. The relatively high a�nity interaction of RBD with ACE2, generates an
RBD/ACE2 structure that cannot be accommodated in a closed trimer – the bound state does not have
access to the closed conformation. Additionally, the fact that ACE2 binding induces a more open
conformation of spike RBD implies that some of the binding energy is used to drive the new
conformation of S1, which is then further excluded from a closed state.

The successive steps, from closed unbound trimer to the fully open, three-ACE2-bound, are associated
with a substantive reduction in the contact area each S1 makes with both its neighbouring S1 monomers
and with the S2 trimeric core (Table S1). For the fully, three- ACE2-bound species, each S1 makes 1400 Å2
less contact with both its S1 trimer neighbours and 1300 Å2 less contact with the S2 core, when
compared with the fully-closed trimer conformation; all these rearrangements being driven by the
energetics of three ACE2 binding events. The movements of the RBD and NTD domains of S1 associated
with the opening of the structure and stabilisation of the new arrangement by ACE2 binding, described
above, leaves the trimeric ring of S1 molecules attached to the S2 core only by contacts with its two small
intermediate subdomains (Fig. 2A). Comparing the ACE2-bound, open form (the open- unbound structure
is similar but of poorer local resolution) with the fully-closed trimer, the RBD-associated intermediate
subdomain moves about 8 Å, while the NTD-associated intermediate subdomain moves by 3 Å (Fig. 2A).
The latter also undergoes a partial restructuring with possibly important implications for the mechanism
of fusion activation of S. In the closed form, one edge of the NTD-associated intermediate subdomain
interacts with a short helix and a loop from S2 of the neighbouring monomer (Fig. 2B). Two particularly
noteworthy components of this interaction are a series of side chain π-stacking interactions in the closed
structure25: Tyr636, Phe318 and Arg634 of S1 with Tyr837 of S2; and a salt bridge formed by Asp614 of
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S1 with Lys854 of S2. In contrast, in the ACE2-bound form, Tyr636, Phe318, and Trp633 refold to the side
of the domain further away from the symmetry axis (as viewed in Fig. 2C), leaving a channel to
accommodate a new segment of a helix that forms downstream of Asp614 from polypeptide chain that
was previously disordered. As a consequence, the interactions between S1 and S2 described above for
the closed form are lost in the ACE2-bound form and the 827-855 segment of S2 becomes disordered
(Fig. 2C). This part of S2 is immediately C-terminal to the putative fusion peptide of S211, the N-terminus
of which is de�ned by Arg815 at the S2’ cleavage site9,11. ACE2-stabilised S1 opening therefore leads to
destabilisation of S2 structure just after the putative fusion peptide, potentially activating it for exposure
in the next stages of membrane fusion. It is noteworthy that Asp614, which salt bridges to S2 Lys854 in
the closed form, is substituted by a glycine residue in the prevalent clade A2a strains of SARS-CoV-213–
15. Not only would this substitution remove a key salt bridge, but also the unique stereochemistry
available to glycine may facilitate the formation of the new segment of a helix, which is also
incompatible with the S2 interaction. This amino-acid substitution would lead to reduced stability of the
closed form of S, which in turn would increase the likelihood of RBDs adopting the open conformation
and hence their ability to bind with ACE2. The suggestion presented here, of enhanced receptor binding
and destabilisation of the structure of S2 close to the putative fusion peptide, correlates with the
observed selection of the Asp614Gly mutation in SARS-CoV-2.

The opening up, and out, from the trimer axis, of the S1 domains with ACE2 binding gives rise to a
sequential un-shielding of the top surface of the helix-loop-helix (approximately residues 980-990 within
the HR1 region20,26) at the top of the S2 domain (Fig. 3). In the closed form, these helices and their
connecting turns are tightly shielded by the RBDs; each S2 monomer being predominantly covered by its
anticlockwise related S1 trimer neighbour. In the fully open state, the S1 domains move in such a way as
to generate a cavity of 50 Å diameter around the trimer axis that is about 65 Å deep. At the bottom of this
cavity is the now solvent exposed central portion of HR1. For membrane fusion to occur, by comparison
with other class I fusion proteins, as described for the related coronavirus MHV26, the S2 component is
likely to undergo a major helical rearrangement, in which the long trimer interface helix 1035:990 grows
and extends, by incorporating the refolded turn and helix from the N-terminal portion of HR1, and projects
the fusion peptide towards the host cell membrane. In this process, opening up of all three S1 monomers
and their subsequent dissociation would enable the concerted helical refolding, since the cooperative
displacement of the capping portions of the protein will likely be required for the extension of the helical
coil, as recently observed for in�uenza haemagglutinin 27.

In addition to the range of species of trimeric S described above, the largest single population of particles
we were able to identify and reconstruct represent ACE2 bound to S1 monomer (Fig. 4). The interaction
between ACE2 and the RBD, and the interaction of the latter with its associated intermediate subdomain,
are very similar between the monomeric and trimer versions and with previously determined crystal and
EM structures of RBD and ACE27,23,24. However, there are increasingly large rearrangements between
the two intermediate subdomains and then with the NTD. By applying non-uniform re�nement, the
highest resolution was achieved for the reconstruction of the ACE2/RBD interaction, (Fig. S4), in part
because of the tight interaction but also likely because of the dominant in�uence of this part of the
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structure on the alignment process. Nevertheless, it is clear that there are both increasingly large changes
in the interfaces between domains on moving towards the NTD and a range of sub-populations of related
but, somewhat variable conformations. The high proportion of ACE2/S1 monomers, and the limited
contact areas between the trimeric S1 ring interactions with S2, suggest that the fully open ACE2-bound
spike complex is likely metastable.

Taken together, our structural data provide important mechanistic insights into the early stages of SARS-
CoV-2 infection of cells. SARS-CoV-2 S produces a compact closed form where the helices in the S2
membrane fusion component are fully capped by the RBD of a neighbouring monomer. However, furin
cleavage between the S1 and S2 domains enhances the proportion of the trimers able to accommodate
one RBD per trimer in an open conformation that is ACE2-binding-competent25. Binding of ACE2 receptor
to this open RBD leads to a structural rearrangement within RBD and a more open trimer conformation.
The binding of ACE2 is incompatible with the RBD adopting a closed conformation and leads to our
observation for SARS-CoV-2 S of several two-open-RBDs conformations, with and without ACE2 bound,
and the three-RBD-bound conformation. Successive RBD openings and ACE2 binding lead to a fully open
and ACE2-bound form where the trimeric S1 ring remains bound to the core S2 trimer by limited contacts
through the subdomains of S1. This arrangement leaves the top of the S2 helices fully exposed. At the
same time, the open form of S1 disrupts its interaction with a segment of the S2 chain that precedes the
putative fusion peptide region. We suggest that this species is then primed for the helical rearrangements
of S2 required for fusion of the viral and host cell membranes26. Finally, our structure indicates that the
Asp614Gly mutation13–15 results in the loss of a salt bridge between S1 and S2 in the closed form. The
high prevalence of clade A2a with this mutant correlates with our suggestion that this form of the viral
Spike protein could more readily adopt the open conformation required for receptor binding.
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Figures

Figure 1

Sequential steps in ACE2 binding of SARS-CoV-2 S. Surface representation of S, with monomers coloured
in blue, brown and gold, and ACE2 coloured in green. Each step shows two views of the S complexes with
trimer axis vertical (left) and orthogonal top down view along the axis (right). Clockwise from top we
show structures for closed, open but unbound RBD, followed by sequential ACE2 binding events until we
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reach the fully-open, three-ACE2-bound S. From this �nal trimeric species we show dissociation into
monomeric S1-ACE2.

Figure 2

Figure 2. Structural rearrangements between the closed and the ACE2-bound states of S. (A) Surface
representation of a monomer of S2 in one-ACE2-bound, two-RBD-closed state coloured in light pink with
the S1 domains of the adjacent monomer in ribbon representation; the NTD, RBD-associated subdomain
1, and RBD in blue and the NTD-associated subdomain 2 in green. The atoms on the surface of S2
contacting the S1 intermediate domains are coloured in red. The arrows indicate the direction of
movements of the intermediate domains, and of the RBD, between the closed and ACE2-bound
conformations of S. (B) Ribbons representation of the NTD-associated intermediate domain in green and
the moiety of the S2 chain that it interacts with, in red, in the closed conformation of S (PDB 6ZGE, 25).
Essential residues participating in the interaction are labelled with the salt bridge between Asp614 (S1,
chain A) and Lys854 (S2, chain B) particularly of note. (C) Ribbons representation of the same
intermediate domain as in (B) in the conformation observed in the ACE2-bound structure of the spike,
where the movement and refolding of the domain leads to a loss of interaction with S2, which becomes
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disordered. The putative Fusion Peptide (FP) and the S2’ site of the second protease cleavage at R815
adjacent to the region that undergoes unfolding are shown in dark red.

Figure 3

Structural basis of S2 unsheathing by ACE2 binding. S is shown as space �lling representation for S1,
with each monomer coloured blue, brown, and gold, and as a ribbons representation for S2 coloured in
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red for all three monomers. The left side shows a top down and side on view of the trimer in the closed
conformation, while the right side shows the same views for the fully-open three-ACE2-bound species.

Figure 4

ACE2-bound S1 subunit as a part of the S trimer and as an isolated monomer. The right hand panel
shows a space �lling representation of S with one monomer coloured S1: NTD – yellow, NTD-associated
subdomain 2 – blue, RBD-associated subdomain 2 – pink, RBD– brown, S2 – red, ACE2 – green; the rest
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of the trimer is coloured grey. The right-hand panel shows ACE2 bound to monomeric S1 in the same
colours. The right hand panel is aligned on the RBD:ACE2 moiety of the trimer complex. The arrow
indicates the direction of movement of the NTD and NTD-associated subdomain 2 on the transition from
the trimer to the monomer species.
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