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Anovel severe acute respiratory syndrome (SARS)-like coronavirus (SARS-CoV-2)
recently emerged and is rapidly spreading in humans, causing COVID-19'2. Akey to
tackling this pandemicis to understand the receptor recognition mechanism of the

virus, which regulates its infectivity, pathogenesis and host range. SARS-CoV-2 and
SARS-CoV recognize the same receptor—angiotensin-converting enzyme 2 (ACE2)—in
humans®*. Here we determined the crystal structure of the receptor-binding domain
(RBD) of the spike protein of SARS-CoV-2 (engineered to facilitate crystallization) in
complex with ACE2. In comparison with the SARS-CoV RBD, an ACE2-binding ridge in
SARS-CoV-2 RBD has amore compact conformation; moreover, several residue
changes in the SARS-CoV-2 RBD stabilize two virus-binding hotspots at the RBD-ACE2
interface. These structural features of SARS-CoV-2 RBD increase its ACE2-binding
affinity. Additionally, we show that RaTG13, abat coronavirus that is closely related to
SARS-CoV-2, also uses human ACE2 as its receptor. The differences among
SARS-CoV-2,SARS-CoV and RaTG13 in ACE2 recognition shed light on the potential
animal-to-human transmission of SARS-CoV-2. This study provides guidance for
intervention strategies that target receptor recognition by SARS-CoV-2.

The sudden emergence and rapid spread of SARS-CoV-2 is endanger-
ing global health and economy’* SARS-CoV-2 has caused many more
infections, deaths and economic disruptions than SARS-CoVin 2002~
2003%¢. The origin of SARS-CoV-2 remains unclear. Bats are considered
the original source of SARS-CoV-2 because a closely related coronavirus,
RaTG13, has beenisolated from bats”. However, the molecular events
thatled to the possible bat-to-human transmission of SARS-CoV-2 are
unknown. Clinically approved vaccines or drugs that specifically target
SARS-CoV-2arealsolacking. Receptor recognition by coronavirusesis
animportant determinant of viral infectivity, pathogenesis and host
range®’. It presents a major target for vaccination and antiviral strate-
gies'®. Here we elucidate the structural and biochemical mechanisms
of receptor recognition by SARS-CoV-2.

Receptor recognition by SARS-CoV has been extensively studied.
Avirus-surface spike protein mediates the entry of coronavirus into
host cells. The spike protein of SARS-CoV contains a RBD that specifi-
cally recognizes ACE2 asitsreceptor®*. Aseries of crystal structures of
the SARS-CoV RBD from different strains in complex with ACE2 from
different hosts has previously been determined*"'>. These structures
showed that SARS-CoV RBD contains a core and a receptor-binding
motif (RBM); the RBM mediates contacts with ACE2. The surface of ACE2
contains two virus-binding hotspots that are essential for SARS-CoV
binding. Several naturally selected mutations in the SARS-CoV RBM
surround these hotspots and regulate the infectivity, pathogenesis, and
cross-species and human-to-human transmissions of SARS-CoV>'"12,

Because of the sequence similarity between the spike proteins of
SARS-CoVand SARS-CoV-2,itwas recently predicted that SARS-CoV-2

alsouses ACE2as its receptor’®, which has been validated by other stud-
ies”*1 Here we determined the structural basis of receptor recogni-
tion by SARS-CoV-2 and compared the ACE2-binding affinity among
SARS-CoV-2,SARS-CoVand RaTG13. Our findings identify the molecular
and structural features of the SARS-CoV-2 RBM that resultin tight ACE2
binding. They provide insights into the animal origin of SARS-CoV-2,
and can help toguideinterventionstrategies that target SARS-CoV-2-
ACE2interactions.

To understand the structural basis of ACE2 recognition by
SARS-CoV-2, we aimed to crystallize the SARS-CoV-2 RBD-ACE2 com-
plex. Our strategy was informed by previous crystallization of the
SARS-CoV RBD-ACE2 complex®. In this crystal form, the core of the
SARS-CoV RBD (along with the ACE2 surface) was mainly involved
in crystal lattice contact; the essential ACE2-binding residues in the
SARS-CoV RBM were buried at the RBD-ACE2 interface and did not
affect crystallization. To facilitate crystallization, we designed a chi-
meric RBD that uses the core from the SARS-CoV RBD as the crystal-
lization scaffold and the RBM from SARS-CoV-2 as the functionally
relevant unit (Fig. 1a and Extended Data Fig. 1). To further enhance
crystallization, we improved the ACE2-binding affinity of the chimeric
RBD by keeping ashortloop from the SARS-CoV RBM, which maintains
astrong salt bridge between Arg426 of the RBD and Glu329 of ACE2
(Extended DataFig. 2a). This loop sits on the side of the binding inter-
face, away from the main bindinginterface. We expressed and purified
the chimeric RBD and ACE2, and crystallized the complex under the
same conditions and in the same crystal form as those used for the
SARS-CoV RBD-ACE2 complex. On the basis of X-ray diffraction data,
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Fig.1|Structure of the SARS-CoV-2 chimeric RBD complexed with ACE2. a,
Crystal structure of the SARS-CoV-2 chimeric RBD complexed with ACE2. ACE2
isshowningreen.The RBD coreisshownincyan. The RBMisshownin magenta.
AsideloopinRBMisshowninorange.Azincionin ACE2isshowninblue.b,
Comparison of the conformations of the ridge in SARS-CoV-2 RBM (magenta)
and SARS-CoV RBM (orange). ¢, Comparison of the conformations of the ridge
fromanother viewing angle. Inthe SARS-CoV RBM, a proline-proline-alanine
motifisshown.Inthe SARS-CoV-2RBM, a newly formed hydrogenbond,
Phe486,and some of the interactions of the ridge with the N-terminal helix of
ACE2are shown.

we determined the structure of the chimeric RBD-ACE2 complex by
molecular replacement using the structure of the SARS-CoV RBD-ACE2
complex as the search template. We refined the structure to 2.68 A
(Extended Data Table1and Extended DataFig. 3). The structure of this
chimeric RBD-ACE2 complex, particularly in the RBM region, is highly
similar to another recently determined structure of the SARS-CoV-2
wild-type RBD-ACE2 complex”, confirming that the chimeric RBD is
asuccessful design.

The overall structure of the chimeric RBD-ACE2 complex is similar
to that of the SARS-CoV RBD-ACE2 complex (Fig. 1a). Similar to the
SARS-CoV RBM, SARS-CoV-2 RBM forms a gently concave surface with
aridge on oneside;itbinds to the exposed outer surface of the claw-like
structure of ACE2 (Fig. 1a). The strong salt bridge between SARS-CoV
RBD and ACE2 became a weaker (as judged by the longer distance of
theinteraction), butstill energetically favourable, N-O bridge between
Arg439 of the chimericRBD and Glu329 of ACE2"® (Extended DataFig. 2b).
Incomparisontothe SARS-CoVRBM, the SARS-CoV-2 RBM formsalarger
binding interface and more contacts with ACE2 (Extended Data Fig. 4a,
b). Our structural model also contained glycans attached to four ACE2
sites and one RBD site (Extended Data Fig. 5a). The glycan attached to
Asn90 of ACE2 forms a hydrogen bond with Arg408 of the RBD core
(Extended Data Fig. 5b); this glycan-interacting arginine is conserved
between SARS-CoV-2 and SARS-CoV (Extended Data Fig. 1). The overall
structural similarity in ACE2 binding by SARS-CoV-2 and SARS-CoV sup-
ports aclose evolutionary relationship between the two viruses.

We measured the binding affinities between each of the three RBDs
(SARS-CoV-2, chimericand SARS-CoV) and ACE2 using surface plasmon
resonance (SPR) (Extended Data Figs. 4c, 6). We found that the chimeric
RBD has a higher ACE2-binding affinity than the SARS-CoV-2 RBD, con-
sistent with the introduced N-O bridge between the chimeric RBD and
ACE2.Both the chimericand SARS-CoV-2 RBDs have significantly higher
ACE2-binding affinities than the SARS-CoV RBD. These dissociation
constant K4 values are consistent with other SPR studies'?", although
the exact K, values vary depending on the specificapproaches of each
SPR experiment (Extended Data Table 2). Here we investigate the struc-
tural differences between the RBMs of SARS-CoV-2 and SARS-CoV that
account for their different ACE2-binding affinities.

Amarked structural difference between the RBMs of SARS-CoV-2 and
SARS-CoVis the conformation of the loops in the ACE2-binding ridge
(Fig.1b, c). Inboth RBMs, one of the ridge loops contains an essential
disulfide bond and the region between the disulfide-bond-forming
cysteines is variable (Fig. 1c and Extended Data Fig. 1). Specifically,
human and civet SARS-CoV strains and bat coronavirus Rs3367 all
contain a three-residue motif proline-proline-alanine in this loop;
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Fig.2|Structural details at the interfacebetween the SARS-CoV-2RBM and
ACE2.a, Theinterfacebetweenthe SARS-CoV-2RBM and ACE2.b, Theinterface
between SARS-CoVRBMand ACE2.

the tandem prolines allow the loop to take a sharp turn. By contrast,
SARS-CoV-2 and bat coronavirus RaTG13 both contain a four-residue
motifglycine-valine/glutamine-glutamate/threonine-glycine; the two
relatively bulky residues and two flexible glycines enable the loop to
take adifferent conformation (Fig.1cand Extended DataFig.1). Because
ofthese structural differences, an additional main-chain hydrogen bond
forms between Asn487 and Ala475in the SARS-CoV-2 RBM, causing the
ridge to take a more compact conformation and the loop containing
Ala475to move closer to ACE2 (Fig. 1c). As a consequence, the ridge in
the SARS-CoV-2 RBM forms more contacts with the N-terminal helix
of ACE2 (Extended Data Fig. 4b). For example, the N-terminal residue
Ser19 of ACE2 forms anew hydrogenbond with the main chain of Ala475
ofthe SARS-CoV-2RBM, and GIn24 in the N-terminal helix of ACE2 also
forms a new contact with the SARS-CoV-2 RBM (Fig. 1c and Extended
DataFig.4b). Moreover, compared with the corresponding Leu472 of
the SARS-CoV RBM, Phe486 of the SARS-CoV-2 RBM pointsinadifferent
directionand insertsinto a hydrophobic pocketinvolving Met82, Leu79
and Tyr83 of ACE2 (Figs.1c, 2a, b).In comparison to the SARS-CoV RBM,
these structural changes in the SARS-CoV-2 RBM are more favourable
for ACE2 binding.

In comparison to the SARS-CoV RBM-ACE2 interface, subtle yet
functionally important structural changes take place near the two
virus-bindinghotspotsatthe SARS-CoV-2RBM-ACE2interface (Fig.2a,b).
At the SARS-CoV-ACE2 interface, two virus-binding hotspots were
previously identified'% hotspot Lys31 (that is, hotspot 31) consists
of asalt bridge between Lys31 and Glu35, and hotspot Lys353 (that
is, hotspot 353) consists of a salt bridge between Lys353 and Asp38.
Both salt bridges are weak, as judged by the relatively long distance
oftheseinteractions. Burial of these weak salt bridges in hydrophobic
environments on virus binding would enhance their energy, owing to
areduction in the dielectric constant. This process is facilitated by
interactions between the hotspots and nearby RBD residues. First,
at the SARS-CoV RBM-ACE2 interface, hotspot 31 requires support
from Tyr442 of the SARS-CoV RBM (Fig. 2b). In comparison, at the
SARS-CoV-2 RBM-ACE2 interface, Leu455 of the SARS-CoV-2 RBM
(corresponding to Tyr442 of the SARS-CoV RBM) has a less bulky side
chain, providing less support to Lys31 of ACE2. As a result, the struc-
ture of hotspot 31 has rearranged: the salt bridge between Lys31 and
Glu35 breaks apart, and each of the residues forms a hydrogen bond
with GIn493 of the SARS-CoV-2 RBM (Fig. 2a).Second, at the SARS-CoV
RBM-ACE2interface, hotspot 353 requires support from the side-chain
methylgroup of Thr487 of the SARS-CoV RBM, whereas the side-chain
hydroxyl group of Thr487 forms a hydrogen bond with the RBM main
chain (whichfixes the conformation of the Thr487 side chain) (Fig. 2b).
Incomparison, at the SARS-CoV-2 RBM-ACE2interface, Asn501 of the
SARS-CoV-2 RBM also has its conformation fixed through a hydrogen
bond betweenits side chain and the RBM main chain; correspondingly,
its side chain provides less support to hotspot 353 than the correspond-
ing Thr487 of the SARS-CoV RBM does (Fig.2a). Consequently, Lys353
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Fig.3|Biochemical datashowingtheinteractions between SARS-CoV-2 or
bat RaTG13 spike and ACE2. a, Protein pull-down assay using ACE2 as the bait
and cell-associated SARS-CoV-2 spike molecules (wild type and mutants) as the
targets. Top, cell-expressed SARS-CoV-2 spike. Middle, pull-down results using
His,-tagged ACE2. Bottom, pull-down results using Fc-tagged ACE2. MERS-CoV
spike was used as anegative control. b, Entry of SARS-CoV-2 and bat RaTG13
pseudovirusesinto ACE2-expressing cells. Top, packaged SARS-CoV-2 and bat
RaTG13 pseudoviruses. HIV p24 was detected asaninternal control. Bottom,
pseudovirus entry efficiency. Mock, no pseudoviruses. Dataare mean +s.d. A
comparison (two-tailed Student’s t-test) between SARS-CoV-2 with ACE2 (n=3
independent samples) and SARS-CoV-2 without ACE2 (n=4 independent
samples) showed asignificant difference (P<1.16 x1075). Acomparison
(two-tailed Student’s t-test) between RaTG13 with ACE2 (n=3 independent
samples) and RaTG13 without ACE2 (n=4 independent samples) showed a
significant difference, P=0.0097.Individual data points are shown as black
dots.***P<0.001;**P<0.01. ¢, Protein pull-down assay using ACE2 as the bait
and cell-associated RaTG13 spike as the target. All experiments were repeated
independently three times with similar results.

of ACE2 takes a slightly different conformation, forming a hydrogen
bond with the main chain of the SARS-CoV-2 RBM while maintaining
the saltbridge with Asp38 of ACE2 (Fig. 2a). Thus, both hotspots have
adjusted to the reduced support from nearby RBD residues, yet still
become well-stabilized at the SARS-CoV-2 RBM-ACE2 interface.

To corroborate the structural observations, we characterized
ACE2-binding affinities of the SARS-CoV-2 spike that contains mutations
in critical ACE2-interacting residues. To this end, protein pull-down
assays were performed, with purified recombinant ACE2 as the bait
and cell-associated SARS-CoV-2 spike as the target (Fig. 3a). For
cross-validation, we used ACE2 with two different tags, His, and Fc.
The SARS-CoV-2 spike contained one of the following RBM changes:
481-487 (481-NGVEGFN-487 in SARS-CoV-2 were mutated to TPPALN
as in SARS-CoV), Q493N (GIn493 in SARS-CoV-2 was mutated to an
asparagine as in human SARS-CoV), Q493Y (GIn493 in SARS-CoV-2
was mutated to a tyrosine as in bat RaTG13) and N501T (Asn501 in
SARS-CoV-2 was mutated to a threonine as in human SARS-CoV). The
results showed that all of these introduced mutations reduced the
ACE2-binding affinity of the SARS-CoV-2 spike. They confirm that the
structural features of the SARS-CoV-2 RBM, including the ACE2-binding
ridge and the hotspots-stabilizing residues, all contribute to the high
ACE2-binding affinity of SARS-CoV-2.

Having compared ACE2 recognition by SARS-CoV-2 and SARS-CoV,
we furtherinvestigated human ACE2 binding by bat RaTG13. To thisend,

we performed a pseudovirus entry assay in which retroviruses pseudo-
typed with RaTG13 spike (that is, RaTG13 pseudoviruses) were used to
enter ACE2-expressing human cells (Fig. 3b). The results showed that
RaTG13 pseudovirus entry into the cells depends on ACE2. Additionally,
RaTGl13 spike was not cleaved on the pseudovirus surface. SARS-CoV-2
pseudovirus entry also depends on ACE2, but its spike was cleaved to
S2 on the pseudovirus surface (probably because of a furin site inser-
tion') (Fig. 3b). Moreover, we performed a protein pull-down assay
using ACE2 as the bait and cell-associated RaTG13 spike as the target
(Fig. 3c). We found that the RaTG13 spike was pulled down by ACE2.
Therefore, similar to SARS-CoV-2, bat RaTG13 binds to human ACE2
and can use human ACE2 as its entry receptor.

The current SARS-CoV-2 outbreak has become a global pandemic.
Previous structural studies on SARS-CoV have established receptor
recognition as an important determinant of SARS-CoV infectivity,
pathogenesis and host range®. On the basis of the structuralinformation
presented here, along with biochemical data, we discuss the receptor
recognition and evolution of SARS-CoV-2.

We will first discuss how well SARS-CoV-2 recognizes ACE2 in com-
parison to SARS-CoV. We show that, compared with SARS-CoV, the
SARS-CoV-2 RBM contains structural changes in the ACE2-binding
ridge, largely caused by a four-residue motif (residues 482-485:
Gly-Val-Glu-Gly). This structural change allows the ridge to become
more compact and form better contacts with the N-terminal helix of
ACE2 (Fig. 1b, ¢). In addition, Phe486 of the SARS-CoV-2 RBM inserts
into ahydrophobic pocket (Fig.1c). The corresponding residue in the
SARS-CoV RBMiis a leucine, which probably forms a weaker contact
with ACE2 owing to its smaller side chain. Finally, both virus-binding
hotspots are more stabilized at the RBM-ACE2 interface through
interactions with the SARS-CoV-2 RBM. As previous studies have
shown', these hotspots on ACE2 are important for coronavirus bind-
ing, because they involve two lysine residues that need to be accom-
modated properly in hydrophobic environments. Neutralizing the
charges of the lysines is key to the binding of coronavirus RBDs to
ACE2.The SARS-CoV-2RBM has evolved strategies to stabilize the two
hotspots: GIn493 and Leu455 stabilize hotspot 31, whereas Asn501
stabilizes hotspot 353 (Fig. 2a). Our biochemical data confirm that
the SARS-CoV-2 RBD has a significantly higher ACE2-binding affin-
ity than the SARS-CoV RBD and that the above structural features of
the SARS-CoV-2 RBM contribute to the high ACE2-binding affinity
of SARS-CoV-2 RBD (Fig. 3a). Thus, both structural and biochemical
data reveal that the SARS-CoV-2 RBD recognizes ACE2 better than
SARS-CoV RBD does.

Next, we investigated how SARS-CoV-2 may have been transmit-
ted from bats to humans. First, we found that bat RaTG13 uses human
ACE2 as its receptor (Fig. 3b, c), suggesting that RaTG13 may infect
humans. Second, as with SARS-CoV-2, bat RaTG13 RBM contains a simi-
lar four-residue motifin the ACE2-binding ridge, supporting the notion
that SARS-CoV-2 may have evolved from RaTG13 or a RaTG13-related
bat coronavirus (Extended Data Table 3 and Extended Data Fig. 7).
Third, the L486F, Y493Q and D501N residue changes from RaTG13 to
SARS-CoV-2 enhance ACE2 recognition and may have facilitated the
bat-to-human transmission of SARS-CoV-2 (Extended Data Table 3
and Extended Data Fig. 7). A lysine-to-asparagine mutation at the 479
position in the SARS-CoV RBD (corresponding to the 493 position in
the SARS-CoV-2 RBD) enabled SARS-CoV to infect humans®. Fourth,
Leu455 contributes favourably to ACE2 recognition, and itis conserved
between RaTG13 and SARS-CoV-2;its presence in the SARS-CoV-2 RBM
may be important for the bat-to-human transmission of SARS-CoV-2
(Extended Data Table 3 and Extended Data Fig. 7). Host and viral fac-
tors other than receptor recognition also have important roles in the
cross-species transmission of coronaviruses?*?. Nevertheless, the
identified receptor-binding features of the SARS-CoV-2 RBM may have
facilitated SARS-CoV-2 to transmit from bats to humans (Extended
DataFig. 7).
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We then examined whether intermediate hosts were involved in
the potential bat-to-human transmission of SARS-CoV-2. Because bat
coronavirus RaTG13 binds to human ACE2, one possibility is that there
isnointermediate host. Alternatively, pangolins have been proposed
to be an intermediate host?. The structural information provided in
this study enables us to inspect and understand the important RBM
residuesin coronaviruses isolated from pangolins. Two coronaviruses,
CoV-pangolin/GD and CoV-pangolin/GX, have been isolated from
pangolins from two different locations in China: Guangdong (GD) and
Guangxi (GX), respectively. The RBM of the CoV-pangolin/GD contains
Leu455, the 482-485loop, Phe486, GIn493 and Asn501 (Extended Data
Table 3), all of which are favourable for ACE2 recognition. The RBM
of CoV-pangolin/GX contains Leu455 and the 482-485 loop, both of
whichare favourable for ACE2 recognition, and it also contains Leu486,
Glu493 and Thr501 (Extended Data Table 3), all of which are less favour-
able for ACE2 recognition. Therefore, CoV-pangolin/GD potentially
recognizes human ACE2 well, whereas CoV-pangolin/GX does not.
Hence, pangolins from Guangdong, but not pangolins from Guangxi,
could potentially pass coronaviruses to humans. However, many other
factors determine the cross-species transmission of coronaviruses®?,
and the above analysis will need to be verified experimentally.

Finally, this study helps to inform intervention strategies. First,
neutralizing monoclonal antibodies that target the SARS-CoV-2 RBM
can prevent the virus from binding to ACE2, and are therefore prom-
ising antiviral drugs. Our structure has laid out all of the functionally
important epitopes in the SARS-CoV-2 RBM that can potentially be
targeted by neutralizing antibody drugs. Thus, this study can help to
guide the development and optimization of these antibody drugs.
Second, the RBD itself can function as a subunit vaccine'®?. The func-
tionally important epitopesin the SARS-CoV-2RBM that were identified
in this study can guide structure-based design of highly efficacious
RBD vaccines. Such a structure-based strategy for subunit vaccine
design has previously been developed®. This strategy may be helpful
in designing SARS-CoV-2 RBD vaccines. Overall, this study can help to
inform structure-based intervention strategies that target receptor
recognition by SARS-CoV-2.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Plasmids

SARS-CoV-2spike (GenBank accession number QHD43416.1), SARS-CoV
spike (GenBank accession number AFR58740.1), RaTG13 spike (GenBank
accession number QHR63300.2) and ACE2 (GenBank accession number
NM_021804) were all synthesized (GenScript Biotech). SARS-CoV-2,
SARS-CoV, chimeric RBDs (see Extended Data Fig.1for residue ranges
of RBDs) and ACE2 ectodomain (residues 1-615) were subcloned into
pFastBacvector (Life Technologies) with aN-terminal honeybee melit-
tin signal peptide and a C-terminal His,-tag. The ACE2 ectodomain
(residues 1-615) with a C-terminal Fc-tag was also constructed.

Protein expression and purification

All of the proteins were prepared from Sf9 insect cells using the
Bac-to-Bac system (Life Technologies) as previously described®. In
brief, the His-tagged proteins were collected fromcell culture medium,
purified using aNi-NTA column, purified further using a Superdex200
gelfiltration column (GE Healthcare) and stored in abuffer containing
20mM Tris pH7.2and 200 mM NaCl. The Fc-tagged protein was purified
inthe same way as the His,-tagged proteins, except that the protein A
columnreplaced the Ni-NTA column in the procedure.

Crystallization and structure determination

To purify the RBD-ACE2 complex, ACE2 and RBD were incu-
bated together, and the complex was purified using Superdex200
gel-filtration chromatography. RBD-ACE2 crystals were growninsitting
drops at room temperature over wells containing 100 mM Tris (pH 8.5),
18-20% PEG 6000 and 100 mM NaCl. Crystals were soaked briefly in
100 mM Tris (pH 8.5),30% PEG 6000,100 mM NaCl and 30% ethylene
glycol before being flash-frozen in liquid nitrogen. X-ray diffraction
datawere collected at the Advanced Photon Source beamline 24-ID-E.
The structure was determined by molecular replacement using the
structure of SARS-CoV RBD complexed with ACE2 as the search tem-
plate (Protein Data Bank (PDB) 2AJF). Structure data and refinement
statistics are shown in Extended Data Table 1.

Protein-protein binding assay
The SPR assays using a Biacore 2000 system (GE Healthcare) were
carried out as described previously™. In brief, different RBDs were
covalently immobilized to a CM5 sensor chip through their amine
groups (GE Healthcare). The running buffer contained 10 mM HEPES
pH7.4,150 mM NaCl,3mM EDTA and 0.05% Tween-20. Serial dilutions
of purified recombinant ACE2 were injected ranging in concentration
from 5to 80 nM for the SARS-CoV-2 RBD and chimeric RBD, and from
20 to 320 nM for the SARS-CoV RBD. The resulting data were fit to a
1:1binding model using Biacore Evaluation Software (GE Healthcare).
The protein pull-down assay was performed using a Dynabeads
His-Tag Isolation and Pull-down kit (Invitrogen) and a Dynabeads Pro-
tein A for Immunoprecipitation kit (Invitrogen) according to the manu-
facturers’ manual. In brief, 150 pl indicated Dynabeads were washed
with phosphate-buffered saline (PBS) and incubated with either 5 ug
ACE2-His, (ACE2 with a C-terminal His¢-tag) or 5pg ACE2-Fc (ACE2 with
aC-terminal Fc-tag) on aroller at room temperature for 30 min. After
incubation, ACE2-bound beads were washed three times with 1mI PBST
buffer (PBS and 0.05% Tween-20) on aroller for 10 min and then were
aliquoted into different tubes for use. To prepare the cell-associated
coronavirus spike protein, HEK293T cells were transfected with
a pcDNA3.1(+) plasmid encoding coronavirus spike (containing a
C-terminal C9-tag); 48 hafter transfection, the spike-expressing cells

were lysed using a sonicator in immunoprecipitation assay buffer
(20 mM Tris-HCI, pH 7.4,150 mM NaCl,1mM EDTA and 1% Triton X-100,
supplemented with protease inhibitors) and centrifuged at 12,000g for
2min. The supernatants (containing solubilized SARS-CoV-2 spike) were
transferred to mix with the ACE2-bound beads in 2-ml tubes separately
(spike wasin excess of ACE2). Afteral-hincubationonaroller atroom
temperature, beads were washed three times with PBST buffer and the
bound proteins were eluted using elution buffer (300 mM imidazole,
50 mM sodium phosphate pH 8.0, 300 mM NacCl, 0.01% Tween-20 for
ACE2-Hiss-bound beads; 0.1 M citric acid pH 2.7 for ACE2-Fc-bound
beads). The samples were then subjected to SDS-PAGE and analysed
by western blotting using an anti-C9 tag antibody.

Coronavirus-spike-mediated pseudovirus entry assay

The pseudovirus entry assay was performed as described previously. In
brief, HEK293T cells were co-transfected with aluciferase-expressing HIV-1
genome plasmid (pNL4-3.luc.RE) and a plasmid encoding SARS-CoV-2
spike or RaTG13 spike. Pseudoviruses were collected 72 h after transfec-
tion, and were used to enter recipient cells (HEK293T cells exogenously
expressing ACE2). After incubation of pseudoviruses withrecipient cells
at 37 °Cfor 6 h, the medium was changed and cells were incubated for
an additional 60 h. Cells were then washed with PBS buffer and lysed.
Aliquots of cell lysates were transferred to Optiplate-96 (PerkinElmer),
followed by the addition of luciferase substrate. Relative light units were
measured using an EnSpire plate reader (PerkinElmer). Allmeasurements
were carried out on at least three independent biological samples.

Analyses of protein contactresidues and protein buried surfaceareas
Protein contact residues were analysed using the LigPlot" program
(v.1.4.5) (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Proteinburied surface areas were analysed using PDBePISA tool (http://
pdbe.org/pisa/).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Coordinates and structure factors have been deposited to the Protein
Data Bank with accession number 6VWI1.
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SARS-human 306 RVVPS GDVVRFPNIT NLCPFGEVFN ATKFPSVYAW ERKKISNCVA DYSVLYNSTF 360
SARS-civet 306 RVVPS GDVVRFPNIT NLCPFGEVFN ATKFPSVYAW ERKRISNCVA DYSVLYNSTS 360
CoV-pangolin/GD 319 RVQPT ESIVRFPNIT NLCTFGEVFN ATTFASVYAW NRKRISNCVA DYSVLYNSTS 373
CoV-pangolin/GX 319 RVQPT ISIVRFPNIT NLCPFGEVFN ASKFASVYAW NRKRISNCVA DYSVLYNSTS 373

Rs3367-bat 307 RVAPS KEVVRFPNIT NLCPFGEVFN ATTFPSVYAW ERKRISNCVA DYSVLYNSTS 361
RaTG1l3-bat 319 RVQPT DSIVRFPNIT NLCPFGEVFN ATTFASVYAW NRKRISNCVA DYSVLYNSTS 373
SARS-CoV-2 319 RVQPT ESIVRFPNIT NLCPFGEVFN ATRFASVYAW NRKRISNCVA DYSVLYNSAS 373
kk kg gkkkkkkk kkkgkkkkkk kg kakkkkk ghkkghkhkkkk kkkkkkkkgg
SARS-human FSTFKCYGVS ATKLNDLCFS NVYADSFVVK GDDVRQIAPG QTGVIADYNY KLPDDFMGCV 420
SARS-civet FSTFKCYGVS ATKLNDLCFS NVYADSFVVK GDDVRQIAPG QTGVIADYNY KLPDDFMGCV 420

CoV-pangolin/GD FSTFKCYGVS PTKLNDLCFT NVYADSFVVR GDEVRQIAPG QTGRIADYNY KLPDDFTGCV 433
CoV-pangolin/GX FSTFKCYGVS PTKLNDLCFT NVYADSFVVK GDEVRQIAPG QTGVIADYNY KLPDDFTGCV 433

Rs3367-bat FSTFKCYGVS ATKLNDLCFS NVYADSFVVK GDDVRQIAPG QTGVIADYNY KLPDDFTGCV 421
RaTG13-bat FSTFKCYGVS PTKLNDLCFT NVYADSFVIT GDEVRQIAPG QTGKIADYNY KLPDDFTGCV 433
SARS-CoV-2 FSTFKCYGVS PTKLNDLCFT NVYADSFVIR GDEVRQIAPG QTGKIADYNY KLPDDFTGCV 433
kkkkkkhkkk ghkkkkhkkkdkg kkkkhkkkgg kkgkkkkkkk kkk kkkkkk hkkkkkghhk
SARS-human LAWNTRNIDA TSTGNYNYKY RYLRHGKLRP FERDISNVPF SPDGKPCTP-P ALNCYWPLND 480
SARS-civet LAWNTRNIDA TSTGNYNYKY RYLRHGKLRP FERDISNVPF SPDGKPCTP-P ALNCYWPLKD 480

CoV-pangolin/GD IAWNSNNLDS KVGGNYNYLY RLFRKSNLKP FERDISTEIY QAGSTPCNGVE GFNCYFPLQS 494
CoV-pangolin/GX IAWNSVKQDA LTGDNYGYLY RLFRKSKLKP FERDISTEIY QAGSTPCNGQV GLNCYYPLER 494

Rs3367-bat LAWNTRNIDA TOTGNYNYKY RSLRHGKLRP FERDISNVPF SPDGKPCTP-P AFNCYWPLND 481
RaTG13-bat IAWNSKHIDA KEGGNFNYLY RLFRKANLKP FERDISTEIY QAGSKPCNGQT GLNCYYPLYR 494
SARS-CoV-2 IAWNSNNLDS KVGGNYNYLY RLFRKSNLKP FERDISTEIY QAGSTPCNGVE GFNCYFPLQS 494

shkkky 3 kg shaak ok ok gkg skgk kkkkkkg

o o2 t.2 s33.%kg SakER Kk,

SARS-human YGFYTTTGIG YQPYRVVVLS FELLNAPATV CGPKL 515
SARS-civet YGFYTTSGIG YQPYRVVVLS FELLNAPATV CGPKL 515
CoV-pangolin/GD YGFHPTNGVG YQPYRVVVLS FELLNAPATV CGPKQ 529
CoV-pangolin/GX YGFHPTTGVN YQPFRVVVLS FELLNGPATV CGPKL 229

Rs3367-bat YGFYITNGIG YQPYRVVVLS FELLNAPATV CGPKL 516
RaTG13-bat YGFYPTDGVG HQPYRVVVLS FELLNAPATV CGPKK 529
SARS-CoV-2 YGFQPTNGVG YQPYRVVVLS FELLHAPATV CGPKK 529

dhkdg ok kgg shkgkkkkkk kkkkgahkhkkk kkkk

Extended DataFig.1|Sequence alignment of the RBDs from SARS-CoV and ACE2-binding ridge are showninred. The important motif changesinthe

SARS-like viruses. RBMis shownin magenta.Previously identified critical ACE2-binding ridge are underlined. GenBank accession numbersare:
ACE2-binding residues are showninblue. The seven RBM residues that differ QHD43416.1for SARS-CoV-2spike; AFR58742 for human SARS-CoV spike;
betweenthe SARS-CoV-2 wild-type RBD and SARS-CoV-2 chimeric RBD are AY304486.1for civet SARS-CoV spike; MG916901.1for bat Rs3367 spike;
shaded. A critical arginine on the side loop of the SARS-CoV RBM that forms a QHR63300.2 for bat RaTG13 spike. Two coronaviruses, CoV-pangolin/GD and
strongsalt bridge with ACE2is shownin green. Another arginineinthe core CoV-pangolin/GX, were isolated from pangolins at two different locationsin
structure thatinteracts with glycanis shownincyan. The residues onthe China, Guangdong and Guangxi; their RBD sequences were from a previous

variableloop between two disulfide-bond-forming cysteinesinthe study?.
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Extended DataFig.2|Interface between SARS-CoV-2 or SARS-CoVRBM and
ACE2.a, Theinterface betweenthe SARS-CoVRBD and ACE2, showing astrong
saltbridge between Arg426 on the side loop of the RBM and Glu329 of ACE2.
Thecorestructureisshowningrey. The RBMisshowninorange.b, The
interface between the SARS-CoV-2 chimeric RBD and ACE2, showing a weaker,
butstill energetically favourable, N-O bridge between Arg439 on the side loop
oftheRBM and Glu329 of ACE2. Theinteraction between Arg439 on the side
loop ofthe RBM and Glu329 of ACE2 is non-naturalin SARS-CoV-2 (andisaresult
of'the design of the SARS-CoV-based chimaera).
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Extended DataFig. 3| Composite omit map oftheinterface between the SARS-CoV-2RBM and ACE2. Contour levelis 1.
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Buried surface (A2) Complex 1 Complex 2 c RBD Ky (M) | kogr (1) kon (M's™)
SARS-CoV-2 | 44.2 7.75x10° [ 1.75x 105

SARS-CoV-2 895.9 860.9 (wild type)

SARS-CoV-2 924.2 883.5 SARS-CoV-2 | 23.2 4.23x10° | 1.82x 10°

(chimeric) (chimeric)

SARS-CoV 849.2 8297 SARS-CoV | 185 3.70x 102 |2.01x 105

b
19 24 27 28 31 34 35 37 38 41 42 45 79 82 83 325 329 330 353 354 355 357 human

s @ T F K H E E D Y Q L

L M Y @ E N K G D R ACE

N473YA475Y475Y442 Y440 Y436Y484 Y436 Y484 L472 N473 1489 R426 T486 G482 G488 T486 T486 SARS
Y475N479 T486 Y484 G488 Y491
T487 T487
Y491
A475 G476 F456 Y489 F456 Y453 Q493 Y505 Y449 Q498 Q498 Q498 F486 F486 F486 R439 T500 G496 G502 T500 T500 SARS-2
N487 A475 Q493455 N487 N501 Y505 chimeric
Y489 N501 G502
Y505

Extended DataFig.4|Comparison of ACE2binding by the SARS-CoV RBD,
SARS-CoV-2wild-type RBD and SARS-CoV-2 chimericRBD. a, Buried surface
areas at SARS-CoV RBM-ACE2 and SARS-CoV-2RBM-ACE2interfaces. Inthe
crystals for both the SARS-CoV RBD-ACE2 complex and chimeric RBD-ACE2
complex, two copies of each complex were present in one asymmetric unit.
Numbers for both copies of the complexes are shown. The interaction between

Arg439 onthesideloop of the RBM and Glu329 of ACE2 was excluded from the
calculation of the buried surface area of SARS-CoV-2. b, List of contact residues
from RBM and ACE2 that are directly involved in RBM-ACE2 binding. The
engineered Arg439 inthe chimeric RBDisshowninorange. Contactresidues of
the SARS-CoVRBM-ACE2 complexare taken from PDB 2AJF. ¢, Binding
affinities between the RBDs and ACE2 measured using SPR.


https://www.rcsb.org/structure/2AJF

Extended DataFig. 5| Glycansbuiltinto the SARS-CoV-2 chimeric RBD-ACE2 structure. a, Distribution of glycansin the structure. Glycansare showninred.
Theresiduestowhichtheglycansattachareindicatedin parentheses. b, Interaction betweenaglycan attached to Asn90 of ACE2 and Arg408 from the RBD.
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Human ACE2 binding to SARS-CoV RBD
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Extended DataFig. 6| Measurement of the binding affinities between the
RBDs and ACE2 by SPR assay using Biacore. Purified recombinant RBDs were
covalentlyimmobilized on the sensor chip through theiramine groups and
purified recombinant ACE2 flowed over the RBDs. ACE2 was diluted to
different concentrations (from 5to 80 nM for SARS-CoV-2 RBD and chimeric
RBD, and from 20 to 320 nM for SARS-CoV RBD) before being injected. The
resulting datawerefittoal:1binding model. Each experiment was repeated
independently twice with similar results. Each time, five different protein
concentrations were used to calculate the K, values.



SARS-CoV-2: Where did it come from?
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Extended DataFig.7|Summary of ACE2 adaptation and evolution of
SARS-CoV-2.Several structural features of the SARS-CoV-2 RBM contribute
favourably to the ability of the virus to bind to human ACE2. Each of these
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structural features of the SARS-CoV-2 RBM matches well with one or more
structural features of human ACE2. This figure establishes the correlations
among these structural features of SARS-CoV-2RBM and ACE2.
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Extended Data Table 1| Crystallization data collection and refinement statistics

Data collection

Space group P12;1
Unit cell dimensions
a, b, c(A) 80.435,
118.034,
112.075
a, B,7 () 90, 93.12, 90
Resolution (A) 59-2.68
(2.78-2.68)*
Rgym O Rinerge 0.0807 (1.47)
1/ol 12.08 (1.12)
Completeness (%) 98.96 (98.97)
Redundancy 3.9 (4.0)
Refinement
Resolution (A) 59-2.68
(2.78-2.68)*
No. reflections 58219 (5774)
Rwork / Rfree 0.197/0.228
No. atoms 13180
Protein 12782
Ligand/ion 372
Water 26
B-factors 108.85
Protein 108.05
Ligand/ion 138.01
Water 82.32
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (%) 0.60

Data processing was carried out using HKL2000%. Molecular replacement and model refinement were performed using PHENIX and CCP4%%, Model building was carried out using COOT?,
Structural figures were made using PYMOL (The PyMOL Molecular Graphics System, v.2.0 Schrodinger). We used 26 crystals for X-ray data collection. Each crystal resulted in one set of X-ray
data. The best dataset (as judged by data statistics) was used for structure determination and refinement.

*Values in parentheses are for the highest-resolution shell.



Extended Data Table 2 | Summary of spike-ACE2 binding affinities measured by different studies

Protein coated Kq (M) Coating method Detection References
method
SARS-CoV-S1 17%10° Coyalently immobilized (Yla SPR 29
-Fc tag amine group) to sensor chip
SARS-CoV-RBD 1.62x10° Non-covalently lmr'{loblllzed (via SPR 30
-Fc tag Fc tag) to sensor chip
SA‘RS-CoV-RBD 1.52x107 CoYalently immobilized (v'la SPR
-His tag amine group) to sensor chip 12
Hu.man ACE2 2.09 x10° Cos.'alently immobilized (v.la SPR
-His tag amine group) to sensor chip
SARS-CoV-RBD 7 Non-covalently immobilized (via
-His tag 3.258x10 His tag) to sensor chip SPR 19
SARS-CoV-2 3 Non-covalently immobilized (via
-spike-His tag 14710 His tag) to sensor chip SPR
SARS-COV-splke 77 %107 Nf)n-covalently |mmf)blllzed (via Blitz
-His tag His tag) to sensor chip 16
SARS-CoV-2 9 Non-covalently immobilized (via .
-spike-His tag 2.9 10 His tag) to sensor chip Blitz
SARS-CoV-S1 Similar Serial dilution coated on plates ELISA 31
bindin,
SARS-CoV-2-S1 afﬁnit)% Serial dilution coated on plates ELISA
SARS-CoV-RBD 1.85x107 Covalently immobilized (via SPR
-His tag amine group) to sensor chip Current stud
SARS-CoV-2 4.42%10° Covalently immobilized (via SPR y
-RBD-His tag ) amine group) to sensor chip

Protein-protein binding affinities are more accurately measured using SPR than using enzyme-linked immunosorbent assay (ELISA)'2'91929-3! 45 ELISA often causes artefacts in protein binding®2.
K, values measured using SPR depend on how the proteins are coated. Non-covalently immobilized proteins using Fc or His tags (on the opposite side to ligand-binding sites) have the advan-
tage over covalently immobilized proteins using amine groups because the former have the ligand-binding sites fully exposed. However, non-covalently immobilized proteins risk dissociating
from sensor chips, leading to under-evaluated K, values. Covalently immobilized proteins using amine groups do not dissociate from sensor chips, but they are attached to sensor chips in many
orientations; for some of these orientations, the ligand-binding sites are not approachable, leading to under-evaluated K, values. Compared with large proteins, the ligand-binding sites on
covalently immobilized small proteins are more likely to be buried, leading to under-evaluated K values. Compared with RBD-ACE2 binding, the spike protein-ACE2 binding is more complex:
the RBD in the spike switches between standing up (to expose the RBM for ACE2 binding) and lying down (to hide the RBM) conformations™®'®, complicating the interpretation of measured K
values. Therefore, K, values measured by different SPR studies vary, depending on which protein is coated as well as the size and shape of proteins. In a previous study', the K, value was higher
when the RBD was coated than when the ACE2 was coated. In the present study, we could not coat ACE2 because ACE2 dissociated from sensor chips in regeneration buffer (for unknown
reasons). We therefore coated the RBD, and the measured K, value was comparable to that from the previous study™.
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Extended Data Table 3 | Critical ACE2-binding residues in SARS-CoV-2 and SARS-CoV RBMs

(482-485)

Viral RBD Year | 442 468-471 | 472 479 480 487

SARS-human 2002 |Y P-PA L N D T

SARS-civet 2002 |Y P-PA L K D S

CoV-pangolin/GD | 2020 | L (455) | GVEG F (486) | Q(493) |S(494) | N (501)
(482-485)

CoV-pangolin/GX | 2020 | L (455) | GQVG L (486) | E(493) |R(494) | T (501)
(482-485)

Rs3367-bat 2013 | S (443) | P-PA F (473) | N (480) |D (481) | N (488)
(469-472)

RaTG13-bat 2020 | L (455) | GQTG L (486) | Y (493) |R (494) | D (501)
(482-485)

SARS-CoV-2 2019 | L (455) | GVEG F (486) | Q (493) |S(494) | N (501)

Residues in the SARS-CoV-2 RBM are labelled in red.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed. For the protein expressions in insect cells, 2 liters cell culture (about 2-3x1076 cells/ml) were used
each time.

Data exclusions  No data were excluded from the analyses

Replication We have successfully repeated the crystallization condition more than 20 times. Pull-down assay and pseudovirus assay were each repeated 3
times.

Randomization = Randomization was not relevant to our study. Because there's no allocation of samples/organisms/participants involved in our study.
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Blinding Investigators were not blinded to group allocation during data collection and/or analysis. Because there's no group allocation involved in this
study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XXXNXOO S
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Clinical data

Antibodies

Antibodies used Primary antibody for C9 tag detection: rhodopsin (1D4). Its supplier: Santa Cruz Biotechnology. Its catalog number: sc-57432. Its
clone name: 1D4. Its lot #: E0819.
Primary antibody for HIV-1 p24 detection: HIV-1 p24 (24-4). Its supplier: Santa Cruz Biotechnology. Its catalog number: sc-69728.
Its clone name: 24-4. Its lot #: F1417.
Peroxidase-conjugated secondary antibody was also used for Western blotting (WB). Its supplier: Jackson ImmunoResearch. Its
catalog number: 115-035-062. Its lot #: 139773

Validation Anti-rhodopsin Antibody (1D4) is a mouse monoclonal 1gG1, which is recommended for detection of rhodopsin of mouse, rat and
human origins by WB, IP, IF, IHC(P) and ELISA; also reactive with additional species, including bovine. The dilution ratio is 1:1,000
for WB.

Anti-HIV-1 p24 Antibody (24-4) is a mouse monoclonal IgG2b which is recommended for detection of Gag p24 of HIV-1 origin by
WSB, IP, IF and FCM. The dilution ration is 1:1,000 for WB.

Peroxidase-conjugated secondary antibody is a goat anti-mouse IgG (H+L) which is recommended for WB with a dilution ratio of
1:10,000 - 1:20,000.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) sf9 insect cells were purchased from ATCC (ATCC® CRL-1711™).
HEK293T cells were purchased from ATCC (ATCC® CRL-3216™). o
ESF 921 Insect Cell Culture Medium were purchased from Thermofisher Scientific (catalog #: 96-001-01). g\
DMEM (Dulbecco's Modified Eagle Medium) were purchased from Gibco (catalog #: 11965092). S
N
S
Authentication Cell lines used were not authenticated =
Mycoplasma contamination Cell lines used were not tested for mycoplasma contamination

Commonly misidentified lines No commonly misidentified cell lines were used
(See ICLAC register)
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