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Materials and Methods

Protein expression and purification

To express the prefusion S ectodomain, a gene encoding residues 1-1208 of 2019-nCoV S (GenBank:
MN908947) with proline substitutions at residues 986 and 987, a “GSAS” substitution at the furin
cleavage site (residues 682—685), a C-terminal T4 fibritin trimerization motif, an HRV3C protease
cleavage site, a TwinStrepTag and an 8 XHisTag was synthesized and cloned into the mammalian
expression vector paH. To express the 2019-nCoV RBD-SD1, residues 319-591 of 2019-nCoV S were
cloned upstream of a C-terminal HRV3C protease cleavage site, a monomeric Fc tag and an 8XHisTag.
Similarly, to express the SARS-CoV RBD-SD1, residues 306-577 of SARS-CoV S (Tor2 strain) were
cloned upstream of a C-terminal HRV3C protease cleavage site, a monomeric Fc tag and an 8XHisTag.
Lastly, a plasmid encoding residues 1-615 of human ACE2 with a C-terminal HRV3C protease cleavage

site, a TwinStrepTag and an 8XHisTag was generated.

These expression vectors were used to transiently transfect FreeStyle293F cells (Thermo Fisher)
using polyethylenimine. Protein was purified from filtered cell supernatants using either StrepTactin resin
(IBA) or Protein A resin (Pierce) before being subjected to additional purification by size-exclusion
chromatography using either a Superose 6 10/300 column (GE Healthcare) or a Superdex 200 10/300
Increase column (GE Healthcare) in 2 mM Tris pH 8.0, 200 mM NaCl and 0.02% NaNs. ACE2 and the
2019-nCoV RBD-SD1 were incubated with 10% (wt/wt) HRV3C protease for 2 hours at room
temperature. Cleaved protein was then passed over either NiNTA resin (ACE2) or Protein A and NiNTA
resins (2019-nCoV RBD-SD1) to remove cleaved tags and His-tagged protease before being run over a

Superdex 200 10/300 Increase column in 2 mM Tris pH 8.0, 200 mM NaCl and 0.02% NaNs.

Plasmids encoding the heavy and light chains of S230, 80R and m396 1gG were transiently
transfected into Expi293 cells (Thermo Fisher) using polyethylenimine. Antibodies were purified from

cell supernatants using Protein A resin before being used for biolayer interferometry.



Cryo-EM sample preparation and data collection

Purified 2019-nCoV S was diluted to a concentration of 0.35 mg/mL in 2 mM Tris pH 8.0, 200 mM NacCl
and 0.02% NaNs. 3 uL of protein was deposited on a CF-1.2/1.3 grid that had been plasma cleaned for 30
seconds in a Solarus 950 plasma cleaner (Gatan) with a 4:1 ratio of O»/H,. Excess protein was blotted
away for 6 seconds using grade 595 vitrobot filter paper (Ted Pella Inc.) with a force of -1 at 4 °C in
100% humidity before being plunge frozen into liquid ethane using a Vitrobot Mark IV (Thermo Fisher).
Frozen grids were imaged in a Titan Krios (Thermo Fisher) equipped with a K3 detector (Gatan). Movies
were collected using Leginon (32) at a magnification of x22,500, corresponding to a calibrated pixel size

of 1.047 A/pixel. A full description of the cryo-EM data collection parameters can be found in table S1.

Cryo-EM data processing

Motion correction, CTF-estimation and non-templated particle picking were performed in Warp (33).
Extracted particles were imported into cryoSPARC v2.12.4 (15) for 2D classification, 3D classification
and non-uniform 3D refinement. The C1 RBD-up reconstruction was sharpened in cryoSPARC, and the
3D reconstruction with C3 symmetry was subjected to local B-factor sharpening using LocalDeBlur (34).
An initial 2019-nCoV S model was generated from PDBID: 6CRZ (14) using Modeller (35) via UCSF
Chimera (36). The model was further built manually in Coot, using PDBID: 6NB6 (12) to aid secondary
structure placement, before being iteratively refined in both Phenix and ISOLDE (37-39). Phenix
refinement strategy included minimization_global, local_grid_search, and adp, with rotamer,
Ramachandran, and reference-model restraints, using 6NB6 as the reference model. Some of the data
processing and refinement software was curated by SBGrid (40). The full cryo-EM data processing

workflow is described in fig. S3 and the model refinement statistics can be found in table S1.

Surface plasmon resonance

His-tagged 2019-nCoV S was immobilized to an NiNTA sensorchip (GE Healthcare) to a level of ~800
response units (RUSs) using a Biacore X100 (GE Healthcare) and a running buffer composed of 10 mM

HEPES pH 8.0, 150 mM NaCl and 0.05% Tween 20. Serial dilutions of purified and untagged ACE2



were injected ranging in concentration from 250 to 15.6 nM. The resulting data were fit to a 1:1 binding
model using Biacore Evaluation Software (GE Healthcare). His-tagged SARS-CoV RBD-SD1 was
immobilized to an NiNTA sensorchip to a level of ~350 RUs using a Biacore X100 and the same running
buffer listed above. Serial dilutions of purified and untagged ACE2 were injected ranging in
concentration from 500 to 31.3 nM. The resulting data were fit to a 1:1 binding model using Biacore

Evaluation Software.

Negative stain EM

Purified 2019-nCoV S was diluted to a concentration of 0.032 mg/mL in 2 mM Tris pH 8.0, 200 mM
NaCl and 0.02% NaNs. Diluted S protein was mixed with a 1.5-fold molar excess of ACE2 and the
mixture was incubated on ice for 1 minute before 4.8 uL of the protein mixture was deposited on a
CF400-Cu grid (Electron Microscopy Sciences) before being stained with methylamine tungstate
(Nanoprobes). This grid was imaged in an FEI Talos TEM (Thermo Scientific) equipped with a Ceta 16M
detector. Micrographs were collected manually using TIA v4.14 software at a magnification of x92,000,
corresponding to a pixel size of 1.63 A/pixel. CTF estimation, particle picking and 2D class averaging

were performed in cisTEM (41).

Biolayer interferometry

Fc-tagged 2019-nCoV RBD-SD1 was immobilized to an anti-human capture (AHC) sensortip (FortéBio)
using an Octet RED96e (FortéBio). The sensortip was then dipped into 100 nM ACE2 to measure
association before being dipped into a well containing only running buffer composed of 10 mM HEPES
pH 7.5, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20 and 1 mg/mL bovine serum albumin to measure
dissociation. Data were reference subtracted and fit to a 1:1 binding model using Octet Data Analysis

Software v11.1 (FortéBio).

S230, 80R and m396 IgGs were immobilized to AHC sensortips to a response level of ~0.8 nm

and dipped into wells containing 1 uM untagged 2019-nCoV RBD-SD1 before being dipped into wells



containing only running buffer to measure dissociation. Data were reference-subtracted and aligned to a
baseline after 1gG capture using Octet Data Analysis software v11.1. An analogous experiment was
performed under identical conditions by dipping AHC sensor tips loaded with S230, 80R or m396 1gG
into untagged SARS-CoV RBD-SD1. Data were reference-subtracted, aligned to a baseline after 1gG

capture and fit to a 1:1 binding model using Octet Data Analysis software v11.1.
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Figure S1. 2019-nCoV S expression and purification. (A) SDS-PAGE analysis of the 2019-
nCoV S protein. Lane 1: molecular weight ladder, with relevant bands labeled in kilodaltons (left);
lane 2: filtered supernatant from transfected cells; lane 3: supernatant after passing through
StrepTactin resin; lane 4: wash of StrepTactin resin; lane 5: elution from StrepTactin resin. The
band corresponding to 2019-nCoV S is denoted with a black arrow. (B) Size-exclusion
chromatogram of the affinity-purified 2019-nCoV S protein. Data from a Superose 6 10/300
column are shown in red. The elution volume of a 670 kilodalton molecular weight standard is

shown as a black dotted line.
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Figure S2. Cryo-EM structure validation. (A) FSC curves (top) and the viewing direction
distribution plot (bottom) for 2019-nCoV S with a single RBD up. (B) FSC curves (top) and the
viewing direction distribution plot (bottom) for the 2019-nCoV S processed with C3 symmetry.
(C) Cryo-EM density of the 2019-nCoV S with a single RBD up is shown, colored according to
local resolution. Image on the right is a central slice through the density. (D) Density and
corresponding model from portions of the NTD (blue), RBD (green), and S2 (red). Residues are
shown as sticks, colored according to Fig. 1A with oxygen atoms colored red, nitrogen blue and

sulfur yellow. Cryo-EM density map is shown as a gray mesh. (E) Model-to-map FSC.
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Figure S4. Cryo-EM map and N-linked glycosylation sites. (A) The asymmetric unit of the
unsharpened cryo-EM density map for the C3-processed 2019-nCoV S is shown as a transparent
molecular surface, with a single protomer fit into the map shown in ribbons and colored according
to Fig. 1A. Some of the S2 density that corresponds to N-linked glycans is labeled. (B) The 2019-
nCoV S trimer with a single RBD up is shown as a molecular surface with each protomer colored

green, pink or tan. Modeled N-linked glycans are shown as red spheres.
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Figure S5. Sequence alignment of 2019-nCoV S, SARS-CoV S and RaTG13 S.
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are colored according to Fig. 1A.

beneath the consensus position. Structural domains



Domain Variant residues
NTD Phe32, Ser50, Thr76, GIn218
RBD Arg346, Ala372, Arg403, Asn439, Asnd40, Leud41, Ser443, Vald45,

Tyrd49, Serd59, Thr478, Val483, Glu484, Phe486, Phe490, GIn493,
Ser494, GIn498, Asn501, Tyr505, His519

SD1 Glu324
SD2 Thr604
S1/82 682-PRRA-685 (insertion)
S2 Asn1125, Val1228
C
Domain __ Substitution 2019-nCoV isolates
NTD F321 IVDC-HB-01/2019
H49Y 20SF028/2020, 20SF040/2020, 20SF174/2020
S247R VIC01/2020
RBD N354D SZTH-004/2020
D364Y SZTH-004/2020
V367F IDF0372/2020, IDF0373/2020
SD2 D614G BavPat1/2020
S2 V1129L SZTH-001/2020
E1262G SZTH-001/2020

Figure S6. Sequence variability between RaTG13 S and 2019-nCoV S clinical isolates. (A)
Table shows residues in the 2019-nCoV S protein that vary in RaTG13, grouped by structural
domain. (B) A single RBD-down protomer of the 2019-nCoV S protein is shown in ribbons,
colored green. RaTG13 variant residues are shown as blue spheres. (C) Table shows variations in
the 2019-nCoV S sequence based on 61 clinical isolates and the domains wherein these
variations occur. (D) A single RBD-down protomer of the 2019-nCoV S protein is shown in
ribbons, colored green. Variant residues are shown as gold spheres.



ACEZ binding to SARS-CoV RBD-SD1
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Figure S7. SARS-CoV RBD-SD1 binding to human ACE2. An SPR sensorgram is shown,
displaying the binding between soluble human ACE2 and immobilized SARS-CoV RBD-SD1.

The data are shown as black lines and the best fit of the data to a 1:1 binding model is shown in
red.
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Figure S8. SARS-CoV RBD-directed antibody validation. The monoclonal antibodies that
were tested for cross-reactivity to the 2019-nCoV RBD-SD1 were also tested for binding to the
SARS-CoV S RBD-SD1 as a positive control. Binding data are shown as a black line and the
best fit of the data to a 1:1 binding model is shown in red.



Table S1. Cryo-EM data collection and refinement statistics.
EM data collection and reconstruction statistics

Protein 2019-nCoV S One RBD up
EMDB EMD-21375
Microscope FEI Titan Krios
Voltage (kV) 300
Detector Gatan K3
Magnification (nominal) 22,500
Pixel size (A/pix) 1.047
Flux (e"/pix/sec) 8.0
Frames per exposure 30
Exposure (e/A2) 36
Defocus range (um) 0.8-2.8
Micrographs collected 3,207
Particles extracted/final 631,921/120,001
Symmetry imposed n/a (C1)
Map sharpening B-factor -78.8
Unmasked resolution at 0.5/0.143 FSC (A) 4.22/3.89
Masked resolution at 0.5/0.143 FSC (A) 3.85/3.46
Model refinement and validation statistics
PDB 6VSB
Composition
Amino acids 2,905
Glycans 61
RMSD bonds (A) 0.004
RMSD angles (°) 0.88
Mean B-factors
Amino acids 109.5
Glycans 119.6
Ramachandran
Favored (%) 94.6
Allowed (%) 5.2
Outliers (%) 0.2
Rotamer outliers (%) 0.64
Clash score 12.8
C-beta outliers (%) 0.0
CaBLAM outliers (%) 3.11
CC (mask) 0.82
MolProbity score 1.99
EMRinger score 2.06

2019-nCoV S C3 symmetry
EMD-21374

FEI Titan Krios
300

Gatan K3

22,500

1.047

8.0

30

36

0.8-2.8

3,207
631,921/225,012
C3

n/a (LocalDeBIur)
6.90/3.95
3.45/3.17



Movie S1. CryoSPARC 3D variability analysis side-view. 2019-nCoV S trimer viewed from the
side, along the viral membrane.

Movie S2. CryoSPARC 3D variability analysis top-view. 2019-nCoV S trimer viewed from the
top, toward the viral membrane.
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