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Materials and Methods

Production of recombinant spike glycoprotein

The SARS-CoV-2 S Omicron ectodomain contains the Omicron specific mutations A67V, A69-
70, T951, G142D/A143-145, A211/L2121, ins214EPE, G339D, S371L, S373P, S375F, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, YS05H, T547K,
D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and LISIF, in
addition to VFLIP stabilizing mutations F817P, A892P, A899P, A942P, VI987P, Y707C, and
T883C. The SARS-CoV-2 S HexaPro ectodomain was previously described (/4). Both S trimers
were produced in 200 mL cultures of Expi293F Cells (ThermoFisher Scientific) grown in
suspension using Expi293 Expression Medium (ThermoFisher Scientific) at 37°C in a humidified
8% CO2 incubator rotating at 130 rpm. Cells grown to a density of 2.5 million cells per mL were
transfected using the ExpiFectamine 293 Transfection Kit (ThermoFisher Scientific) and
cultivated for 2-4 days at which point the supernatant was harvested. S ectodomains were purified
from clarified supernatants using a Cobalt affinity column (Cytiva, HiTrap TALON crude),
washing with 20 column volumes of 20 mM Tris-HCI1 pH 8.0 and 150 mM NaCl or 20 mM sodium
phosphate pH 8 and 100 mM NaCl and eluted with a gradient of 500 mM imidazole. The S
ectodomain was then concentrated using a 100 kDa centrifugal filter (Amicon Ultra 0.5 mL
centrifugal filters, MilliporeSigma), residual imidazole was washed away by consecutive dilutions
in the centrifugal filter unit with 20 mM Tris-HCI pH 8.0 and 150 mM NaCl, and finally
concentrated to 1 mg/mL before use immediately after purification. The various RBDs used for
BLI were based on a previously reported construct (4) and produced and biotinylated as previously
described (2, 6, 46).

CryoEM sample preparation and data collection

100 puL of 1 mg/mL SARS-CoV-2 S B.1.1.529 ectodomain was incubated with 40 pl 3.4 mg/mL
S309 Fab for 10 min at 37°C in 150 mM NaCl and 20 mM Tris-HCI pH 8 and then 2.2 pL of 67
mg/mL S2L.20 Fab was added and the mixture was incubated for 15 min at 37°C. Unbound Fab
was then washed away with six consecutive dilutions in 400 pL of 20 mM Tris-HCI pH 8.0 and
150 mM NaCl over a 100 kDa centrifugal filter (Amicon Ultra 0.5 mL centrifugal filters,
MilliporeSigma). The complex was concentrated to 3.5 mg/mL and 3 pL. was immediately applied
onto a freshly glow discharged 2.0/2.0 UltraFoil grid (84) (200 mesh), plunge frozen using a
vitrobot MarkIV (ThermoFisher Scientific) using a blot force of —1 and 6.0 s blot time at 100%
humidity and 23°C.

Data were acquired using the Leginon software (57) to control a FEI Titan Krios transmission
electron microscope equipped with a Gatan K3 direct detector and operated at 300 kV with a Gatan
Quantum GIF energy filter. The dose rate was adjusted to 3.75 counts/super- resolution pixel/s,
and each movie was acquired in 75 frames of 40 ms with a pixel size of 0.843 A and a defocus
range comprised between —0.2 and —2.0 pm.

CryoEM data processing

Movie frame alignment, estimation of the microscope contrast-transfer function parameters,
particle picking and extraction (with a downsampled pixel size of 1.686 A and box size of 256
pixels?) were carried out using Warp (58). Reference-free 2D classification was performed using
cryoSPARC (59) to select well-defined particle images. 3D classification with 50 iterations each
(angular sampling 7.5 for 25 iterations and 1.8° with local search for 25 iterations) were carried



out using Relion without imposing symmetry (60, 61). 3D refinements were carried out using non-
uniform refinement in cryoSPARC (62) before particle images were subjected to Bayesian
polishing using Relion (63) during which particles were re-extracted with a box size of 512 A ata
pixel size of 0.843 A. Next, 86 optics groups were defined based on the beam tilt angle used for
data collection. Another round of non-uniform refinement in cryoSPARC was then performed
concurrently with global and per-particle defocus refinement. For focused classification of the
NTD, particles were symmetry-expanded and 3D classified in Relion without alignment using a
mask that encompasses the NTD and the S2L.20 VH/VL region. Focused classification of the RBD
and the S309 VH/VL region was done on one of the two closed RBDs found in the asymmetric
reconstruction with a single RBD open as described for the NTD/S2L20 but without symmetry
expansion. Particles in well-formed 3D classes were then used for local refinement in cryoSPARC.
Reported resolutions are based on the gold-standard Fourier shell correlation of 0.143 criterion
and Fourier shell correlation curves were corrected for the effects of soft masking by high-
resolution noise substitution (64, 65).

CryoEM model building and analysis
UCSF Chimera (66) and Coot (67) were used to fit atomic models of S21.20, S309, and SARS-
CoV-2 S (PDB 7SOB) into the cryo-EM maps. The model was then refined and rebuilt into the
map using Coot (67), Rosetta (68, 69), Phenix (70), and ISOLDE (77). Model validation and
analysis used MolProbity (72), EMRinger (73), Phenix (70), and Privateer (74). Figures were
generated using UCSF ChimeraX (75).

Monoclonal antibodies

Antibody VH and VL sequences for mAbs COV2-2130 (PDB ID 7L7E), COV2-2196 (PDB ID
7L7E, 7L7D), REGN10933 (PDB ID 6XDG), REGN10987 (PDB ID 6XDG) and ADI-58125
(PCT application W0O2021207597, seq. IDs 22301 and 22311) were subcloned into heavy chain
(human IgG1) and the corresponding light chain (human IgKappa, Igl.ambda) expression vectors
respectively and produced in transiently transfected ExpiCHO-S cells (Thermo Fisher, #A29133)
at 37°C and 8% CO2. Cells were transfected using ExpiFectamine. Transfected cells were
supplemented 1 day after transfection with ExpiCHO Feed and ExpiFectamine CHO Enhancer.
Cell culture supernatant was collected eight days after transfection and filtered through a 0.2 pm
filter. Recombinant antibodies were affinity purified on an AKTA Xpress FPLC device using 5
mL HiTrap™ MabSelect™ PrismA columns followed by buffer exchange to Histidine buffer (20
mM Histidine, 8% sucrose, pH 6) using HiPrep 26/10 desalting columns. Antibody VH and VL
sequences for LY-CoV555, LY-CoV016, and CT-P59 were obtained from PDB IDs 7KMG, 7C01
and 7CM4, respectively and mAbs were produced as recombinant IgG1 by ATUM. S309 was
produced by WuXi Biologics (China). Recombinant S304 and S309 Fabs were produced by
ATUM.

Recombinant protein production

SARS-CoV-2 RBD proteins for SPR binding assays (residues 328-531 of S protein from GenBank
NC _045512.2 with N-terminal signal peptide and C-terminal thrombin cleavage site-TwinStrep-
8xHis-tag) were expressed in Expi293F (Thermo Fisher Scientific) cells at 37°C and 8% CO2.
Transfections were performed using the ExpiFectamine 293 Transfection Kit (Thermo Fisher
Scientific). Cell culture supernatants were collected three days after transfection and supplemented
with 10x PBS to a final concentration of 2.5x PBS (342.5 mM NaCl, 6.75 mM KCl and 29.75 mM



phosphates). RBDs were purified using cobalt-based immobilized metal affinity chromatography
followed by buffer exchange into PBS using a HiPrep 26/10 desalting column (Cytiva) for Wuhan-
Hu-1 protein, or a Superdex 200 Increase 10/300 GL column (Cytiva) for Omicron protein.
SARS-CoV-2 Omicron RBD for crystallization (residues 328-531, with N-terminal signal peptide
and ‘ETGT’, and C-terminal 8xHis-tag) was expressed similarly as described above in the
presence of 10 uM kifunensine. Cell culture supernatant was collected four days after transfection
and supplemented with 10x PBS to a final concentration of 2.5x PBS. Protein was purified using
a HiTrap TALON crude cartridge followed by size exclusion chromatography using a Superdex
200 Increase 10/300 GL column (Cytiva).

ACE2 for crystallization (residues 19-615 from Uniprot Q9BYF1 with a C-terminal thrombin
cleavage site-TwinStrep-10xHis-GGG-tag, and N-terminal signal peptide) was expressed in
ExpiCHO cells in the presence of 10 uM kifunensine at 37°C and 8% CO.. Transfection was
performed using the ExpiCHO transfection kit (Thermo Fisher Scientific). Cell culture supernatant
was collected eight days after transfection and supplemented to a final concentration of 80 mM
Tris-HCI pH 8.0, 100 mM NacCl, and then incubated with BioLock (IBA GmbH) solution. hACE2
was purified using a 5 mL StrepTrap HP column (Cytiva) followed by size exclusion
chromatography using a Superdex 200 Increase 10/300 GL column (Cytiva) pre-equilibrated in
PBS.

SPR binding measurements of IgG

SPR binding measurements were performed using a Biacore T200 instrument with a CMS5 sensor
chip covalently immobilized with Cytiva Human Antibody Capture Kit (RBD binding) or Cytiva
His Capture Kit (S binding). Running buffer was Cytiva HBS-EP+ (pH 7.4). All measurements
were performed at 25 °C. RBD analyte concentrations were 3.1, 12.5, and 50 nM, run as single-
cycle kinetics. IgG analyte concentrations for S binding experiments were 11, 33, 100, and 300
nM, run as single-cycle kinetics. For RBD binding, double reference-subtracted data were fit using
Biacore T200 Evaluation software (version 3.1) to a 1:1 binding model except two datasets (LY-
CoV016 and REGN10987 binding to Wuhan-Hu-1 RBD) were fit to a Heterogeneous Ligand
model (“biphasic fit”) due to an artefactual kinetic phase with very slow dissociation that often
arises when RBD is an analyte. For the Heterogeneous Ligand fits, the lower affinity of the two
Kb values reported by the fit is taken as the Kp (the two Kp values are separated by at least two
orders of magnitude). Binding of the Omicron RBD to mAbs has been carried out once (n=1)
except for S309 which has been performed three times (n=3). Wuhan-Hu-1 RBD binding data are
representative of at least two (n=2) for S309, CT-P59, LY-CoV555, LY-CoV16, REGN10987 and
REGN10933 mAbs and once for all others (n=1). S binding data were evaluated qualitatively,
rather than quantitatively, due to the avidity of the bivalent analyte precluding the use of a 1:1
binding model, and due to the anticipated differential impact of avidity on binding in the SPR
experiment as compared to the biological context (e.g. S density and orientation on the CM5 matrix
of the chip surface likely does not recapitulate S density and orientation on the surface of a virus
or infected cell).

Crystallization, data collection, structure determination, and analysis

Prior to forming the SARS-CoV-2 Omicron RBD-ACE2-S304-S309 complex, recombinant
SARS-CoV-2 Omicron RBD was digested with EndoH (New England Biolabs, 21 units/ug RBD)
at 4°C overnight. Recombinant hACE2 protein was digested using EndoH (New England Biolabs,
25 units/ug ACE2) and thrombin (Sigma-Aldrich, 1 unit/75 pg ACE2) at 4°C overnight. RBD was



mixed with a 1.2-fold molar excess of EndoH deglycosylated hACE2, and a 1.1-fold molar excess
of S304 Fab and S309 Fab. The complex was purified on a Superdex 200 10/300 GL column pre-
equilibrated with 20 mM Tris-HCI pH 7.5, 150 mM NaCl. Crystals of the SARS-CoV-2 Omicron
RBD-hACE2-S304-S309 complex were obtained at 20°C by sitting drop vapor diffusion. A total
of 200 nL of the complex at 6.5 mg/mL were mixed with 200 nL mother liquor solution containing
0.1 M NDSB-256, 20% v/v ethylene glycol, 10% w/v PEG 8000, and 0.1 M Tris (base)/bicine pH
8.5.

Data were collected at the Molecular Biology Consortium beamline 4.2.2 at the Advanced Light
Source synchrotron facility in Berkeley, CA and processed with the XDS software package
yielding a final dataset of 2.85 A in space group P2i. The SARS-CoV-2 Omicron RBD-hACE2-
S304-S309 complex structure was solved by molecular replacement using Phaser (76) from
starting models consisting of RBD-S304-S309 (PDB: 7JX3) and hACE2 (PDB: 6m0j). Several
subsequent rounds of model building and refinement were performed using Coot (67), ISOLDE
(71), Refmac5 (77), Phenix (70) and MOE (https://www.chemcomp.com), to arrive at a final
model of the quaternary complex.
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Figure S1. CryoEM data processing and validation. (A) Representative electron micrograph
(left, scale bar: 100 nm) and 2D class averages (right) are shown for the indicated particles
embedded in vitreous ice. (B-F) Gold-standard Fourier shell correlation curves with the 0.143
cutoff indicated by a horizontal blue line (top) and unsharpened maps colored by local resolution
calculated using cryoSPARC (bottom) for whole reconstructions (B, C, and D) and the locally
refined reconstructions of NTD- or RBD-bound Fab variable domains (E and F).
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Figure S2. Density resolving the Omicron S mutations. The sharpened cryoEM map (NTD and



Other S regions) or 2Fo-Fc X-ray diffraction electron density (RBD) are rendered as mesh with
the corresponding model shown as sticks (carbon: grey, nitrogen: blue, oxygen: red). The N343
glycan density corresponds to the cryoEM map.
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Figure S3. Comparison of Omicron and Wuhan-Hu-1 NTDs. Omicron mutated residues shown
in red as sticks. The glycans are shown as dark blue surfaces.
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Fig S4. SARS-CoV-2 Omicron mutations promote escape from clinical mAb binding in the
context of the full S ectodomain trimer. Binding of clinical-stage IgG to surface-immobilized S
ectodomain, either Wuhan-Hu-1 (gray line) or Omicron (red line), was evaluated using single-
cycle kinetics surface plasmon resonance (SPR) measurements. White and gray stripes are
association and dissociation phases, respectively. Data reflect binding avidity due to the bivalent
IgG in the mobile phase, and due to the required high density of S attached to the sensor chip
matrix.
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Figure SS5. Structural basis for S309 binding to the Omicron, Kappa and Wuhan-Hu-1 RBD.
Zoomed-in view of the cryoEM structure of the S309 Fab fragment (black/grey) bound to the
Omicron, Kappa (2) or Wuhan-Hu-1 (/2) RBD (blue ribbon) with Omicron mutated residues
shown in red as sticks. The N343 glycan is shown as sticks.
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Fig S6. Comparison of the region comprising residues 366 to 375 across structures, and
their impact on S2X35 binding. (A-D) Zoomed-in view of the Omicron RBD from the cryoEM
structure (A) and crystal structure (B), as well as the Wuhan-1 RBD (C, PDB 6m0j) (42), and
Wuhan-1 RBD bound to S2X35 (D, PDB 7r6w) (24). (E) Overlay of the RBD from (B) with
S2X35 from (D) showing clashing between S373P and K55 (asterisk). (F) Binding of the
Wuhan-Hu-1 (gray line) or Omicron (red line) RBD to S2X35 mAb was evaluated using surface



plasmon resonance (single-cycle kinetics). White and gray stripes are association and
dissociation phases, respectively. The black line is a fit to a kinetic model. The decrease in
affinity between Wuhan-Hu-1 and Omicron binding is indicated in red.
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Fig S7. The SARS-CoV-2 Omicron RBD recognizes mouse ACE?2 efficiently. A, Biolayer
interferometry binding analysis of 1uM dimeric mouse ACE2-Fc to biotinylated SARS-CoV-2
variant RBDs immobilized at the surface of streptavidin (SA) biosensors. The vertical dashed lines
indicate the transition between association and dissociation phases. B, In silico model of the
interface between the Omicron RBD and mouse ACE2 (right, using PDB 7fdk) based on the crystal
structure of the human ACE2-bound Omicron RBD (left).



Table S1: CryoEM data collection, processing and model refinement statistics.

Omicron S Omicron S
2 open 1 closed RBDs 2 closed/1 open RBDs
Data collection and processing
Magnification (nominal) 130,000 130,000
Voltage (kV) 300 300
Electron exposure (e/A?) 63 63
Defocus range (um) 0.3-2.0 0.3-2.0
Pixel size (A) 0.843 0.843
Processing Type Global Global Local (RBD) Local (NTD)
Symmetry imposed C1 C1 C1 C1
Initial particle images (no.) 482,905 482,905 224,478 224,478
Final particle images (no.) 55,316 74,826 155,712 94,770
Map resolution (A) 3.2 3.1 3.0 3.3
FSC threshold 0.143 0.143 0.143 0.143
Map sharpening B factor (A?) 59 63 76 88
Refinement
Initial model used (PDB code) - 7S0B 7S0C 7SOD
Model resolution (A) - 3.2 3.3 3.4
FSC threshold - 0.5 0.5 0.5
Model composition
Nonhydrogen atoms - 28,354 3,105 3,621
Protein residues - 4443 408 475
Glycan residues - 52 4 6
B factors (A?)
Protein - 46 20 24
Glycans - 63 23 29
R.m.s. deviations
Bond lengths (A) - 0.01 0.01 0.01
Bond angles (°) - 1.4 1.1 11
Validation
MolProbity score - 0.98 1.0 0.9
Clashscore - 1.49 1.7 0.7
Rotamer outliers (%) - 0.17 0.0 0.3
Ramachandran plot
Favored (%) - 97.55 97 97
Allowed (%) - 2.45 3 3
Outliers (%) - 0 0 0
EMRinger score - 3.91 5.2 5.5
Data Availability
EMDB EMD-25993 EMD-25992 EMD-25990 EMD-

25991
PDB - 7TMO 7TLY 7TLZ




Table S2: Crystallographic data collection and refinement statistics.

Omicron RBD/
hACE2/S309/S304
PDB 7TNO
Data collection
Space group P2,
Cell dimensions
a, b, c(A) 78.28, 183.65, 194.55
a, B,y (°) 90.00, 95.98, 90.00
Resolution (A) 48.91-2.85 (2.90-2.85)
Rinerge 0.343 (2.676)
Ryim 0.153 (1.184)
I/ ol 5.6 (0.7)
CC(1/2) 0.975 (0.209)
Completeness (%) 96.7 (98.4)
Redundancy 5.8 (5.8)
Refinement
Resolution (A) 48.91-2.85
No. reflections 121127
Ryorc / Riee 23.03/26.79
No. atoms
Protein 24486
Ligand/ion 221
Water 187
B-factors
Protein 63.5
Ligand/ion 86.65
Water 42.64
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (°) 0.658
Ramachandran
Favored (%) 97.6
Outliers (&) 0

*Values in parentheses are for highest-resolution shell.



Table S3: Kinetic parameters and fitting details of the SPR RBD binding measurements.

1:1 Binding Model
IgG RBD ka (1/Ms) | kd (1/s) KD (M) | Rmax Capture level
(RU) (RU)
S309 Wu-Hu-1 1.49E+05 1.32E-04 | 8.87E-10 73.77 210.5
S$309 Omicron 7.15E+04 1.90E-04 | 2.67E-09 82.01 211.8
ADI-58125 Wu-Hu-1 1.15E+06 | 7.17E-08% | < 1E-11° 113.6 231
ADI-58125 Omicron 5.42E+06 0.2497 | 4.61E-08 83.81 230.3
COVv2-2130 Wu-Hu-1 4.26E+05 8.38E-04 | 1.97E-09 109.5 251.7
COV2-2130 Omicron 9.30E+05 0.05897 | 6.34E-08 79.31 246.7
COV2-2196 Wu-Hu-1 1.14E+07 0.01244 | 1.09E-09 100.7 240.5
COV2-2196 | Omicron 9.04E+05 0.441 | 4.88E-07 100° 239.7
CT-P59 Wu-Hu-1 5.54E+06 3.65E-04 6.60E-11 97.99 236.8
CT-P59 Omicron No binding 236.9
LY-CoV016 | Wu-Hu-1 See Biphasic fit results, below 196.1
LY-CoV016 | Omicron No binding 195
LY-CoV555 Wu-Hu-1 7.92E+05 | 0.001174 | 1.48E-09 100.7 242.1
LY-CoV555 | Omicron No binding 243.6
REGN10933 | Wu-Hu-1 5.29E+06 | 0.003645 | 6.89E-10 93.53 260
REGN10933 | Omicron 6.16E+05 0.5073 8.24E-07 94b 259.6
REGN10987 | Wu-Hu-1 See Biphasic fit results, below 231.6
REGN10987 | Omicron No binding 231.5
S$2X35 Wu-Hu-1 | 5.70E+05 1.53E-04 2.68E-10 83.6 230.1
S$2X35 Omicron 2.43E+05 5.43E-03 2.24E-08 82.5 2294
Biphasic fit (Heterogeneous Ligand Model), binding to Wuhan-Hu-1 RBD¢
kal (1/Ms) kd1 (1/s) KD1 (M) ka2 (1/Ms) | kd2 (1/s) KD2 (M) | Rmax1l | Rmax2
(RU) (RU)
LY-CoVO016
1.24E+06 [ 0.0172 | 138E-08 | 179E+05 | 5.23E-05 | 2.91E-10 | 59.66 | 20.68
REGN10987
1.28E+06 | 0.0159 | 1.24E-08 | 274E+05 | 1.026-08 | 373614 | 7048 | 286

iMeasured dissociation is beyond the limit of detection. Reporting KD as an upper bound

"Rmax fixed to Rmax from Wuhan-Hu-1 fit (without constraint, Rmax from Omicron fit was
implausibly much lower than Rmax for corresponding Wuhan-Hu-1 binding)
“Values for the kinetic phase attributed to real binding (vs an artifact) are highlighted in bold
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