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Fig. S1. 
I468 and H519 are buried in the RBD-down conformation. A) I468 and H519 (pink) are 
solvent exposed when the RBD (grey) is in the up conformation (PDB 6VSB and 6MOJ) (33, 
72). Protomers are shown in green, cyan, and magenta with the RBD of the green protomer in the 
up conformation. B) I468 and H519 (pink) become buried in the closed conformation where they 
make contacts with the neighboring protomer (cyan) (PDB 6XLU). Mutation of these residues to 
more hydrophilic residues could promote the RBD-up conformation. 
  



 

 

Fig. S2. 
The amino acid changes in the immunogens are compatible with variants of concern.  A, B 
Immunogen 3 structure with mutations in alpha, beta, delta, and omicron variants depicted in 
brown.  Remaining molecule is colored as described in Figure 3D, with designed amino acid 
changes shared between immunogens (pink), changes specific to lead 1 (blue) and lead 3 (green) 
as surface (A) and cartoon (B) representation. C, Purification yields for immunogens containing 
the Beta variant amino acid changes. 
  



 

Fig. S3. 
Neutralizing epitopes are unperturbed on RBD immunogens. A) Five distinct three-
dimensional neutralizing epitopes covering the majority of the protein surface were probed for 
each immunogen (Ace2:cyan, REGN10933:red, P2B-2F6:orange, S309:green, CR3022:blue). B) 
ELISA probes bind to all five epitopes on the immunogens C) Representative BLI traces used to 
quantitatively measure the binding of the immunogens to two probes, demonstrating the high 
integrity of these epitopes.  Immunogen concentrations begin at 150 nM and decrease in 2-fold 
increments. 
  



 
 

name sequence 
Native RBD etgTNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT

KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLSFELLHAPATVCGgtggggskhhhhhh 

Immunogen 1 
(decoy 28) 

etgMNLCPFGEVFNATRFPSVYAWNRKRISNCYYDYSVLYNSASFSTFKCYGVSPT
KLNDLCFTQVFADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLSFELLDAPPTVCGgtggggskhhhhhh 

Immunogen 2 
(decoy 24) 

etgTNLCPFGEVFNATRFASVYAWNRKRISNCQFDYSKLYNSASFSTFKCYGVSPT
KLNDLCFTQVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLTFELLDAPATVCGgtggggskhhhhhh 

Immunogen 3 
(decoy 25) 

etgKNLCPFGEVFNATRFASVYAWNRKRISNCVYDYSVLYNSASFSTFKCYGVSPT
KLKDLCFTYVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLTFELLDAPPTVCGgtggggskhhhhhh 

Immunogen 4 
(decoy 26) 

etgTNLCPFGEVFNATRFASVYAWNRKRISNCKYDYSALYNSASFSTFKCYGVSPT
KLNDLCFTEVYADYFVVRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLTFELKDAPATVCGgtggggskhhhhhh 

Immunogen 5 
(decoy 21) 

etgTNLCPFGEVFNATRFPAVYAWNRKRISNCVFDFSKLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLQPFERDTSEEIYQAGSTPCNGVEGFNCYFPLQSYGF
QPTNGVGYQPYRVVVLNFELLDAPPTVCGgtggggskhhhhhh 

Native/WT 
RBD Beta 

etgTNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGF
QPTYGVGYQPYRVVVLSFELLHAPATVCGgtkhhhhhh 

Immunogen 1 
Beta 

etgMNLCPFGEVFNATRFPSVYAWNRKRISNCYYDYSVLYNSASFSTFKCYGVSPT
KLNDLCFTQVFADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVKGFNCYFPLQSYGF
QPTYGVGYQPYRVVVLSFELLDAPPTVCGgtkhhhhhh 

Immunogen 2 
Beta 

etgTNLCPFGEVFNATRFASVYAWNRKRISNCQFDYSKLYNSASFSTFKCYGVSPT
KLNDLCFTQVYADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVKGFNCYFPLQSYGF
QPTYGVGYQPYRVVVLTFELLDAPATVCGgtkhhhhhh 

Immunogen 3 
Beta 

etgKNLCPFGEVFNATRFASVYAWNRKRISNCVYDYSVLYNSASFSTFKCYGVSPT
KLKDLCFTYVYADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNNL
DSKVGGNYNYLYRLFRKSNLKPFERDTSTEIYQAGSTPCNGVKGFNCYFPLQSYGF
QPTYGVGYQPYRVVVLTFELLDAPPTVCGgtkhhhhhh 

Table S1. 
Sequences of lead immunogens after signal peptide cleavage.  The RBD domain is shown in 
uppercase and cloning scars, tags, and linkers are shown in lowercase. 
  



 
 Lead1/C144 

PDB: 8DCE 
Lead 3/P2B-2F6 
PDB: 8DCC 

Data collection   
Space group I 2 2 2 P 21 21 21 
Cell dimensions   

a, b, c (Å) 81.63 97.31 141.81 71.06, 91.97, 111.15 
   a, b, g  (°)  90, 90, 90 90, 90, 90 
Resolution (Å) 19.78-2.00 (2.05-2.00) 70.9-2.57 (2.66-2.57) 
Rmeas  (%) 12.5 (84.5) 20.3 (226.2) 
I /� 12.83 (2.78) 8.2 (1.02) 
CC1/2  (%) 99.7 (79.3) 99.4 (33.2) 
Completeness (%) 99.68 (99.21) 99.9 (99.9) 
Redundancy 5.73 (4.09) 6.6 (6.8) 
Beamline APS 23ID-D APS 23ID-D 
No. of complex/ASU 1 1 
   
Refinement   
Resolution (Å) 19.78-2.00 56.23  - 2.6 
No. reflections 38,255 23,032 
Rwork / Rfree 17.60/20.32  22.1/27.2 
No. atoms   

Protein 3,390 4,816 
Ligand/ion 0 14 
Water 232 31 

B-factors   
Protein 40.39 62.9 
Ligand/ion - 93.3 
Water 39.06 49.4 

R.m.s. deviations   
Bond lengths (Å) 0.002 0.007 
Bond angles (°) 0.53 1.11 

Ramachandran plot   
Favored (%) 95.81 96.03 
Allowed (%) 4.19 3.97 
Disallowed (%) 0.00 0.00 

Table S2. 
X-ray data collection and refinement statistics 
  



 
 KD 

(x 10-9 ± SEM M) 
ka 

(x 105 ± SEM 1/Ms) 
kdis 

(x 10-3 ± SEM 1/s) 
N 

Ace2 with WT-RBD 8.7 ± 0.9 7.7 ± 0.4 6.5 ± 0.4  3 
Ace2 with lead 1 9.3 ± 0.7 8.0 ± 0.2 7.4 ± 0.4 3 
Ace2 with lead 2 15 ± 3 7 ± 1 9.1 ± 0.4 3 
Ace2 with lead 3 11 ± 4 8 ± 1 7.5 ± 0.8 3 
Ace2 with lead 4 14 ± 3 6.6 ± 0.6 7.1 ± 0.9 3 

REG10933 with WT-RBD 1.8 ± 0.2 10.9 ± 0.8 1.9 ± 0.1 3 
REG10933 with lead 1 1.6 ± 0.1 12.2 ± 0.2 1.9 ± 0.1 3 
REG10933 with lead 2 1.4 ± 0.1 13.0 ± 0.3 1.8 ± 0.1 3 
REG10933 with lead 3 1.6 ± 0.1 11.7 ± 0.3 1.9 ± 0.1 3 
REG10933 with lead 4 1.5 ± 0.1 12.6 ± 0.2 1.8 ± 0.1 3 

Table S3. 
Binding affinities of Ace2 and REG10933 to RBD variants as determined by BLI. Binding 
data were fit using a 1:1 binding model. The averages and standard deviations of three biological 
replicates using independently purified immunogens are shown. 
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