
Computational pipeline provides mechanistic understanding of Omicron variant 1 
of concern neutralizing engineered ACE2 receptor traps  2 
  3 
  4 
Soumya G. Remesh1,2, Gregory E. Merz2, Axel F. Brilot2, Un Seng Chio2, Alexandrea N. Rizo2, 5 
Thomas H. Pospiech Jr.2, Irene Lui1, Mathew T. Laurie3, Jeff Glasgow1, Chau Q. Le 1, Yun 6 
Zhang1, Devan Diwanji2, Evelyn Hernandez2, Jocelyne Lopez2, Komal Ishwar Pawar2, Sergei 7 
Pourmal2, Amber M. Smith2, Fengbo Zhou2, QCRG Structural Biology Consortium#, Joseph 8 
DeRisi3,4, Tanja Kortemme2,5,6,7, Oren S. Rosenberg2, Anum Glasgow8,*, Kevin K. Leung1,*, James 9 
A. Wells1,4,9,*  & Kliment A. Verba1,2,5,10,*

 10 
  11 
1 Department of Pharmaceutical Chemistry, University of California, San Francisco, San 12 
Francisco, CA - 94158, USA                                                                                                             13 
2 QBI Coronavirus Research Group Structural Biology Consortium, University of California, San 14 
Francisco, CA - 94158, 15 
USA                                                                                                                                                                                                                                                                                      16 
3 Department of Biochemistry and Biophysics, University of California San Francisco, San 17 
Francisco, CA - 94158, USA                                                                                                             18 
4 Chan Zuckerberg Biohub, San Francisco, CA - 94158, 19 
USA                                                                                                                                                                                                                                                                            20 
5 QBI, University of California, San Francisco, CA 94158, USA                                                                                                                                                    21 
6 Department of Bioengineering and Therapeutic Sciences, University of California, San 22 
Francisco, CA - 94158, USA                                                                                                                                                         23 
7 The University of California, Berkeley–University of California, San Francisco Graduate 24 
Program in Bioengineering, University of California, San Francisco, CA - 94158, USA                    25 
8 Department of Biochemistry and Molecular Biophysics, Columbia University, New York, NY 26 
10032, USA                                                                                                                                                                                                       27 
9 Department of Cellular & Molecular Pharmacology, University of California San Francisco, San 28 
Francisco, CA - 94158, USA                                                                                                                                                               29 

10 Lead contact 30 

* Correspondence: kliment.verba@ucsf.edu, jim.wells@ucsf.edu, kevin.leung@ucsf.edu, 31 
ag4522@cumc.columbia.edu    32 

 33 

 34 

 35 

 36 

Manuscript and main figures Click here to view linked References

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2022. ; https://doi.org/10.1101/2022.08.09.503400doi: bioRxiv preprint 

https://www.editorialmanager.com/structure/viewRCResults.aspx?pdf=1&docID=9834&rev=0&fileID=438793&msid=1bfec372-5160-4634-ab14-869d59f72b8f
https://www.editorialmanager.com/structure/viewRCResults.aspx?pdf=1&docID=9834&rev=0&fileID=438793&msid=1bfec372-5160-4634-ab14-869d59f72b8f
https://doi.org/10.1101/2022.08.09.503400
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

Summary 38 

The SARS-CoV-2 Omicron variant, with 15 mutations in Spike receptor binding domain (Spike-39 

RBD), renders virtually all clinical monoclonal antibodies against WT SARS-CoV-2 ineffective. 40 

We recently engineered the SARS-CoV-2 host entry receptor, ACE2, to tightly bind WT-Spike-41 

RBD and prevent viral entry into host cells (“receptor traps”). Here we determine cryo-EM 42 

structures of our receptor traps in complex with full length Spike. We develop a multi-model 43 

pipeline combining Rosetta protein modeling software and cryo-EM to allow interface energy 44 

calculations even at limited resolution and identify interface side chains that allow for high affinity 45 

interactions between our ACE2 receptor traps and Spike-RBD. Our structural analysis provides a 46 

mechanistic rationale for the high affinity (0.53 - 4.2nM) binding of our ACE2 receptor traps to 47 

Omicron-RBD confirmed with biolayer interferometry measurements. Finally, we show that ACE2 48 

receptor traps potently neutralize Omicron- and Delta- pseudotyped viruses, providing alternative 49 

therapeutic routes to combat this evolving virus.          50 

 Keywords  51 

SARS-CoV-2 Omicron variant, Spike, ACE2 receptor traps, protein therapeutics, pseudovirus 52 

neutralization, cryo-EM, Rosetta 53 

Introduction 54 

The rapidly evolving SARS-CoV-2 virus has accumulated several mutations throughout the 55 

pandemic. The Omicron (B.1.1.529) variant was first reported in November 2021 in South Africa 56 

to have 37 mutations in its Spike glycoprotein and was quickly designated as a variant of concern 57 

(VOC) by the World Health Organization (Viana et al., 2022; Walls et al., 2020). The Omicron 58 
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Spike (S) glycoprotein receptor-binding domain (RBD) and N-terminal domain (NTD) harbor 15 59 

and 11 mutations, respectively, leading to lower plasma neutralization in patients previously 60 

infected with other SARS-CoV-2 variants or in fully vaccinated individuals (Cameroni et al., 2022; 61 

Cao et al., 2022; Cele et al., 2021; Liu et al., 2022; Mannar et al., 2022; Planas et al., 2022; 62 

VanBlargan et al., 2021; Wilhelm et al., 2021). Due to the antigenic shift in the Omicron variant, 63 

currently only two out of eight clinical monoclonal antibody treatments, S309 (sotrovimab parent) 64 

and the COV2-2196/COV2-2130 cocktail (cilgavimab/tixagevimab parents), retain appreciable 65 

neutralizing capacity albeit reduced by 2-3 and 12-200 fold, respectively compared to 66 

neutralization of Wuhan-hu-1 strain (Cameroni et al., 2022; Cao et al., 2022; Liu et al., 2022; 67 

Mannar et al., 2022; Planas et al., 2022; VanBlargan et al., 2021). An earlier VOC, the B.1.617.2 68 

Delta variant, also acquired 10 mutations in the Spike S glycoprotein, outcompeted other 69 

circulating virus isolates, and enhanced transmission and pathogenicity while diminishing 70 

antibody-based neutralization activity (McCallum et al., 2021; Mlcochova et al., 2021). 71 

Interestingly, both the Delta- and Omicron RBD continue to bind the SARS-CoV-2 entry receptor, 72 

human angiotensin converting enzyme 2 (ACE2), with almost 2-fold higher affinity than the wild-73 

type Spike-RBD (Cameroni et al., 2022; Mannar et al., 2022). Previously, we developed 74 

engineered ACE2 “receptor traps” as viable candidates for SARS-CoV-2 virus neutralization 75 

(Glasgow et al., 2020). The receptor traps were computationally designed and further affinity-76 

optimized by yeast display. The optimized ACE2 extracellular domains were fused to a human 77 

IgG1 Fc domain to afford additional binding avidity and neonatal Fc receptor (FcRN) binding for 78 

long circulating half-life. One advantage of using an ACE2 receptor trap as a therapeutic to treat 79 

SARS-CoV-2 infections is that resistance evolved to ACE2 traps would also likely render the virus 80 

unable to infect host cells via the ACE2 entry receptors. Thus, ACE2 traps could provide 81 

alternative therapeutic strategies for the rapidly evolving SARS-CoV-2 virus.  82 

Our computationally designed (CVD293) and affinity matured (CVD313) ACE2 Fc-fusions have 83 
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~20-25-fold improved virus neutralization ability against WT-SARS-CoV-2 pseudotyped lentivirus 84 

(Wuhan-hu-1 strain) compared to the WT-ACE2 Fc-fusion (Glasgow et al., 2020). However, the 85 

structures of neither CVD293 nor CVD313 bound to WT-Spike-RBD have been captured, leaving 86 

it an open question as to why the affinity matured ACE2 receptor traps bind WT-Spike-RBD 87 

tighter. Here, we shortened the length of the linker between the ACE2 extracellular domain 88 

(residues 18-740) of CVD313 and the Fc domain to ~13 amino acids to generate the construct 89 

CVD432, which has an improved mammalian expression profile (total yield post purification of 90 

CVD432 is ~2.5 times more than CVD313). We determined the cryo-EM structures of wild-type 91 

full-length Spike protein (WT-fl-Spike) with either CVD293 or CVD432, which revealed molecular 92 

details of the interactions between the ACE2 receptor traps and fl-Spike. Building on previous 93 

approaches to provide ensemble models from cryo-EM maps (Herzik et al., 2019), we developed 94 

a multi-model workflow to improve our confidence in the molecular interactions and the interaction 95 

energies of the ACE2/RBD. This analysis allowed us to detect subtle interface differences 96 

between the two receptor traps that were critical for the improved ACE2/RBD interface. 97 

Furthermore, we used the cryo-EM structures together with Rosetta interface energy calculations 98 

to model the interactions between our ACE2 receptor traps and Spike-RBD of Omicron VOC of 99 

SARS-CoV-2, rapidly identifying the direct contact residues and predicting an even tighter 100 

interaction than to the Spike-RBD of Wuhan-hu-1 strain. We validated these structural modeling 101 

results by performing biolayer interferometry measurements. Finally, we showed that our ACE2 102 

receptor traps potently neutralize Delta- and Omicron-SARS-CoV-2 pseudotyped viruses and 103 

thus can serve as alternate therapeutic candidates against SARS-CoV-2 infections.  104 

  105 

Results 106 

  107 

Cryo-EM reconstructions of WT-fl-Spike trimer in complex with engineered ACE2 receptor 108 

traps 109 
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  110 

To understand the molecular details of the interactions between the WT-fl-Spike and the 111 

engineered ACE2 receptor traps CVD293 and CVD432, we determined the cryo-EM structures 112 

of these complexes (Figure 1). We confirmed that both CVD293 and CVD432 potently neutralize 113 

WT-SARS-CoV-2 (Wuhan-hu-1 B.1 strain with D614G mutation only) pseudotyped virus (Figure 114 

S1d). As noted previously for the WT-fl-Spike/WT-ACE2 complex (Yan et al., 2021; Zhou et al., 115 

2020a), we observed conformational heterogeneity for the complexes between WT-fl-Spike and 116 

the engineered ACE2 receptor traps, with the number of RBDs in the “up” or “down” conformation 117 

per spike protein varying in the ACE2-bound state. The complex between WT-fl-Spike and 118 

CVD293 showed a 1-RBD-up WT-fl-Spike with full ACE2 occupancy (~20%), an appreciable 119 

percentage of 1-RBD-up WT-fl-Spike with partial ACE2 occupancy (~54%), a 2-RBD-up state with 120 

1-ACE2 occupancy (~15%) and a 1-RBD-up state with no ACE2 occupancy (Figure 1a) per trimer. 121 

On the other hand, WT-fl-Spike and CVD432 showed a 1-RBD-up WT-fl-Spike with full ACE2 122 

occupancy (~12%), a 2-RBD-up state with 2-ACE2 occupancy (~9%), all-RBD-down state, and 123 

other partial- to no-ACE2 occupancy 1-RBD- and 2-RBD-up states (Figure 1b). While ACE2 124 

residues 18-614 were well resolved and could be fit into our cryo-EM maps of the complexes 125 

between WT-fl-Spike/ACE2 receptor traps, we could not model the highly flexible collectrin 126 

domain of the ACE2 traps (residues 615-740) as well as the Fc-domains. Nevertheless, the WT-127 

Spike-RBD/ACE2 receptor trap sub-region could be resolved at low to medium resolution.  128 

  129 

Local refinement of CVD293 or CVD432 (residues 18-614) with WT-Spike-RBD (residues 330-130 

541, Wuhan-hu-1 strain) generated maps of resolution ~3.8-4.8 Å and 3.4-3.8 Å, respectively, for 131 

the interface residues (Figure 2a, S2, S3, S4 and S5). As described above, the high level of 132 

heterogeneity between the 1-RBD-up and 2-RBD-up states for WT-fl-Spike with either CVD293 133 

or CVD432 made obtaining high resolution maps of the interface residues challenging. To better 134 

understand the modalities of continuous protein motions within the 1-RBD-up or 2-RBD-up states, 135 
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we utilized 3D variability analyses (3DVA) (Punjani and Fleet, 2021) (Figure S1a-c). Both WT-fl-136 

Spike/CVD293 and WT-fl-Spike/CVD432 complexes showed considerable rotation relative to the 137 

vertical axis (~5-7°) in the 1-RBD-up/ACE2 bound sub-region of the cryo-EM map (Figure S1a, 138 

b). In contrast, the 2-RBD-up state of WT-fl-Spike/CVD432 showed lateral shift of the ACE2 bound 139 

RBD sub-region of the cryo-EM map relative to the vertical axis of rotation (Figure S1c). This high 140 

degree of variability in the ACE2 bound/RBD sub-region of the cryo-EM map further impeded high 141 

resolution structure determination of the interface residues. Consequently, the precise rotamer 142 

positions, especially of key interface residues for CVD293 (engineered mutations - K31F, H34I, 143 

E35Q) or CVD432 (engineered mutations - K31F, N33D, H34S, E35Q) could not be obtained with 144 

high confidence directly from the cryo-EM maps. (Figure 2b, c; cryo-EM consensus models are 145 

shown fit to the cryo-EM maps). 146 

  147 

Improving confidence of the interface interactions in limited resolution cryo-EM maps 148 

through Rosetta enabled multi-model workflow 149 

  150 

Inspired by a previous ensemble model refinement approach to improve confidence in maps with 151 

resolution variation (Herzik et al., 2019), we developed a multi-model workflow which allowed for 152 

calculation of an “average predicted interface energy” metric across an ensemble of models 153 

consistent with the cryo-EM map in addition to the previously reported “average RMSD” metric. 154 

Together, these metrics provided a statistics-based view of the ACE2/RBD interface (Figure 3a). 155 

Briefly, 10-residue overlapping stretches of the ACE2 interface helix (residues 21 - 52) of each 156 

cryo-EM consensus model (WT-Spike-RBD (330-541)/CVD293 (18-614) or WT-Spike-RBD (330-157 

541)/CVD432 (18-614)) were subjected to a CartesianSampler mover within Rosetta that samples 158 

similar sequence and secondary structure fragments from within PDB and locally minimizes them 159 

into the cryo-EM density, generating 2000 models for each 10-residue stretch. Each model was 160 

then all-atom minimized within the cryo-EM map using FastRelax mover with a scoring term for 161 
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the model agreement with the cryo-EM map, as previously described (DiMaio et al., 2015). The 162 

Rosetta parameters and scoring functions used were based on the estimated map resolution 163 

(Wang et al., 2016). This refinement protocol was iteratively run to generate a total of ~8000 164 

overlapping atomic models of the interface helix.  165 

  166 

We next ranked the atomic models based on total Rosetta scores ensuring good geometries (pick 167 

top 200) and fits to the cryo-EM map (pick top 20 out of the above 200) for each 10-residue stretch 168 

to select a total of 80 models for the entire interface helix. The average per residue side-chain 169 

RMSDs and predicted average interface energy for all the residues of the interface helix for the 170 

top selected cryo-EM based models were then calculated (Figure 3b,e). We compared average 171 

per-residue side-chain RMSDs as we expected very small changes in the average backbone 172 

RMSDs which can cause side-chain discrepancies being down-weighted in average full-173 

residue RMSDs. We superimposed the interface helix residues (residues 21-52) of the top 80 174 

selected cryo-EM based models for both CVD293 and CVD432 to analyze the convergence of 175 

the side-chain conformations and the intermolecular interaction with corresponding WT-Spike-176 

RBD residues. We observed that while the interface residues of CVD293 (F31, I34) or CVD432 177 

(F31) with low average side-chain RMSD make well-defined hydrophobic interactions with 178 

corresponding residues in WT-Spike-RBD (L455, F456, Y489), the high average side-chain 179 

RMSD residue (Q35 of both CVD293 and CVD432) makes hydrogen bond interactions with 180 

neighboring WT-Spike-RBD residue (Q493) in over 90% of the atomic models (Figure 3c, d). We 181 

further noted that CVD432 high average side-chain RMSD residue, S34, can make both inter- 182 

(with WT-Spike-RBD residue Y453) and intra-molecular hydrogen bonds (with backbone carbonyl 183 

atoms of residues D30 or F31). We infer that the low average side-chain RMSD engineered 184 

hydrophobic residues of the ACE2 receptor traps likely provide the key functional interactions 185 

responsible for the improved binding affinity of the engineered receptor traps for WT-Spike-RBD.  186 
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  187 

  188 

Analysis of the cryo-EM based models of CVD293 (18-614) and CVD432 (18-614) in complex 189 

with the WT-Spike-RBD (330-541) 190 

  191 

The comparison between the original computationally designed model of the CVD293/WT-Spike-192 

RBD complex and the cryo-EM based models of the complex determined with our multi-model 193 

workflow revealed high overall structural agreement (Figure 2d). The average Cα-RMSD between 194 

the computationally designed model and the experimentally solved cryo-EM consensus model of 195 

CVD293 (residues 18-614) was 0.93 Å, and the average Cα-RMSD for the interface helix (ACE2 196 

residues 21-88, 322-329, 352-358 and Spike residues 444-446, 475-505) was 0.41 Å. 197 

 198 

We next compared the calculated interface energy for the CVD293/WT-Spike-RBD interface in 199 

the design model and the cryo-EM based models. We found that the predicted interface energy 200 

is considerably lower for the CVD293 design model (-58 REU) than the average of 80 CVD293 201 

cryo-EM based models (-45 REU) (Figure 3e). This discrepancy between the predicted interface 202 

energy for the design model and the average interface energy calculated from the 80 cryo-EM 203 

based models is likely due to several differences in side-chain-mediated interactions involving 204 

designed residues. For example, isoleucine 34, a designed residue in CVD293, is predicted to 205 

contribute less to the interface energy in the cryo-EM based models (average from 80 atomic 206 

models of CVD293: -2.5 REU) than in the design model (-3 REU), despite strong agreement in 207 

the atomic coordinates for this residue across all cryo-EM based models (Figure 2d). The 208 

predicted interaction energy of I34 is worse in the cryo-EM models than the design model because 209 

its interaction partner across the interface, residue L455 of WT-Spike-RBD, universally adopts a 210 

different rotamer than the one in the original design model (Figure S7a).  211 

 212 
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Residue Q35, another designed residue in CVD293, showed the largest observed average per-213 

residue side-chain RMSD among the designed positions on ACE2 in the cryo-EM based models 214 

(Figure 3b). Although the Q35 side-chain often occupies a different rotamer in the cryo-EM based 215 

models than in our original design model of CVD293, it still makes a hydrogen bond with the WT-216 

Spike-RBD residue Q493 as intended (Figure 3c). The WT-Spike-RBD residue Q493 shows 217 

minimal conformational heterogeneity across the 80 cryo-EM based models of the complex 218 

CVD293/WT-Spike-RBD, and it makes intramolecular hydrogen bonds with the carbonyl group of 219 

the WT-Spike-RBD residue F490 to maintain the same loop conformation as seen in the complex 220 

between WT-ACE2 and WT-Spike-RBD (Figure S7a). It is plausible that the minimal average 221 

side-chain RMSD of residue Q493 and the overall similar loop conformation around residues 222 

F490-Q493 in the complex CVD293/WT-Spike-RBD contribute to the observed conserved 223 

hydrogen bond with residue Q35.  224 

 225 

Another WT-ACE2 residue, K31, was mutated to a phenylalanine in CVD293. Consequently, the  226 

hydrogen bond between the WT-ACE2 residue K31 and the WT-Spike-RBD residue Q493 was 227 

lost in the complex CVD293/WT-Spike-RBD. Instead of making this hydrogen bond, the designed 228 

residue F31 in CVD293, with less than 1 Å average observed average side-chain RMSD, makes 229 

good packing interactions with other aromatics at the WT-Spike-RBD/engineered ACE2 trap 230 

interface as expected (Figure 3c). Overall, the average Cα-RMSD between the computationally 231 

designed model and the experimentally solved cryo-EM consensus model of CVD293 (residues 232 

18-614) is close to 1 Å. However, using the cryo-EM based models of complex CVD293/WT-233 

Spike-RBD determined with our multi-model workflow, specific residue-pair interactions that were 234 

critical to improving the WT-ACE2/WT-Spike-RBD interface with our computational design 235 

strategy are revealed. 236 

  237 

We next wanted to understand why the affinity maturation of CVD293 in our yeast surface display 238 
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campaign resulted in the I34S interface mutation in the construct CVD432, which has improved 239 

binding affinity for WT-Spike-RBD. We first generated a CVD432 “design” model by mutating the 240 

residue I34 in the CVD293 cryo-EM consensus model to a serine in silico. We also made an N33D 241 

mutation to CVD293 in silico even though this position is outside the RBD binding interface, 242 

because this mutation was also identified by yeast surface display in CVD432. The calculated 243 

interface energy for the CVD432 design model/WT-Spike-RBD interface is higher (-47 REU) than 244 

the average interface energy from 80 cryo-EM based models of the complex CVD432/WT-Spike-245 

RBD (-53 REU) (Figure 3e). It can be inferred that simple in silico mutations do not provide a full 246 

explanation for the improved binding affinity between the engineered ACE2 trap and the WT-247 

Spike-RBD, highlighting the value of the cryo-EM structure solution.  248 

Comparing the cryo-EM based models of the complexes CVD293/WT-Spike-RBD and 249 

CVD432/WT-Spike-RBD, we find that the calculated interface energy from the average of 80 cryo-250 

EM based models of the complex CVD432/WT-Spike-RBD is lower (-53 REU) than the average 251 

of 80 cryo-EM based models of the complex CVD293/WT-Spike-RBD (-45 REU) (Figure 3e). The 252 

decrease in calculated interface energy for the cryo-EM based models of the complex 253 

CVD432/WT-Spike-RBD as compared to that of the complex CVD293/WT-Spike-RBD is 254 

surprising for three reasons. First, S34 can adopt several different conformations (Figure 3d). 255 

Secondly, S34 makes weaker energetic contributions to the interface energy in all of the cryo-EM 256 

based models of the complex CVD432/WT-Spike-RBD than I34 in the complex CVD293/WT-257 

Spike-RBD, regardless of the serine rotamer (Figure S6a). Third, S34 in CVD432 also has a 258 

higher average per-residue energy than I34 in CVD293 (Figure S6b). It is possible that a serine 259 

was enriched at position 34 in our directed evolution campaign using error-prone PCR because 260 

of the isoleucine parental codon, from which single base mutations could only lead to large 261 

hydrophobic amino acids, serine, threonine, or asparagine. Of these possibilities, serine is the 262 

smallest amino acid, and might have been favored simply to allow the other ACE2 residues to 263 

maintain favorable interactions with the RBD. 264 
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  265 

It appears that no individual residue at the interface is fully responsible for the improved interface 266 

energy in CVD432 cryo-EM based models over the CV293 design; rather, this improvement is 267 

the sum of several small improvements among many residues at the interface (Figure S6a). 268 

Interestingly, CVD432 contains an N33D mutation away from the interface which may be 269 

responsible for such overall stabilization of the interface. In all our models, N33D mutation breaks 270 

a hydrogen bond with the Q96 side-chain within ACE2 yielding a subtle shift of the neighboring 271 

residues towards the RBD (Figure S7b). This is correlated with subtly lower interface energies for 272 

these residues and lower total energy for D33 (Figure S6b, c). The N33D mutation was also 273 

observed to improve the RBD binding interaction in another ACE2 engineering study (Chan et al., 274 

2020) and a computational analysis of ACE2 mutations (Chowdhury et al., 2020). Additionally, 275 

the interface helix may be stabilized by the main chain-side chain hydrogen bond between the 276 

S34 hydroxyl group and the F31 backbone carbonyl group in ACE2 (Figure 3d) that is not 277 

appropriately scored by Rosetta. Altogether, the improved SARS-CoV-2 neutralization by 278 

CVD432 compared to CVD293 is driven by mutations at the interface that improve binding in 279 

addition to stability-enhancing mutations outside the interface. As such, both protein stability and 280 

interface preorganization contribute to the overall stability of the receptor trap-RBD complex. 281 

  282 

ACE2 receptor traps bind Omicron-RBD with increased affinity and neutralize the SARS-283 

CoV-2 VOC 284 

  285 

Several of the 37 Omicron Spike mutations have been observed in other SARS-CoV-2 variants. 286 

For example, previous reports suggest that the N501Y mutation increases WT-ACE2 binding 287 

affinity while the K417N mutation decreases the WT-ACE2 binding affinity in some SARS-CoV-2 288 

variants  (Barton et al., 2021; Laffeber et al., 2021; Liu et al., 2021; Mannar et al., 2021; Tian et 289 

al., 2021; Zhu et al., 2021). Fourteen of the 37 mutations have not been reported previously in 290 
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other variants but together were reported to improve the binding affinity ~2-3 fold between 291 

Omicron-RBD and WT-ACE2 (Cameroni et al., 2022; Mannar et al., 2022; McCallum et al., 2022). 292 

For example, while the Y505H mutation leads to loss in hydrogen bond interactions with WT-293 

ACE2 residue E37, there are several compensatory mutations in the Omicron-RBD. These 294 

include Q493R and G496S, which result in new hydrogen bonds with WT-ACE2 residues E35 295 

and K353, respectively and several others (Table S1, residue pairs colored green).  296 

  297 

Our ACE2 receptor traps have >170-fold improved binding affinity for monomeric WT-Spike-RBD 298 

compared to the binding affinity of WT-ACE2 for WT-Spike-RBD (Glasgow et al., 2020). To 299 

evaluate if our ACE2 receptor traps would bind Omicron-RBD, we first generated models of 300 

Omicron-RBD (330-530)/CVD293 (18-614) and Omicron-RBD (330-530)/CVD432 (18-614) by 301 

superimposing and replacing WT-Spike-RBD in our respective cryo-EM local refinement of the 302 

complexes with Omicron-RBD from the recently determined cryo-EM structure of Omicron-Spike 303 

(330-530)/WT-ACE2 (19-613) (PDB ID: 7T9L, EMD-25761) (Figure 4a,b, panels on the right); 304 

figure S8) and minimizing the complexes. Next, we calculated the Rosetta interface energies of 305 

these models (Figure 4a,b; panels on the left). Although we predict an energy penalty for 306 

engineered interface interaction residue pairs going from R493/E35 in Omicron-RBD/WT-ACE2 307 

to R493/Q35 in Omicron-RBD/CVD293 or Omicron-RBD/CVD432 (in red in Figure 4a-b; panels 308 

on the left), overall, we also predict improved binding affinities between the Omicron-RBD and 309 

the engineered ACE2 receptor traps. Total interface energy for the interface residue pairs 310 

contributing to the affinity between CVD293 or CVD432 to Omicron-RBD was calculated to be -311 

10.77 REU and -8.5 REU, respectively. For reference, the total interface energy for the interface 312 

residue pairs contributing to the affinity between WT-ACE2 and Omicron-RBD was calculated to 313 

be -4.99 REU. Potential contributions from interaction residue pairs L455/F31, Y489/F31 and 314 

F31/R493 (in yellow in Figure 4a-b; panels on the left) and other residue pair interactions between 315 

residue I34 of CVD293 or S34 of CVD432 and L455 of Omicron-RBD may be improving the 316 
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interface affinity (in blue in Figure 4a-b; panels on the left). 317 

  318 

To test whether improved predicted interface energies correspond to increased apparent binding 319 

affinities, we assayed the binding affinity of CVD293 and CVD432 for Omicron-RBD by performing 320 

biolayer interferometry (BLI). The BLI-determined dissociation constant (KD) between Omicron-321 

RBD/CVD293 (KD = 4.2 nM) or Omicron-RBD/CVD432 (KD = 0.53 nM) were measured to be 10- 322 

and 100-fold lower than that for Omicron-RBD/WT-ACE2(18-740)-Fc-fusion, respectively (Figure 323 

4c, Figure S9, Table S2). The hydrophobic interactions specific to Omicron-RBD/ACE2 receptor 324 

trap complexes, along with the several compensatory mutations in Omicron-RBD/ACE2 interface 325 

that are also maintained with the ACE2 receptor traps, likely result in the BLI-measured improved 326 

affinity. Interestingly, CVD293 and CVD432 showed similar (KD = 1.9 nM) or about 100-fold (KD = 327 

0.071 nM) lower KD for Delta-RBD, respectively.  328 

  329 

Finally, to determine whether the improved in vitro binding affinity also leads to higher potency in 330 

viral neutralization, we tested the neutralization of Omicron (B.1.1.529) and Delta (B.1.617.2) 331 

SARS-CoV-2 variants by our ACE2 receptor traps in pseudoviruses bearing these variants of 332 

interest generated using recombinant vesicular stomatitis virus (VSV) expressing green 333 

fluorescent protein (GFP) in place of the VSV glycoprotein (rVSV ∆G-GFP). We compared the 334 

neutralization of Delta and Omicron pseudoviruses to a control Spike-WT pseudovirus with a 335 

D614G mutation. The pseudovirus neutralization assays demonstrated that both CVD293 and 336 

CVD432 neutralize Delta (IC50 = 1.4 nM, 1.6 nM, respectively) and Omicron (IC50 = ND, 0.15nM, 337 

respectively) pseudoviruses, with IC50 values improved between 2-20-fold over Spike-WT (IC50 338 

= 2.6 nM, 3.7 nM, respectively) pseudovirus (Figure 4d). Taken together, the results from the BLI 339 

and pseudovirus neutralization assays suggest that our engineered ACE2 traps, although 340 

computationally designed and affinity improved against WT-Spike-RBD, can still bind the rapidly 341 

evolving SARS-CoV-2 variants with high affinity and potently block virus entry into cells. 342 
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 Discussion 343 

  344 

Over the course of the current pandemic, several neutralizing monoclonal antibodies (mAbs) have 345 

been identified and some have been evaluated clinically as therapeutic candidates against SARS-346 

CoV-2 infection (Barnes et al., 2020a; Baum et al., 2020; Cohen et al., 2021; Dong et al., 2021; 347 

Gottlieb et al., 2021; Hansen et al., 2020; Jones et al., 2021; Shi et al., 2020; Zost et al., 2020). 348 

These mAbs are broadly categorized based on their ability to bind RBD in the “up” or “down” 349 

conformations on fl-Spike, engaging epitopes that can or cannot block ACE2 receptor binding to 350 

the RBD (Barnes et al., 2020b, 2020a; Liu et al., 2020; Shi et al., 2020; Tortorici et al., 2020). 351 

Several of the mAbs that bind the ACE2 recognition site (also called the receptor binding motif, 352 

RBM) within the RBD lost in-vitro neutralization activity against the Omicron-VOC (Cameroni et 353 

al., 2022; Mannar et al., 2022; Park et al., 2022). Interestingly, only the S2K146 mAb that binds 354 

SARS-CoV-2, SARS-CoV and other sarbecoviruses through ACE2 molecular mimicry retained 355 

neutralization activity against the Omicron-VOC (Cameroni et al., 2022; Park et al., 2022). This 356 

suggests that ACE2 specific binding epitope residues have a higher barrier for emergence of 357 

escape mutants.  358 

  359 

We (Glasgow et al., 2020) and others (Chan et al., 2020; Higuchi et al., 2021; Lei et al., 2020) 360 

have explored “ACE2 decoy receptors” or “ACE2 receptor traps” that bind and block the RBD as 361 

an alternative approach for SARS-CoV-2 virus neutralization. Our ACE2 receptor traps were 362 

computationally designed, and affinity matured against the WT-Spike-RBD. In this study, we first 363 

determined the cryo-EM structures of the ACE2 receptor traps with the WT-fl-Spike to validate 364 

the mechanism of action for our computationally designed trap and to determine the molecular 365 

basis for the additional binding affinity improvement by the affinity-matured trap. Although the 366 

cryo-EM structures were informative, the limited resolution of ACE2/Spike-RBD interface residues 367 

prompted us to explore a multi-model cryo-EM structural workflow to circumvent the limited 368 
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resolution and leverage model ensembles for interface energy calculations.   369 

  370 

From the cryo-EM structures and the derived multi-model workflow, we learned key lessons for 371 

designing strong binders: that distributed binding interactions across a protein-protein interface 372 

are more effective as compared to reliance on one or two important cross-interface interactions; 373 

and that it is important to prioritize the stability of all proteins individually in addition to the protein 374 

complex. Importantly, such stability may come from substitutions away from directly interacting 375 

residues, like N33D mutation in CVD432 that yields a lower energy conformation for that residue 376 

allowing for lower interface energies of surrounding residues. The data suggest that the stability 377 

and pre-organization of each protein at the interface is as important as the cross-interface 378 

interactions in the overall stability of the complex. 379 

  380 

Recently, two engineered ACE2 decoy receptors have been reported to broadly neutralize SARS-381 

CoV-2 variants including the Omicron-VOC (Ikemura et al., 2021; Zhang et al., 2022). These 382 

engineered decoy receptors neutralized the Omicron-VOC with IC50s comparable or even better 383 

than Omicron-VOC neutralizing mAbs such as VIR-7831. Apeiron’s APN01, a wild-type ACE2 384 

soluble extracellular domain, has also shown promising results in early-phase clinical trials and 385 

retains the ability to neutralize multiple variants of concern (Wirnsberger et al., 2021). 386 

Furthermore, in a laboratory simulation of viral mutation under neutralizing selective pressure, 387 

another engineered ACE2 decoy receptor, 3n39v2 retained its neutralizing capacity over several 388 

passage cycles (Higuchi et al., 2021). Thus, soluble engineered ACE2 receptors have therapeutic 389 

value against SARS-CoV-2 variants and may continue to be relevant as this virus evolves further.  390 

  391 

Application of the multi-model workflow increased our confidence in the atomic positions of 392 

computationally designed amino acids at the ACE2-Spike interface. This laid the groundwork for 393 

further improvements in the receptor trap design and allowed us to model interactions of the 394 
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receptor traps with the Omicron-RBD. We experimentally verified the Omicron-RBD binding 395 

interactions with the receptor traps using BLI and pseudovirus neutralization assays, 396 

demonstrating that our ACE2 receptor traps designed for neutralization of WT-fl-Spike from 397 

SARS-CoV-2 remain robust to dozens of mutations in the VOCs. This is both surprising and 398 

exciting since our computational design and affinity maturation optimized the binding interface of 399 

ACE2 to selectively bind the targeted antigen, WT-Spike-RBD. These results are also in contrast 400 

to pan-specific antibodies that are affinity matured to be highly epitope- or antigen-specific binders 401 

(Koerber et al., 2013; Mou et al., 2018; Zhou et al., 2020b). Perhaps, the particular hydrophobic 402 

mutations at the binding interface of our ACE2 receptor traps make them more adaptable to Spike-403 

RBD mutations. Alternatively, as the virus evolves, its affinity for its entry receptor increases and 404 

fortuitously also to our ACE2 receptor traps.         405 

  406 

In addition to the RBM antigenic site, other mAbs with antigenic sites outside the RBM such as 407 

Sotrovimab, S309, S2X259 and S2H97 also retained neutralization activity against Omicron-VOC 408 

(Cameroni et al., 2022; Mannar et al., 2022; McCallum et al., 2022). A bifunctional antibody format 409 

called ReconnAbs (receptor-blocking conserved non-neutralizing antibodies) was recently shown 410 

to convert non-neutralizing antibodies to potent neutralizers of SARS-CoV-2 VOCs by linking the 411 

“WT-ACE2 receptor” to a bispecific antibody targeting two non-overlapping conserved epitopes 412 

(Weidenbacher et al., 2022). We envision future versions of our ACE2-receptor trap binders to be 413 

knob-in-hole bispecifics and other Fc-fusion formats with one engineered ACE2 arm and other 414 

arm(s) as mAbs with antigenic sites outside the RBM, other non-neutralizing mAbs or Vh domains. 415 

     416 

Overall, this study exemplifies how technical advances in cryo-EM and computational protein 417 

design methods can be combined towards improving the design-build-test cycle for engineering 418 

potent biotherapeutics, even for difficult targets such as the ACE2 complex with the SARS-CoV-419 

2 Spike protein. Furthermore, this workflow can be generalized for solving the cryo-EM structures 420 
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of other protein complexes and improving computational protein design protocols.  421 

 422 
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Figure 1. 487 

 488 

Figure 1. Cryo-EM reconstruction of WT-fl-Spike with computationally designed, CVD293 489 

or linker variant of the affinity matured variant, CVD432  490 

a-b. Cryo-EM reconstructions of WT-fl-Spike with CVD293 or CVD432 showing the heterogeneity 491 

in distribution of all RBD down, 1-RBD- or 2-RBD-up states and variable ACE2 occupancy. Also 492 

shown is schematic of the primary structure of CVD293 or CVD432 and the engineered mutations, 493 

colored by domain. 494 
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Figure 2. 497 

 498 

Figure 2. Cryo-EM reconstruction of WT-Spike-RBD with engineered ACE2 Fc-fusions 499 

reveal contributions from hydrophobic interactions at RBD-ACE2 interface 500 

a. WT-Spike-RBD/CVD293 and WT-Spike-RBD/CVD432 models colored by estimated per 501 

residue Q-score ranging from 0 (red) to 0.7 (purple). The color bar shows corresponding 502 

estimated resolution in Å for each Q-score. Expected Q-score for 3.5 Å map is 0.49 and expected 503 

Q-score for 3.36 Å map is 0.52. b-c. Cryo-EM reconstructions of WT-Spike-RBD with either 504 

CVD293 or CVD432 show favorable π–π stacking interactions between WT-Spike-RBD residue 505 

Y489 and engineered ACE2 residue F31. Additionally, there are also hydrophobic interactions 506 
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between WT-Spike-RBD residue L455 and CVD293 residue I34 are also seen. Hydrogen bond 507 

interactions between WT-Spike-RBD residue Q493 and CVD293 or CVD432 residue Q35 are not 508 

apparent in the cryo-EM consensus model. d. The Rosetta lowest energy model for CVD293 is 509 

overlaid with the cryo-EM model. Both models show hydrophobic and hydrogen bond interactions 510 

between CVD293 and WT-Spike-RBD residues that contribute to improved interface energy 511 

(REU) compared to the ACE2-WT Spike RBD interaction.  512 
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Figure 3. 515 
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Figure 3. Multi-model pipeline improves confidence of molecular interactions at the 517 

interface residues in cryo-EM derived models of WT-Spike-RBD with engineered ACE2 Fc-518 

fusions  519 

a. Multi-model pipeline with average Rosetta interface energy and average per-residue side-chain 520 

RMSD metrics for interface residue rotamer positions. b. Average per-residue side chain RMSD 521 

for interface helix residues of CVD293 and CVD432 c-d. Superposition of critical interface 522 

residues of the top 80 selected cryo-EM based models for CVD293 and CVD432. e. Average 523 

Rosetta interface energy for CVD293 design model, CVD293 cryo-EM based models, CVD432 524 

design model and CVD432 cryo-EM based models. 525 
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Figure 4. 528 
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Figure 4. Binding to Omicron- and Delta-RBD and neutralization of Omicron- and Delta-530 

SARS-CoV-2 VOCs by CVD293 and CVD432 531 

a-b. Left panel - Predictions based on Rosetta interface energy calculations suggest that 532 

Omicron-RBD binds CVD293 and CVD432 with high affinity. Residue pair interactions of RBD 533 

residues with CVD293/CVD432 residue F31 (yellow), with residue I34/S34 (blue) and with residue 534 

Q35 (red) are shown. Right panel - Zoomed in view of the interface of the models Omicron-535 

RBD/CVD293 and Omicron-RBD/CVD432. Wheat-colored residues indicate RBD interactions 536 

ACE2 K/F31. Blue residues indicate RBD interactions with ACE2 H/I/S34. Magenta residues 537 

indicate RBD interactions with more than one engineered ACE2 residue c. Biolayer interferometry 538 

measurements for CVD293 or CVD432 interactions with Omicron- or Delta-RBD. d. CVD293 and 539 

CVD432 potently neutralize vesicular stomatitis virus (VSV) pseudotyped with SARS-CoV2 540 

Omicron- and Delta-Spike. Error bars represent standard deviation over all technical replicates 541 

from two biological replicates. 542 
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Materials and Methods 545 

  546 

Cloning, Expression and Purification of Protein Constructs 547 

WT-fl-Spike plasmid was a generous gift from the Pak lab (Chan Zuckerberg Initiative Biohub) 548 

and Krammer lab (Icahn School of Medicine at Mount Sinai). WT-fl-Spike construct has an N-549 

terminal spike protein signal peptide, a trimerization domain and C-terminal 6XHis-tag. WT, Delta-550 

, Omicron-SARS-CoV-2 spike RBD and ACE2 variants (CVD293) were cloned into a pFUSE-551 

based vector with Zeocin antibiotic resistance marker for mammalian expression using the Gibson 552 

method. The SARS-CoV-2 spike RBD construct has an IL2 secretion signal followed by the gene 553 

of interest, a Gly-Ser linker, a TEV protease cut site, a  Gly-Ser linker, an 8X His-tag and an 554 

Avitag. CVD293 was cloned into a similar construct with N-terminal IL2 secretion signal followed 555 

by ACE2 with the relevant mutations (K31F, H34I, E35Q), a Gly-Ser linker, a TEV protease cut 556 

site, a Gly-Ser linker, a human IgG1 hinge and Fc, and AviTag. Construct CVD432 was purchased 557 

from Twist Bioscience (www.twistbioscience.com). The construct has an Ampicillin resistance 558 

marker, an N-terminal ACE2 secretion signal followed by ACE2 with the relevant CVD313 559 

mutations (K31F, N33D, H34S, E35Q), a short Gly-Ser linker, a human IgG1 hinge and Fc. Also, 560 

the H345L mutation in CVD313 was reverted to wildtype residue, histidine. 561 

  562 

WT-fl-Spike protein was purified based on the previously described protocol (Weinberg et al., 563 

2021) 30ml of ExpiCHO-S cells at 6M cells/mL were transfected with 1ug/mL of the spike WT 564 

using the ExpiCHOTM Expression System Kit (Gibco, catalog # A29133) following the 565 

manufacturer’s Standard protocol.  Briefly, the transfected cells were shaken at 37°C and 8% CO2 566 

and 18 hours post-transfection, the cultures were supplemented with ExpiCHOTM Feed and 567 

ExpiFectamineTM CHO Enhancer and continued to be shaken at 37°C and 8% CO2 for up to 10 568 

days. The supernatant with secreted spike protein was collected by centrifugation of the culture 569 

at 4000xG for 15 mins. The media was filtered using a 0.42µM filter and was transferred to a 50 570 
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mL centrifuge tube. The sample was then mixed with 2 mL washed Ni-Excel resin (Millipore 571 

Sigma, catalog # GE17371201) pre-equilibrated with 10 mM Tris/HCl, pH 8.0, 200 mM NaCl and 572 

placed on a rocker for 1 hour at room temperature. After binding, the sample was washed with 25 573 

bed volumes of Wash buffer (10 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10 mM imidazole), and 574 

eluted with 7 bed volumes of elution buffer (10 mM Tris pH 8.0, 200 mM NaCl, 500 mM imidazole) 575 

into separate 2 mL centrifuge tubes. The eluent was concentrated, filtered, and a final SEC 576 

polishing step was performed on Superose® 6 10/300 Increase (Millipore Sigma, catalog # GE17-577 

5172-01) pre-equilibrated in 10 mM HEPES pH 8.0, 200 mM NaCl at 4ºC.  578 

  579 

WT, Delta-, Omicron-SARS-CoV-2 spike RBD and ACE2 variants (CVD293 and CVD432) were 580 

expressed in high density Expi293FTM cells in Expi293TM expression media following 581 

manufacturer’s protocol (Expi293 Expression System, ThermoFisher Scientific). Briefly, 3x106 582 

cell/ml at >95% viability in 25ml media were transfected with ~30ug of DNA using 583 

ExpiFectamineTM transfection reagent and Opti-MEMTM I medium. The transfected cells were 584 

incubated at 37 °C, 8% CO2 on an orbital shaker, supplemented with ExpiFectamineTM 293 585 

Transfection Enhancer 1 and ExpiFectamineTM 293 Transfection Enhancer 2 about 18-22 hours 586 

post-transfection and continued to be incubated at 37 °C, 8% CO2 on an orbital shaker for 587 

additional 4-5 days. Cells were harvested 4-5 days post-transfection, centrifuged at 3000 x g for 588 

15 minutes, supernatant collected and filtered through 0.22µM syringe filter.  Proteins were 589 

neutralized with 10X phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M KCl 590 

and 0.137 M NaCl, Millipore Sigma P4417-100TAB), pH 7.4 to a final concentration of 2.5x PBS 591 

(342.5 mM NaCl, 6.75 mM KCl and 29.75 mM phosphates). SARS-CoV-2 RBDs were purified 592 

using cobalt-based immobilized metal affinity chromatography followed by buffer exchange into 593 

1X PBS using a Superdex 200 Increase 10/300 GL column (Cytiva). Fc-fused ACE2 proteins 594 

were purified on HiTrap Protein A column (GE Healthcare) and eluted with 50 mM Tris pH 7.2, 4 595 

M MgCl2 and buffer exchanged into 1X PBS. The protein concentrations were estimated based 596 
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on the protein absorbance at 280 nm with a spectrophotometer (Nanodrop One, Thermo).  597 

All the proteins were >95% pure as determined by SDS-Page gel electrophoresis. The proteins 598 

were aliquoted, flash frozen, and stored in -80°C. 599 

  600 

Cryo-electron Microscopy Sample Preparation and Data Collection - Purified WT-fl-Spike at 601 

2 μM was mixed with either CVD293 (at 2.5 μM) or CVD432  (at 3 μM) just prior to plunge freezing. 602 

300 mesh 1.2/1.3R UltrAufoil grids were glow discharged at 15 mA for 30 seconds. Vitrification 603 

was done using FEI Vitrobot Mark IV (ThermoFisher) set up at 4°C and 100% humidity. 4 μl 604 

complex sample was applied to the grids and the blotting was performed with a blot force of 0 for 605 

4 s prior to plunge freezing into liquid ethane. For WT-fl-Spike/CVD293 complex, two datasets 606 

comprising of 2,058 and 3,636 120-frame super-resolution movies each were collected while for 607 

WT-fl-Spike/CVD432 complex, three datasets comprising of 4,915, 3,196, and 2,574 120-frame 608 

super-resolution movies each were collected. For both complexes movies were acquired in super-609 

resolution mode on a Titan Krios (ThermoFisher) equipped with a K3 camera and a Bioquantum 610 

energy filter (Gatan) set to a slit width of 20 eV. Collection was performed with a 3x3 image shift 611 

at a calibrated magnification of 105, 000 x corresponding to a super resolution pixel size of 0.4265 612 

Å/pix. Collection dose rate was 8 e-/physical pixel/second for a total dose of 68 e-/Å2. Defocus 613 

range was -0.8 to -1.8 μm. Movies were subsequently corrected for drift using MotionCor2 (Zheng 614 

et al., 2017) and were Fourier-cropped by a factor of 2 to a final pixel size of 0.834 Å/pixel. Each 615 

collection was performed with semi-automated scripts in SerialEM (Mastronarde, 2003, 2005).  616 

  617 

Data Processing -  618 

  619 

WT-fl-Spike/CVD293 complex 1-RBD-up state (Figure S2): Initial processing was done in 620 

cryoSPARC (v2.15.0) (Punjani et al., 2017, 2020). The two datasets with 3636 and 2058 dose-621 

weighted motion corrected micrographs (Zheng et al., 2017) were imported and Patch CTF(M) 622 
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was performed. Micrographs were curated based on CTF-fit resolution (<4 Å), ice-thickness, and 623 

presence of carbon. After manual curation, 3144 and 1575 micrographs were selected for further 624 

processing. Blob-picker was used to pick 1,673,305 and 831,773 particles and extraction was 625 

done with a box size of 580 px downsized to 480 px for each dataset. 2D-classification was done 626 

into 150 classes and good classes were selected with a total of 401,671 particles combined from 627 

both datasets. Multiple rounds of heterogeneous, homogenous, and non-uniform refinements in 628 

cryoSPARC and focused classification in cisTEM (Grant et al., 2018) resulted in a 3.77 Å 3D-629 

reconstruction of WT-fl-Spike/CVD293 with 61,033 particles. Particle subtraction/local refinement 630 

was performed on this final stack of particles focusing on the CVD293/RBD to obtain a 3.50 Å 3D 631 

reconstruction of WT-Spike-RBD (residues 331-541)/CVD293 (residues 18-614).  632 

  633 

WT-fl-Spike/CVD432 complex 1-RBD-up state (Figure S3): Initial processing was done in 634 

cryoSPARC (v2.15.0). The three datasets with 4915, 3916 and 2574 dose-weighted motion 635 

corrected micrographs were imported and Patch CTF(M) was performed. Micrographs were 636 

curated based on CTF-fit resolution (<4 Å), ice-thickness, and presence of carbon. After manual 637 

curation, 3864, 2238 and 2148 micrographs were selected for further processing. Blob-picker was 638 

used to pick 1,259,441 particles from Dataset 1 while template-based particle picker (260 Å 639 

diameter) was used to pick 782,620 and 752,648 particles for Dataset 2 and Dataset 3, 640 

respectively. Extraction was done with a box size of 512 px for Dataset 1 which was re-extracted 641 

with box size of 600 px after a round of ab-initio refinement and finally downsampled to 400 px. 642 

For Datasets 2 and 3, extraction was done at box size 600 px and then downsampled to 400 px. 643 

2D-classification was done with 150 classes for each dataset and good classes of WT-fl-644 

Spike/CVD432 in 1-RBD-up state were selected with a total of  601,624 particles combined from 645 

the three datasets. Multiple rounds of heterogeneous, non-uniform refinements and homogenous 646 

refinements in cryoSPARC and focused classification in cisTEM resulted in a 3.5 Å 3D-647 

reconstruction of WT-fl-Spike/CVD432 1-RBD-up state with 97,082 particles. Particle 648 
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subtraction/local refinement was performed on this final stack of particles focusing on the 649 

CVD432/RBD to obtain a 3.36 Å 3D reconstruction of WT-Spike-RBD (residues 331-650 

541)/CVD432 (residues 18-614).  651 

  652 

WT-fl-Spike/CVD432 complex 2-RBD-up state (Figure S4): We processed the WT-fl-653 

Spike/CVD432 complex 2-RBD-up state independent of the 1-RBD-up state. Initial processing 654 

was done in cryoSPARC (v2.15.0). The three datasets with 4915, 3916 and 2574 dose-weighted 655 

motion corrected micrographs were imported and Patch CTF(M) was performed. Micrographs 656 

were curated based on CTF-fit resolution (<4 Å), ice-thickness, and presence of carbon. After 657 

manual curation, 3833, 2253 and 2175 micrographs were selected for further processing. We first 658 

used blob-picker on Dataset 1 to pick 1,597,143 and after 2D classification, 19 good classes were 659 

selected. The 19 classes from Data set 1 were used for template-based particle picker (220 Å 660 

diameter) to pick 1,499,401 and 1,019,564 and 1,328,287 particles for Dataset 1, Dataset 2 and 661 

Dataset 3, respectively. Extraction was done at box size 600 px for all datasets. 2D-classification 662 

was done into 150 classes for each dataset and good looking classes with WT-fl-Spike/CVD432 663 

in 2-RBD-up state were selected with a total of 113,836 particles combined from the three 664 

datasets. Multiple rounds of heterogeneous, non-uniform refinements and homogenous 665 

refinements in cryoSPARC and focused classification in cisTEM resulted in a 2.97 Å 3D-666 

reconstruction of WT-fl-Spike/CVD432 2-up state with 97,374 particles. Each WT-Spike-667 

RBD/CVD432 interface in the 2-RBD-up state was at an overall low resolution and particle 668 

subtraction/local refinement was not performed.   669 

  670 

  671 

Model Building and Refinement -  672 

  673 

Low resolution rigid body fitting  674 
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  675 

1-RBD-up state WT-fl-Spike/WT-ACE2 model with PDB ID - 7DX5, was used as the initial model 676 

for rigid body fitting into cryo-EM  density map of 1-RBD-up state of WT-fl-Spike/CVD293 or 1-677 

RBD-up state of WT-fl-Spike/CVD432 in CHIMERA (Pettersen et al., 2004). For 2-RBD-up state 678 

of WT-fl-Spike/CVD432, we generated a model by rigid body fitting PDB ID - 7DX5 into the density 679 

map and simultaneously rigid body fitting WT-Spike-RBD/ACE2 (18-614) complex with PDB ID - 680 

6M0J into the second RBD-up region of the map in CHIMERA. The final model was fit using 681 

FastRelax in torsion space in Rosetta into the WT-fl-Spike/WT-ACE2 2-RBD-up state cryo-EM 682 

map. Rosetta into the Overall, the fits agree with previously reported 1-RBD-up states for WT-fl-683 

Spike/ACE2 (18-614) complexes. 684 

  685 

High resolution “final consensus” model building 686 

  687 

High resolution map of WT-Spike-RBD/CVD293 (18-614) with mutations K31F, H34I, E35Q or 688 

WT-Spike-RBD/CVD432 (18-614) with mutations K31F, N33D, H34S, E35Q were generated from 689 

WT-fl-Spike/CVD293 map or WT-fl-Spike/CVD432 map, respectively, in cryoSPARC (v2.15.0) by 690 

Particle subtraction/Local refinement. PDB ID: 6M0J was used for initial rigid body fit into the WT-691 

Spike-RBD/CVD293 (18-614) map. This model was then refined against the respective maps in 692 

Phenix Real Space Refine (Liebschner et al., 2019) with the corrected sequence input for CVD293 693 

or CVD432. This was followed by a FastRelax in torsion space with Rosetta (2020.08 release) 694 

(Wang et al., 2016). Model for each complex was manually examined and corrected using COOT 695 

0.9 (Emsley et al., 2010) and ISOLDE 1.0 (Croll, 2018). The B-factors were assigned using a 696 

Rosetta B-factor fitting mover. Local resolution was determined by running the ResMap program 697 

(Kucukelbir et al., 2014). Directional FSC curves were determined by submitting the associated 698 

files to the 3DFSC server (Tan et al., 2017). Q-scores were calculated using the Q-score plugin 699 

for USCF Chimera (Pintilie et al., 2020).   700 
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  701 

Multi-model Pipeline  702 

  703 

The Cryo-EM consensus model of WT-Spike-RBD/CVD293 (18-614) or WT-Spike-RBD/CVD432 704 

(18-614) was used as the starting model for the pipeline. We applied the Rosetta Iterative Rebuild 705 

protocol on 10-amino acid overlapping stretches of the interface helix for each consensus model. 706 

The parameters used were defined in an XML file (Parameters.xml) found in SI Appendix: 707 

Supplemental computational methods: Commands and input files section. For each 10-amino 708 

acid stretch of the interface helix we generated 2000 independent models totaling 8000 models 709 

for the entire interface helix from ACE2 residue 21 to residue 52. Total of 200 models were then 710 

selected based on the total Rosetta energy score followed by the top 20 that best fit to the map 711 

destiny. A total of 80 top selected models for each complex were then used for further analyses. 712 

We calculated the local average per residue average side-chain RMSD in CHIMERA and average 713 

interface energy (in REU) for the residues of the interface helix.  714 

  715 

Energy calculations 716 

  717 

Total and individual pairwise interface energies were calculated for all design models and cryo-718 

EM atomic models using the Rosetta interface energy application. Per-residue energies were 719 

calculated using the Rosetta per-residue energy application, and total energies were calculated 720 

using the Rosetta scoring application in Rosetta 721 

(2021.48.post.dev+8.master.77491fa20be77491fa20be83588cfc37ab422ba5b95eca128ebgit@722 

github.com:RosettaCommons/main.git 2021-12-02T08:56:13) (Alford et al., 2017; Leman et al., 723 

2020) . For the cryo-EM atomic models of CVD293 and CVD432, all scores were averaged and 724 

standard deviations were calculated. The command lines and code are available in the SI 725 

Appendix: Supplemental computational methods: Commands and input files section. 726 
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  727 

Design models of the ACE2 domain of CVD432 728 

  729 

Design models of the ACE2 domain of CVD432 were generated using the RosettaScripts 730 

framework (Glasgow et al., 2020). Beginning with the atomic models of CVD293 solved by cryo-731 

EM using the multi-model pipeline, we mutated N33 and I34 to aspartic acid and serine, 732 

respectively, in each of the 80 WT-Spike-RBD/CVD293 cryo-EM based models and minimized 733 

the complexes. Total energies and interface energies were calculated as described in “Energy 734 

calculations.” The average interface energies and standard deviation is shown as CVD293 cryo-735 

EM based models in Figure 3e. The code is available in the SI Appendix: Supplemental 736 

computational methods: Commands and input files section. 737 

  738 

Determination of binding affinity using biolayer interferometry (BLI) 739 

  740 

Affinity measurements were carried out at room temperature using an Octet RED384 system. In 741 

our BLI experiments, ACE2 Fc-fusions are tethered to either Streptavidin biosensors (WT-ACE2, 742 

CVD293) (Sartorius®, Item no.: 18-5019) or ProtA biosensors (Sartorius®, Item no.: 18-5010) 743 

and WT, Delta-, Omicron-SARS-CoV-2 spike RBD are present as the analyte in solution in a 384-744 

well microplate. The biosensors were washed in phosphate buffered saline (1X PBS) with 0.05% 745 

Tween-20 at pH 7.4 and 0.2% bovine serum albumin (BSA) (1X PBSTB) for 200 seconds. 746 

Antigens WT-ACE2, CVD293 were diluted to 10 nM in 1X PBSTB containing 10 µM biotin (1X 747 

PBSTBB) as blocking agent while antigen CVD432 was diluted 10nM in 1X PBSTB. The antigens 748 

were then loaded to the respective biosensors for 300 seconds. Following loading, a baseline was 749 

established by washing the WT-ACE2 or CVD293 bound Streptavidin biosensors in 1X PBSTBB 750 

and CVD432 bound ProtA biosensors in 1X PBSTB for 200 seconds. WT, Delta-, Omicron-SARS-751 

CoV-2 spike RBD were then allowed to associate with the antigen at concentrations ranging from 752 
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0 to 25 nM of Spike for about 600 seconds and then returned to the respective washing well to 753 

follow dissociation for about 900 seconds. Raw data were fit in Octet Data Analysis HT software 754 

version 10.0 using curve-fitting kinetic analysis with global fitting and assuming 1:1 non-755 

cooperative binding kinetics. All fits to BLI data had R2 (goodness of fit) > 0.90. 756 

  757 

Pseudovirus Production 758 

SARS-CoV-2 pseudoviruses bearing spike proteins of variants of interest were generated as 759 

previously described (Hoffmann et al., 2020; Laurie et al., 2021, 2022) using a recombinant 760 

vesicular stomatitis virus (VSV) expressing green fluorescent protein (GFP) in place of the VSV 761 

glycoprotein (rVSV ∆ G-GFP). B.1 (WT, 1 spike mutation (D614G)), B.1.617.2/delta (9-10 spike 762 

mutations), and B.1.1.529/ omicron (37 spike mutations) were cloned in a cytomegalovirus 763 

enhancer-driven expression vector and used to produce SARS-CoV-2 spike pseudoviruses. The 764 

mutations for each variant are listed as follows - B.1/WT (D614G), B.1.617.2/Delta (T19R, T95I, 765 

G142D, ∆157-158, L452R, T478K, P681R, D614G, D950N), B.1.1.529/Omicron (A67V, ∆H69, 766 

∆V70, T95I, ∆G142, ∆V143, ∆Y144, Y145D, ∆N211, L212I, G339D, S371L, S373P, S375F, 767 

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, 768 

D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F). Pseudoviruses 769 

were titered on Huh7.5.1 cells overexpressing ACE2 and TMPRSS2 (gift of Andreas Puschnik) 770 

using GFP expression to measure the concentration of focus forming units (ffu). 771 

Pseudovirus Neutralization Assay 772 

  773 

Pseudovirus Neutralization Assay was performed as described previously (Laurie et al., 2021, 774 

2022) Huh7.5.1-ACE2-TMPRSS2 cells were seeded in 96-well plates at a density of 7000-8000 775 

cells/well 1 day prior to pseudovirus infection. ACE2 receptor traps were serially diluted into 776 

complete culture media (Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum, 777 
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10mM HEPES, 1X Pen-Strep-Glutamine). Each pseudovirus was diluted to 125 ffu/µL and 30 µL 778 

of each pseudovirus was mixed with ~30 µL of ACE2 receptor traps or media only. Media only 779 

with no pseudovirus served as an additional control. These were incubated at 37°C for 1 hour 780 

before adding 50 µL of virus:binder incubated mix directly to previously plated cells. Cells 781 

inoculated with ACE2 receptor traps/pseudovirus mixtures were incubated at 37°C and 5% CO2 782 

for 24 hours. The cells were then lifted and resuspended using 20 µL of 10X TrypLE Select (Gibco) 783 

and GFP signal of infected cells recorded using Beckman CytoFlex Cytometer B4R3V4.  784 

Data were analyzed with FlowJoTM to determine percent GFP-positive pseudovirus transduced 785 

cells. GFP-signals from wells with no ACE2 receptor traps (media only with pseudovirus) were 786 

used to normalize the data and determine percent neutralization. A 7-8 point dose-response curve 787 

was generated in GraphPad Prism and IC50s reported in µg/mL. The reported IC50s are based 788 

on two technical and biological replicates for each pseudovirus/ACE2 receptor trap pair.  789 

  790 
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