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SUMMARY
The SARS-CoV-2 Omicron variant, with 15mutations in Spike receptor-binding domain (Spike-RBD), renders
virtually all clinical monoclonal antibodies against WT SARS-CoV-2 ineffective. We recently engineered
the SARS-CoV-2 host entry receptor, ACE2, to tightly bind WT-RBD and prevent viral entry into host cells
(‘‘receptor traps’’). Here we determine cryo-EM structures of our receptor traps in complex with stabilized
Spike ectodomain. We develop a multi-model pipeline combining Rosetta protein modeling software and
cryo-EM to allow interface energy calculations even at limited resolution and identify interface side chains
that allow for high-affinity interactions between our ACE2 receptor traps and Spike-RBD. Our structural anal-
ysis provides a mechanistic rationale for the high-affinity (0.53–4.2 nM) binding of our ACE2 receptor traps to
Omicron-RBD confirmed with biolayer interferometry measurements. Finally, we show that ACE2 receptor
traps potently neutralize Omicron and Delta pseudotyped viruses, providing alternative therapeutic routes
to combat this evolving virus.
INTRODUCTION

The rapidly evolving SARS-CoV-2 virus has accumulated several

mutations throughout the pandemic. The Omicron variant, BA.1

(previously B.1.1.529), was first reported in November 2021 in

South Africa to have 37 mutations in its Spike glycoprotein and

wasquickly designatedasa variant of concern (VOC)by theWorld

Health Organization.1,2 The Omicron variant has now evolved to

have several sub-variant members (BA.1, BA.1.1, BA.2, BA.3,

BA.4, and BA.5) that have mutations in the receptor-binding

domain (RBD) and N-terminal domain (NTD). The Omicron-

Spike (S) glycoprotein of the variant BA.1 harbors 15 mutations

in the RBD and 11 mutations in the NTD, respectively, leading to

lower plasma neutralization in patients previously infected with
other SARS-CoV-2 variants or in fully vaccinated individuals.3–10

Due to the antigenic shift in the Omicron variant, currently only

two out of eight clinical monoclonal antibody treatments, S309

(sotrovimab parent) and the COV2-2196/COV2-2130 cocktail (cil-

gavimab/tixagevimabparents), retainappreciableneutralizingca-

pacity albeit reduced by 2- to 3- and 12- to 200-fold, respectively,

compared with neutralization of Wuhan-hu-1 strain.3–8 An earlier

VOC, the Delta variant, B.1.617.2, also acquired 10 mutations in

the S glycoprotein, outcompeted other circulating virus isolates,

and enhanced transmission and pathogenicity while diminishing

antibody-based neutralization activity.11,12 Interestingly, both

the Delta- and Omicron-RBD continue to bind the SARS-CoV-2

entry receptor, human angiotensin-converting enzyme 2 (ACE2),

with almost 2-fold higher affinity than the wild-type (WT)-RBD.3,4
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Previously, we developed engineered ACE2 ‘‘receptor traps’’ as

viable candidates for SARS-CoV-2 virus neutralization.13 The re-

ceptor traps were computationally designed and further affinity-

optimized by yeast display. The optimized ACE2 extracellular do-

mainswere fused toahuman immunoglobulin (Ig)G1Fcdomain to

afford additional binding avidity and neonatal Fc receptor (FcRN)

binding for long circulating half-life. One advantage of using an

ACE2 receptor trap as a therapeutic to treat SARS-CoV-2 infec-

tions is that resistance evolved to ACE2 traps would also likely

render the virus unable to infect host cells via the ACE2 entry re-

ceptors. Thus, ACE2 traps could provide alternative therapeutic

strategies for the rapidly evolving SARS-CoV-2 virus.

Our computationally designed (CVD293) and affinity matured

(CVD313) ACE2 Fc-fusions have �20- to 25-fold improved virus

neutralization ability against WT-SARS-CoV-2 pseudotyped lenti-

virus (Wuhan-hu-1 strain) compared with the WT-ACE2 Fc-

fusion.13 However, the structures of neither CVD293 nor CVD313

bound to WT S protein have been captured, leaving it an open

question as to why the affinity matured ACE2 receptor traps bind

WTSprotein tighter.Here,weshortened the lengthof the linkerbe-

tween theACE2extracellular domain (residues18–740)ofCVD313

and the Fc domain to 13 amino acids to generate the construct

CVD432 and reverted the H345L mutation in CVD313 to WT resi-

due, histidine. CVD432 also has the ACE2 native secretion signal

that improved its mammalian expression profile (total yield post

purification of CVD432 is �2.5 times more than CVD313). We

determined the cryoelectron microscopy (cryo-EM) structures of

the stabilized ectodomain of S protein (residues 1–1,208, RRAR

to GSAS mutation at residues 682–685 and KV to PP mutations

at residues 986–987) with either CVD293 or CVD432, which re-

vealed molecular details of the interactions between the ACE2 re-

ceptor traps and S protein. Building on previous approaches to

provide ensemble models from cryo-EM maps,14 we developed

amulti-modelworkflow to improveour confidence in themolecular

interactions and the interaction energies of the ACE2/RBD. This

analysis allowed us to detect subtle interface differences between

the two receptor traps that were critical for the improved ACE2/

RBD interface. Furthermore, we used the cryo-EM structures

together with Rosetta interface energy calculations to model the

interactions between our ACE2 receptor traps and Spike-RBD of

Omicron-VOC of SARS-CoV-2, rapidly identifying the direct con-

tact residues and predicting an even tighter interaction than to

theWuhan-hu-1S protein.We validated these structuralmodeling

results by performing biolayer interferometry measurements.

Finally, we showed that our ACE2 receptor traps potently

neutralize Delta- andOmicron-SARS-CoV-2 pseudotyped viruses

and thus can serve as alternate therapeutic candidates against

SARS-CoV-2 infections.

RESULTS

Cryo-EM reconstructions of S protein trimer in complex
with engineered ACE2 receptor traps
To understand the molecular details of the interactions between

the S protein and the engineered ACE2 receptor traps CVD293

and CVD432, we determined the cryo-EM structures of these

complexes (Figure 1). We confirmed that both CVD293 and

CVD432 potently neutralize WT-SARS-CoV-2 (Wuhan-hu-1 B.1

strain with D614G mutation only) pseudotyped virus (Figure S1D
254 Structure 31, 253–264, March 2, 2023
and Table S4). As noted previously for the S protein/WT-ACE2

complex,15,16 we observed conformational heterogeneity for

the complexes between S protein and the engineered ACE2 re-

ceptor traps, with the number of RBDs in the ‘‘up’’ or ‘‘down’’

conformation per S protein varying in the ACE2-bound state.

The complex between S protein and CVD293 showed a 1-RBD-

up S protein with full ACE2 occupancy (�20%), an appreciable

percentage of 1-RBD-up S protein with partial ACE2 occupancy

(�54%), a 2-RBD-up state with 1-ACE2 occupancy (�15%), and

a 1-RBD-up statewith noACE2occupancy (Figure 1A) per trimer.

On the other hand, S protein and CVD432 showed a 1-RBD-up S

protein with full ACE2 occupancy (�12%), a 2-RBD-up state with

2-ACE2 occupancy (�9%), all-RBD-down state, and other par-

tial-to no-ACE2 occupancy 1-RBD- and 2-RBD-up states (Fig-

ure 1B). Overall similar conformational heterogeneity observed

with either of our engineered ACE2 receptor traps suggests that

ACE2 receptor traps do not fundamentally remodel the land-

scape of RBD-up vs RBD-down states. Although the fact that

we observe slightly more of the ‘‘two-RBD-up’’ state with the

CVD432 is consistent with its tighter binding affinity (as RBD

cannot bind to ACE2 in its down conformation) we cannot rule

out effects of differences in the CVD linker lengths or cryo-EM

grid preparation on this equilibrium.

While ACE2 residues 18–614 were well resolved and could be

fitted into our cryo-EM maps of the complexes between S pro-

tein/ACE2 receptor traps, we could not model the highly flexible

collectrin domain of the ACE2 traps (residues 615–740) as well

as the Fc-domains. Nevertheless, the WT-RBD/ACE2 receptor

trap sub-region could be resolved at low to medium resolution.

Local refinement of CVD293 or CVD432 (residues 18–614) with

WT-RBD (residues 330–541, Wuhan-hu-1 strain) generated

maps of resolution �3.8–4.8 Å and 3.4–3.8 Å, respectively, for

the interface residues (Figures 2A and S2–S5). As described

above, the high level of heterogeneity between the 1-RBD-up

and 2-RBD-up states for S protein with either CVD293 or

CVD432 made obtaining high-resolution maps of the interface

residues challenging. Continuous protein motions within the

1-RBD-up or 2-RBD-up states can be visualized by 3D variability

analyses (3DVA)17 (Figures S1A–S1C). Both S protein/CVD293

and S protein/CVD432 complexes showed considerable rotation

relative to the vertical axis (�5-7�) in the 1-RBD-up/ACE2 bound

sub-region of the cryo-EM map (Figures S1A and S1B). In

contrast, the2-RBD-upstate of Sprotein/CVD432showed lateral

shift of theACE2boundRBDsub-regionof thecryo-EMmap rela-

tive to the vertical axis of rotation (FigureS1C). This highdegreeof

variability in the ACE2 bound/RBD sub-region of the cryo-EM

map further impeded high-resolution structure determination of

the interface residues. Consequently, the precise rotamer posi-

tions, especially of key interface residues forCVD293 (engineered

mutations - K31F, H34I, E35Q) or CVD432 (engineeredmutations

- K31F, N33D, H34S, E35Q) could not be obtainedwith high con-

fidence directly from the cryo-EM maps. (Figures 2B and 2C;

cryo-EM consensus models are shown fit to the cryo-EMmaps).

Improving confidence of the interface interactions in
limited resolution cryo-EM maps through Rosetta
enabled multi-model workflow
Inspired by a previous ensemble model refinement approach to

improve confidence in maps with resolution variation,14 we



Figure 1. Cryo-EM reconstruction of the S protein with computationally designed, CVD293 or linker variant of the affinity-matured variant,

CVD432

(A and B) Cryo-EM reconstructions of the S protein with CVD293 or CVD432 showing the heterogeneity in distribution of all RBD-down, 1-RBD- or 2-RBD-up

states and variable ACE2 occupancy. Also shown is schematic of the primary structure of CVD293 or CVD432 and the engineered mutations, colored by

domain. S protein is shown in blue and ACE2 is shown in green fitted into 1-RBD- or 2-RBD-up states. Partial glycosylation could be resolved in our structures and

glycans are shown as yellow spheres.

See also Figures S1–S5 and Table S3.
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developed a multi-model workflow that allowed for calculation

of an ‘‘average predicted interface energy’’ metric across an

ensemble of models consistent with the cryo-EM map in

addition to the previously reported ‘‘average RMSD’’ metric.

Together, these metrics provided a statistics-based view of

the ACE2/RBD interface (Figure 3A). Briefly, 10-residue over-

lapping stretches of the ACE2 interface helix (residues 21–52)

of each cryo-EM consensus model (WT-RBD [330–541]/

CVD293 [18–614] or WT-RBD [330–541]/CVD432 [18–614])

were subjected to a CartesianSampler mover within Rosetta

that samples similar sequence and secondary structure frag-

ments from within PDB and locally minimizes them into the

cryo-EM map, generating 2,000 models for each 10-residue

stretch. Each model was then all-atom minimized within the

cryo-EM map using FastRelax mover with a scoring term for

the model agreement with the cryo-EM map, as previously
described.18 The Rosetta parameters and scoring functions

used were based on the estimated map resolution.19 This

refinement protocol was iteratively run to generate a total

of �8,000 overlapping atomic models of the interface helix.

We next ranked the atomic models based on total Rosetta

scores ensuring good geometries (pick top 200) and fits to

the cryo-EM map (pick top 20 out of the above 200) for

each 10-residue stretch to select a total of 80 models for

the entire interface helix. The average per-residue side-chain

RMSDs and predicted average interface energy for all the res-

idues of the interface helix for the top-selected cryo-EM

based models were then calculated (Figure 3B). We compared

average per-residue side-chain RMSDs as we expected very

small changes in the average backbone RMSDs, which can

cause side-chain discrepancies being down-weighted in

average full-residue RMSDs. We superimposed the interface
Structure 31, 253–264, March 2, 2023 255



Figure 2. Cryo-EM reconstruction ofWT-Spike-RBDwith engineered ACE2 Fc-fusions reveal contributions fromhydrophobic interactions at

RBD-ACE2 interface

(A) WT-Spike-RBD/CVD293 and WT-Spike-RBD/CVD432 models colored by estimated per-residue Q-score ranging from 0 (red) to 0.7 (purple). The color bar

shows corresponding estimated resolution in Å for each Q-score. Expected Q-score for 3.5 Å map is 0.49 and expected Q-score for 3.36 Å map is 0.52.

(B and C) Cryo-EM reconstructions of WT-Spike-RBDwith either CVD293 or CVD432 show favorable p–p stacking interactions betweenWT-Spike-RBD residue

Y489 and engineered ACE2 residue F31. In addition, there are also hydrophobic interactions between WT-Spike-RBD residue L455 and CVD293 residue I34.

Hydrogen bond interactions between WT-Spike-RBD residue Q493 and CVD293 or CVD432 residue Q35 are not apparent in the cryo-EM consensus model.

(D) The Rosetta lowest energy model for CVD293 is overlaid with the cryo-EM model. Both models show hydrophobic and hydrogen bond interactions between

CVD293 and WT-Spike-RBD residues that contribute to improved interface energy (REU) compared with the ACE2-WT-Spike-RBD interaction.

See also Figures S1–S5 and Table S3.
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helix residues (residues 21–52) of the top 80 selected cryo-

EM-based models for both CVD293 and CVD432 to analyze

the convergence of the side-chain conformations and the

intermolecular interaction with corresponding WT-RBD resi-

dues. We observed that while the interface residues of

CVD293 (F31, I34) or CVD432 (F31) with low average side-

chain RMSD make well-defined hydrophobic interactions

with corresponding residues in WT-RBD (L455, F456, Y489),

the high average side-chain RMSD residue (Q35 of both

CVD293 and CVD432) makes hydrogen bond interactions
256 Structure 31, 253–264, March 2, 2023
with neighboring WT-RBD residue (Q493) in over 90% of the

atomic models (Figures 3C and 3D). We further noted that

CVD432 high average side-chain RMSD residue, S34, can

make both inter- (with WT-RBD residue Y453) and intra-mo-

lecular hydrogen bonds (with backbone carbonyl atoms of

residues D30 or F31). We infer that the low average side-chain

RMSD engineered hydrophobic residues of the ACE2 receptor

traps likely provide the key functional interactions responsible

for the improved binding affinity of the engineered receptor

traps for WT-RBD.



Figure 3. Multi-model pipeline improves confidence of molecular interactions at the interface residues in cryo-EM derived models of WT-

Spike-RBD with engineered ACE2 Fc-fusions

(A) Multi-model pipeline with average Rosetta interface energy and average per-residue side-chain RMSD metrics for interface residue rotamer positions.

(B) Average per-residue side-chain RMSD for interface helix residues of CVD293 and CVD432.

(C and D) Superposition of critical interface residues of the top 80 selected cryo-EM based models for CVD293 and CVD432.

(E) Average Rosetta interface energy for CVD293 design model, CVD293 cryo-EM based models, CVD432 design model, and CVD432 cryo-EM based models.

Error bars show SD calculated from 80 cryo-EM models or 80 design models.

See also Figures S6 and S7.
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Analysis of the cryo-EM based models of CVD293 (18–
614) and CVD432 (18–614) in complex with the WT-RBD
(330–541)
The comparison between the original computationally designed

model of theCVD293/WT-RBD complex and the cryo-EM-based

models of the complex determined with our multi-model work-

flow revealed high overall structural agreement (Figure 2D).

The all average Ca-RMSD between the computationally de-

signedmodel and the experimentally solved cryo-EM consensus

model of CVD293 (residues 18–614) was 0.93 Å, and the average

Ca-RMSD for the interface helix (ACE2 residues 21–88, 322–329,

352–358, and Spike residues 444–446, 475–505) was 0.41 Å.

We next compared the calculated interface energy for the

CVD293/WT-RBD interface in the designed model and the

cryo-EM based models. We found that the predicted interface

energy is considerably lower for the CVD293 design model

(�58 REU) than the average of 80 CVD293 cryo-EM based

models (�45 REU) (Figure 3E). This discrepancy between the

predicted interface energy for the design model and the average

interface energy calculated from the 80 cryo-EM based models

is likely due to several differences in side-chain-mediated inter-

actions involving designed residues. For example, isoleucine

34, a designed residue in CVD293, is predicted to contribute

less to the interface energy in the cryo-EM based models

(average from 80 atomic models of CVD293: �2.5 REU) than in

the designed model (�3 REU), despite strong agreement in the

atomic coordinates for this residue across all cryo-EM based

models (Figure 2D). The predicted interaction energy of I34 is

worse in the cryo-EM models than the designed model because

its interaction partner across the interface, residue L455 of WT-

RBD, universally adopts a different rotamer than the one in the

original design model (Figure S7A).

Residue Q35, another designed residue in CVD293, showed

the largest observed average per-residue side-chain RMSD

among the designed positions on ACE2 in the cryo-EM-based

models (Figure 3B). Although the Q35 side-chain often occupies

a different rotamer in the cryo-EM-basedmodels than in our orig-

inal designed model of CVD293, it still makes a hydrogen bond

with the WT-RBD residue Q493 as intended (Figure 3C). The

WT-RBD residue Q493 showsminimal conformational heteroge-

neity across the 80 cryo-EM based models of the complex

CVD293/WT-RBD, and it makes intra-molecular hydrogen

bonds with the carbonyl group of the WT-RBD residue F490 to

maintain the same loop conformation as seen in the complex be-

tween WT-ACE2 and WT-RBD (Figure S7A). It is plausible that

the minimal average side-chain RMSD of residue Q493 and the

overall similar loop conformation around residues F490-Q493

in the complex CVD293/WT-RBD contribute to the observed

conserved hydrogen bond with residue Q35.

Another WT-ACE2 residue, K31, was mutated to a phenylala-

nine in CVD293. Consequently, the hydrogen bond between the

WT-ACE2 residue K31 and theWT-RBD residueQ493was lost in

the complex CVD293/WT-RBD. Instead of making this hydrogen

bond, the designed residue F31 in CVD293, with less than 1 Å

average observed average side-chain RMSD, makes good

packing interactions with other aromatics at the WT-RBD/engi-

neered ACE2 trap interface as expected (Figure 3C). Overall,

the all average Ca-RMSD between the computationally de-

signedmodel and the experimentally solved cryo-EM consensus
258 Structure 31, 253–264, March 2, 2023
model of CVD293 (residues 18–614) is close to 1 Å. However,

using the cryo-EM-based models of complex CVD293/WT-

RBD determined with our multi-model workflow, specific

residue-pair interactions that were critical to improving the WT-

ACE2/WT-RBD interface with our computational design strategy

are revealed.

We next wanted to understand why the affinity maturation of

CVD293 in our yeast surface display campaign resulted in the

I34S interface mutation in the construct CVD432, which has

improved binding affinity for WT-RBD. We first generated a

CVD432 ‘‘design’’ model by mutating the residue I34 in the

CVD293 cryo-EM consensus model to a serine in silico. We

also made an N33D mutation to CVD293 in silico even though

this position is outside the RBD binding interface, because this

mutation was also identified by yeast surface display in

CVD432. The calculated interface energy for the CVD432 de-

signed model/WT-RBD interface is higher (�47 REU) than the

average interface energy from 80 cryo-EM-based models of

the complex CVD432/WT-RBD (�53 REU) (Figure 3E). It can

be inferred that simple in silico mutations do not provide a full

explanation for the improved binding affinity between the engi-

neered ACE2 trap and the WT-RBD, highlighting the value of

the cryo-EM structure solution.

Comparing the cryo-EM-based models of the complexes

CVD293/WT-RBD andCVD432/WT-RBD, we find that the calcu-

lated interface energy from the average of 80 cryo-EM-based

models of the complex CVD432/WT-RBD is lower (�53 REU)

than the average of 80 cryo-EM-based models of the complex

CVD293/WT-RBD (�45 REU) (Figure 3E). The decrease in calcu-

lated interface energy for the cryo-EM-based models of the

complex CVD432/WT-RBD as compared with that of the com-

plex CVD293/WT-RBD is surprising for three reasons. First,

S34 can adopt several different conformations (Figure 3D). Sec-

ond, S34 makes weaker energetic contributions to the interface

energy in all of the cryo-EM-based models of the complex

CVD432/WT-RBD than I34 in the complex CVD293/WT-RBD,

regardless of the serine rotamer (Figure S6A). Third, S34 in

CVD432 also has a higher average per-residue energy than I34

in CVD293 (Figure S6B). It is possible that a serine was enriched

at position 34 in our directed evolution campaign using error-

prone PCR because of the isoleucine parental codon, from

which single base mutations could only lead to large hydropho-

bic amino acids, serine, threonine, or asparagine. Of these pos-

sibilities, serine is the smallest amino acid, and might have been

favored simply to allow the other ACE2 residues to maintain

favorable interactions with the RBD.

It appears that no individual residue is fully responsible for the

improved interface energy in CVD432 cryo-EM-based models;

rather, this improvement is the sum of several small improve-

ments among many residues at the interface (Figure S6A). The

enhanced affinity in CVD432 cryo-EM-based models may also

be an indirect effect of a lower average side-chain RMSD for

the interface residues and overall stabilization of the interface he-

lix by the CVD432 mutations. This CVD432-specific stabilization

could result from a main-chain-side-chain hydrogen bond be-

tween the S34 hydroxyl group and the F31 backbone carbonyl

group in ACE2 (Figure 3D) that is not appropriately scored by Ro-

setta, and from the lower average per-residue energies for resi-

dues in the ACE2 interface helix that do not interact with the



Figure 4. Binding to Omicron- and Delta-

RBD and neutralization of Omicron- and

Delta-SARS-CoV-2 VOCs by CVD293 and

CVD432

(A and B) Left panel: Predictions based on Rosetta

interface energy calculations suggest that

Omicron-RBD binds CVD293 and CVD432 with

high affinity. Residue-pair interactions of RBD

residues with CVD293/CVD432 residue F31 (yel-

low), with residue I34/S34 (blue) and with residue

Q35 (red) are shown. Right panel: Zoomed-in view

of the interface of the models Omicron-RBD/

CVD293 and Omicron-RBD/CVD432. Wheat-

colored residues indicate RBD interactions ACE2

K/F31. Blue residues indicate RBD interactions

with ACE2 H/I/S34. Magenta residues indicate

RBD interactions with more than one engineered

ACE2 residue.

(C) Biolayer interferometry measurements for

CVD293 or CVD432 interactions with Omicron- or

Delta-RBD.

(D) CVD293 and CVD432 potently neutralize ve-

sicular stomatitis virus (VSV) pseudotyped with

SARS-CoV2Omicron- and Delta-Spike. Error bars

represent SD over all technical replicates from two

biological replicates.

See also Figures S8 and S9, Tables S1, S2,

and S4.
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RBD, particularly at position 33 (an asparagine in CVD293, but

mutated to an aspartic acid in CVD432) (Figure S6C). Interest-

ingly, in all our models, N33D mutation breaks a hydrogen

bond with the Q96 side-chain within ACE2 yielding a subtle shift

of the neighboring residues toward the RBD (Figure S7B). This is

correlated with subtly lower interface energies for these residues

and lower total energy for D33 (Figures S6B and S6C). The N33D

mutation was also observed to improve the RBD binding interac-

tion in another ACE2 engineering study20 and a computational

analysis of ACE2 mutations.21 Altogether, the improved SARS-

CoV-2 neutralization by CVD432 compared with CVD293 is

driven by mutations at the interface that improve binding in addi-

tion to stability-enhancing mutations outside the interface. As

such, both protein stability and interface pre-organization

contribute to the overall stability of the receptor trap-RBD

complex.
ACE2 receptor traps bind Omicron-
RBD with increased affinity and
neutralize the SARS-CoV-2 VOC
Several of the37Omicron-Spikemutations

have been observed in other SARS-CoV-2

variants. For example, previous reports

suggest that theN501Ymutation increases

WT-ACE2 binding affinity while the K417N

mutation decreases the WT-ACE2 binding

affinity in some SARS-CoV-2 variants.22–27

Fourteenof the37mutationshavenotbeen

reported previously in other variants but

together were reported to improve the

binding affinity �2- to 3-fold between

Omicron-RBD and WT-ACE2.3,4,28 For

example, while the Y505H mutation leads
to loss in hydrogen bond interactions with WT-ACE2 residue E37,

there are several compensatory mutations in the Omicron-RBD.

These include Q493R and G496S, which result in new hydrogen

bonds with WT-ACE2 residues E35 and K353, respectively and

several others (Table S1, residue pairs colored green).

Our ACE2 receptor traps have >170-fold improved binding af-

finity for monomeric WT-RBD compared with the binding affinity

of WT-ACE2 for WT-RBD.13 To evaluate if our ACE2 receptor

traps would bind Omicron-RBD, we first generated models of

Omicron-RBD (330–530)/CVD293 (18–614) and Omicron-RBD

(330–530)/CVD432 (18–614) by superimposing and replacing

WT-RBD in our respective cryo-EM local refinement of the com-

plexeswithOmicron-RBD from the recently determined cryo-EM

structure of Omicron-Spike (330–530)/WT-ACE2 (19–613) (PDB

ID: 7T9L, EMD: 25761) (Figures 4A and 4B; panels on the right)

and minimizing the complexes. Next, we calculated the Rosetta
Structure 31, 253–264, March 2, 2023 259
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interface energies of thesemodels (Figures 4A and 4B; panels on

the left). Although we predict an energy penalty for engineered

interface interaction residue pairs going from R493/E35 in

Omicron-RBD/WT-ACE2 to R493/Q35 in Omicron-RBD/

CVD293 or Omicron-RBD/CVD432 (in red in Figures 4A and

4B; panels on the left), overall, we also predict improved binding

affinities between the Omicron-RBD and the engineered ACE2

receptor traps. Total interface energy for the interface residue

pairs contributing to the affinity between CVD293 or CVD432

to Omicron-RBD was calculated to be �10.77 REU and �8.5

REU, respectively. For reference, the total interface energy for

the interface residue pairs contributing to the affinity between

WT-ACE2 and Omicron-RBD was calculated to be �4.99 REU.

Potential contributions from interaction residue pairs L455/F31,

Y489/F31, and F31/R493 (in yellow in Figures 4A and 4B; panels

on the left) and other residue-pair interactions between residue

I34 of CVD293 or S34 of CVD432 and L455 of Omicron-RBD

may be improving the interface affinity (in blue in Figures 4A

and 4B; panels on the left).

To test whether improved predicted interface energies corre-

spond to increased apparent binding affinities, we assayed the

binding affinity of CVD293 and CVD432 for Omicron-RBD by

performing biolayer interferometry (BLI). The BLI-determined

dissociation constant (KD) between Omicron-RBD/CVD293

(KD = 4.2 nM) or Omicron-RBD/CVD432 (KD = 0.53 nM) was

measured to be 10- and 100-fold lower than that for Omicron-

RBD/WT-ACE2(18–740)-Fc-fusion, respectively (Figures 4C,

S9, and Table S2). The hydrophobic interactions specific to

Omicron-RBD/ACE2 receptor trap complexes, along with the

several compensatory mutations in Omicron-RBD/ACE2 inter-

face that are also maintained with the ACE2 receptor traps, likely

result in the BLI-measured improved affinity. Interestingly,

CVD293 and CVD432 showed similar (KD = 1.9 nM) or about

100-fold (KD = 0.071 nM) lower KD for Delta-RBD, respectively.

Finally, to determinewhether the improved in vitro binding affin-

ity also leads tohigherpotency in viral neutralization,we tested the

neutralization ofOmicron (BA.1) andDelta (B.1.617.2) SARS-CoV-

2 variants by our ACE2 receptor traps in pseudoviruses bearing

these variants of interest generated using recombinant vesicular

stomatitis virus (VSV) expressing green fluorescent protein (GFP)

in place of the VSV glycoprotein (rVSV DG-GFP). We compared

the neutralization ofDelta andOmicronpseudoviruses to a control

Spike-WT pseudovirus with a D614G mutation. The pseudovirus

neutralization assays demonstrated that both CVD293 and

CVD432 neutralize Delta (half maximal inhibitory concentration

[IC50] = 1.4 nM, 1.6 nM, respectively) and Omicron (IC50 = ND,

0.15nM, respectively) pseudoviruses, with IC50 values improved

between 2- and 20-fold over Spike-WT (IC50 = 2.6 nM, 3.7 nM,

respectively) pseudovirus (Figure 4D). Taken together, the results

from the BLI and pseudovirus neutralization assays suggest that

our engineered ACE2 traps, although computationally designed

and affinity improved against WT-RBD, can still bind the rapidly

evolvingSARS-CoV-2variantswithhighaffinity andpotentlyblock

virus entry into cells.

DISCUSSION

Over the course of the current pandemic, several neutralizing

monoclonal antibodies (mAbs) have been identified and some
260 Structure 31, 253–264, March 2, 2023
have been evaluated clinically as therapeutic candidates against

SARS-CoV-2 infection.29–37 These mAbs are broadly catego-

rized based on their ability to bind RBD in the ‘‘up’’ or ‘‘down’’

conformations on Spike ectodomain, engaging epitopes that

can or cannot block ACE2 receptor binding to the RBD.31,37–40

Several of the mAbs that bind the ACE2 recognition site (also

called the receptor-binding motif, RBM) within the RBD lost

in vitro neutralization activity against the Omicron-VOC.3,4,41

Interestingly, only the S2K146 mAb that binds SARS-CoV-2,

SARS-CoV and other sarbecoviruses through ACE2 molecular

mimicry retained neutralization activity against the Omicron-

VOC.3,41 This suggests that ACE2 specific binding epitope resi-

dues have a higher barrier for emergence of escape mutants.

We13 and others13,20,42,43 have explored ‘‘ACE2 decoy recep-

tors’’ or ‘‘ACE2 receptor traps’’ that bind and block the RBD and

neutralize SARS-CoV-2 pseudovirus. Others have shown that

ACE2-Fc-fusion proteins can neutralize live SARS-CoV-2 virus

isolates frompatients44 and in live viral challengemodels in vivo45

providing further evidence that ACE2-Fc-fusion decoy receptors

are viable alternative for SARS-CoV-2 virus neutralization. Our

ACE2 receptor traps were computationally designed, and affinity

matured against the WT-RBD and their SARS-CoV-2 virus

neutralization ability improved as Fc-fusions. The cryo-EM struc-

tures of theACE2 receptor trapswith theSprotein helped validate

the mechanism of action for our computationally designed traps

and determine themolecular basis for the additional binding affin-

ity improvement by the affinity-matured traps. The in vivo efficacy

of our Fc-fusion ACE2 receptor traps may be further enhanced

due to the Fc-effector functions such as antibody-dependent

cellular cytotoxicity (ADCC), cellular phagocytosis (ADCP), and

complement deposition (ADCD) as shown elegantly for other

ACE2 Fc-fusions in a recent study.46 We believe that by iterating

on our computational design workflow with some changes one

can obtain even tighter RBD interacting ACE2 variants.Wewould

update the workflow by (1) computationally designing our model

ensembles instead of a single model, and also by (2) evaluating

the stability of ACE2 alone in addition to the ACE2-RBD complex.

We reason that during this process it would be beneficial to cata-

log the most crucial interactions between the various ACE2 and

RBDmutants in future designs tomaintainbroadneutralization ef-

ficacy,and it ispossible that introducinganaffinity-enhancingmu-

tation in an ACE2 trap for improved interactions with a predicted

RBD mutant could abolish binding to a different RBD mutant.

However, because of the large, broad-binding interface between

the RBD and the ACE2, it is unlikely that the loss of one or two

important interactions will completely ablate the interaction and

neutralization, especially because anymutant viruswill still require

ACE2 binding to enter the cell.

From the cryo-EMstructures and the derivedmulti-modelwork-

flow, we learned key lessons for designing strong binders: that

distributed binding interactions across a protein-protein interface

aremore effective as comparedwith reliance onone or two impor-

tant cross-interface interactions; and that it is important to priori-

tize the stability of all proteins individually in addition to the protein

complex. Importantly, such stability may come from substitutions

away from directly interacting residues, like N33D mutation in

CVD432 that yieldsa lowerenergyconformation for that residueal-

lowing for lower interface energies of surrounding residues. The

data suggest that the stability andpre-organizationof eachprotein
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at the interface isas important as thecross-interface interactions in

the overall stability of the complex. We believe our multi-model

analysis is a useful departure from thewaycurrent cryo-EM-based

structural interfacesare analyzed, especially for structures that are

worse than 4 Å resolution and can be used to analyze protein-pro-

tein interfaces in other systems. Building on themulti-model work-

flow developed for evaluation of cryo-EM structures,14 we calcu-

lated the Rosetta interaction energies for the top model

ensemble instead of one best-built consensus model. This anal-

ysis incorporates the uncertainties in placement of some unre-

solved side chains directly into the interface energy calculations

leading to more robust understanding of the interface. However,

we would like to note certain limitations of the presented multi-

model cryo-EM approach for prediction of the strength of pro-

tein-protein interactions. Specifically, correct interpretation of in-

ter-residue interaction energies in the model ensemble relies on

exhaustive conformational sampling. In cases such as presented

here, where the cryo-EM map resolution is of 3.3–3.5 Å, it is likely

tobenot a concern as the constraints of the experimental cryo-EM

mapsignificantly reduce thenumberofpossibleconsistent protein

models. However, at lower experimental map resolutions such

exhaustive sampling is likely to be computationally limited, pre-

venting accurate interpretation of interface interactions. In these

cases significantly more extensive sampling with Rosetta will be

required or use of orthogonal molecular dynamics-based ap-

proaches may be beneficial, such as Cryo-Fold.47

Recently, two engineered ACE2 decoy receptors have been

reported to broadly neutralize SARS-CoV-2 variants including

the Omicron-VOC.48,49 These engineered decoy receptors

neutralized the Omicron-VOC with IC50s comparable or even

better than Omicron-VOC neutralizing mAbs such as VIR-7831.

Apeiron’s APN01, a WT ACE2 soluble extracellular domain,

has also shown promising results in early-phase clinical trials

and retains the ability to neutralize multiple VOCs.50 Further-

more, in a laboratory simulation of viral mutation under neutral-

izing selective pressure, another engineered ACE2 decoy recep-

tor, 3n39v2 retained its neutralizing capacity over several

passage cycles.43 Thus, soluble engineered ACE2 receptors

have therapeutic value against SARS-CoV-2 variants and may

continue to be relevant as this virus evolves further.

Application of the multi-model workflow increased our confi-

dence in the atomic positions of computationally designed amino

acids at the ACE2-Spike interface. This laid the groundwork for

further improvements in the receptor trap design and allowed

us to model interactions of the receptor traps with the Omicron-

RBD. We experimentally verified the Omicron-RBD binding

interactions with the receptor traps using BLI and pseudovirus

neutralization assays, demonstrating that our ACE2 receptor traps

designed for neutralization of S protein from SARS-CoV-2 remain

robust to dozens of mutations in the VOCs. This is both surprising

and exciting since our computational design and affinity matura-

tion optimized the binding interface of ACE2 to selectively bind

the targeted antigen, WT-RBD. These results are also in contrast

to pan-specific antibodies that are affinity matured to be highly

epitope- or antigen-specific binders.51–53 Perhaps, the particular

hydrophobicmutationsat thebinding interfaceofourACE2 recep-

tor traps make them more adaptable to Spike-RBD mutations.

Alternatively, as the virus evolves, its affinity for its entry receptor

increases and fortuitously also to our ACE2 receptor traps.
In addition to theRBMantigenic site, othermAbswith antigenic

sites outside the RBM such as Sotrovimab, S309, S2X259, and

S2H97 also retained neutralization activity against Omicron-

VOC.3,4,28 A bifunctional antibody format called ReconnAbs

(receptor-blocking conserved non-neutralizing antibodies) was

recently shown to convert non-neutralizing antibodies to potent

neutralizers of SARS-CoV-2 VOCs by linking the ‘‘WT-ACE2 re-

ceptor’’ to a bispecific antibody targeting two non-overlapping

conserved epitopes.54 We envision future versions of our

ACE2-receptor trap binders to be knob-in-hole bispecifics and

other Fc-fusion formatswith one engineered ACE2 armand other

arm(s) as mAbs with antigenic sites outside the RBM, other non-

neutralizing mAbs or Vh domains.

Overall, this study exemplifies how technical advances in

cryo-EM and computational protein design methods can be

combined toward improving the design-build-test cycle for engi-

neering potent biotherapeutics, even for difficult targets such as

the ACE2 complex with the SARS-CoV-2 Spike protein. Further-

more, this workflow can be generalized for solving the cryo-EM

structures of other protein complexes and improving computa-

tional protein design protocols.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

WT-Spike (D614G) (based on

SARS-CoV-2 B.1 strain)

WT-Spike pseudovirus

This study N/A

Delta-Spike (based on SARS-CoV-2

B.1.617.2 strain)

Delta-Spike pseudovirus

This study N/A

Omicron-Spike (based on SARS-CoV-2

BA.1 strain)

Omicron-Spike pseudovirus

This study N/A

XL10-GoldⓇ Ultracompetent cells Agilent N/A

Chemicals, peptides, and recombinant proteins

Spike protein This study S protein

ACE2 computationally engineered protein This study CVD293

ACE2 affinity matured protein This study CVD313

ACE2 linker variant of CVD313 This study CVD432

WT-RBD This study WT-RBD

Delta-Spike-RBD This study Delta-Spike-RBD

Omicron-Spike-RBD This study Omicron-Spike-RBD

Deposited data

Spike-RBD/CVD293 cryo-EM map This study EMD: 27731

Spike-RBD/CVD293 model This study PDB: 8DV2

Spike-RBD/CVD432 cryo-EM map This study EMD: 27730

Spike-RBD/CVD432 model This study PDB: 8DV1

S protein/CVD293 (1-RBD-up state) cryo-EM map This study EMD: 27731

S protein/CVD432 (1-RBD-up state) cryo-EM map This study EMD: 27730

S protein/CVD432 (2-RBD-up state) cryo-EM map This study EMD: 27730

Experimental models (Cell lines)

ExpiCHO-S� ThermoFisher Scientific N/A

Expi293FTM ThermoFisher Scientific N/A

Huh7.5.1-ACE2-TMPRSS2 Gift from Andreas Puschnik N/A

Recombinant DNA

S protein Gift from Pak lab

and Krammer lab

S protein

ACE2 computationally

engineered protein

Glasgow et al.13 CVD293

ACE2 affinity matured protein Glasgow et al.13 CVD313

ACE2 linker variant of CVD313 Twist Biosciences CVD432

WT-RBD Glasgow et al.13 WT-RBD

Delta-Spike-RBD This study Delta-Spike-RBD

Omicron-Spike-RBD This study Omicron-Spike-RBD

Oligonucleotides

Delta-Spike-RBD

Forward - TGGCGCTGGTGACCAACAGCACT

AGTCGCTTCCCCAATATCACCAAC

Reverse -GCTCCAGCTACCGTGTGCGGTCC

GAAAAAGTCAACCAATCT

This study Delta-Spike-RBD

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Omicron-Spike-RBD

Forward - TGGCGCTGGTGACCAACAGCACT

AGTCGCTTCCCCAATATCACCAAC

Reverse - CCAAAGAAGAGCACCAATCTGAC

TAGTTCTGGTGGTGGTGGT

This study Omicron-Spike-RBD

Software and algorithms

cryoSPARC Punjani et al.55 https://cryosparc.com

MotionCor2 Zheng et al.56 https://docs.google.com/forms/d/

e/1FAIpQLSfAQm5MA81qTx90W9

JL6ClzSrM77tytsvyyHh1ZZWrFByh

mfQ/viewform

SerialEM Mastronarde,57,58 https://bio3d.colorado.edu/SerialEM/

cisTEM Grant et al.59 https://cistem.org/

CHIMERA Pettersen et al.60 https://www.cgl.ucsf.edu/chimera/

Phenix Real Space Refine Liebschner et al.61 https://phenix-online.org

Rosetta (2020.08 release)

For automated structure refinement

Wang et al.19 https://www.rosettacommons.org/software

Rosetta version 2021.48.post.dev+8.master.

77491fa20be 77491fa20be83588cfc37ab422

ba5b95eca128eb git@github.com:Rosetta

Commons/main.git 2021-12-02T08:56:13

Protein design and structural analysis

Alford et al. and Leman et al.62,63 https://www.rosettacommons.org/software

COOT 0.9 Emsley et al.64 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

ISOLDE 1.0 Croll,65 https://isolde.cimr.cam.ac.uk/static/

isolde/doc/tutorials/intro/cryo_intro/

cryo_intro.html

ResMap Kucukelbir et al.66 http://resmap.sourceforge.net

3DFSC server Tan et l.67 https://3dfsc.salk.edu

Q-scores Pintilie et al.68 https://github.com/gregdp/mapq

FlowJoTM BD Biosciences https://www.flowjo.com

Octet Data Analysis HT

software version 10.0

Sartorius https://www.sartorius.com/en/

products/protein-analysis/

octet-systems-software

GraphPad Prism 9 Version 9.3.0 (345) Graphpad (Dotmatics) https://www.graphpad.com/

scientific-software/prism/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kliment A.

Verba (kliment.verba@ucsf.edu).

Materials availability
All reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
All standardized cryo-EMdatasets generated in this study have been deposited in the PDB and EMDB and are publicly available as of

the date of publication. The PDB and EMDBaccession numbers are provided in the key resources table. All original code generated in

this study is provided in the Supplementary Appendix. Any additional information required to reanalyze the data reported in the paper

is available from lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains
XL10-GoldⓇ Ultracompetent cells were purchased from Agilient (Catalog number: 200314) and were used to obtained purified DNA.

Cell lines
ExpiCHO-STM (ThermoFisher Scientific, Catalog number: A29127) and Expi293FTM (ThermoFisher Scientific, Catalog number:

A14527) cells were used to produce recombinant proteins. Both cell lines were maintained according to the manufacturer recom-

mended protocol until transfection. ExpiCHO-STM (1ml, 1x107cells) were directly thawed into 25ml of prewarmed ExpiCHOTM

expression media and allowed to revive for 2-3 days. The cells were passaged every 3-4 days to maintain density at or below

4x106 - 6x106 viable cells/ml. ExpiCHO-STM cells were maintained at 37�C, 8%CO2 and 125 +/- 5rpm. Expi293FTM (1ml, 1x107cells)

were directly thawed into 25ml of prewarmed Expi293TM expression media and allowed to revive for 2-3 days. The cells were

passaged every 3-4 days to maintain density at or below 3x106 - 5x106 viable cells/ml. Expi293FTM cells were maintained at

37�C, 8% CO2 and 125 +/- 5rpm

Huh7.5.1-ACE2-TMPRSS2 cell line was a gift from Andreas Puschnik. 1x107- 1.5x107 cells were thawed directly into prewarmed

complete culture media (Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum, 10mM HEPES, 1 3 Pen-Strep-Gluta-

mine). The cells were allowed to revive for 2-3 days and were passaged once they reached >70-80% confluence and were

maintained at >95% viability in complete culture media. Huh7.5.1-ACE2-TMPRSS2 cells were maintained at 37�C and 5% CO2.

METHOD DETAILS

Cloning, expression and purification of protein constructs
S protein plasmid was a generous gift from the Pak lab (Chan Zuckerberg Initiative Biohub) and Krammer lab (Icahn School of Med-

icine atMount Sinai). S protein construct has anN-terminal spike protein signal peptide, a trimerization domain andC-terminal 6XHis-

tag. WT, Delta-, Omicron-SARS-CoV-2 spike RBD and ACE2 variants (CVD293) were cloned into a pFUSE-based vector with Zeocin

antibiotic resistance marker for mammalian expression using the Gibson method. The SARS-CoV-2 spike RBD construct has an IL2

secretion signal followed by the gene of interest, a Gly-Ser linker, a TEV protease cut site, a Gly-Ser linker, an 8X His-tag and an Avi-

tag. CVD293 was cloned into a similar construct with N-terminal IL2 secretion signal followed by ACE2 with the relevant mutations

(K31F, H34I, E35Q), a Gly-Ser linker, a TEV protease cut site, a Gly-Ser linker, a human IgG1 hinge and Fc, and AviTag. Construct

CVD432 was purchased from Twist Bioscience (www.twistbioscience.com). The construct has an Ampicillin resistance marker,

an N-terminal ACE2 secretion signal followed by ACE2 with the relevant CVD313 mutations (K31F, N33D, H34S, E35Q), a short

Gly-Ser linker, a human IgG1 hinge and Fc. Also, the H345L mutation in CVD313 was reverted to wildtype residue, histidine.

S protein (residues 1-1208, RRAR toGSASmutation at residues 682-685 and KV to PPmutations at residues 986-987) was purified

based on the previously described protocol.69 30ml of ExpiCHO-STM (ThermoFisher Scientific, Catalog number: A29127) cells at 6M

cells/mL were transfected with 1ug/mL of the spike WT using the ExpiCHOTM Expression System Kit (Gibco, catalog # A29133)

following the manufacturer’s Standard protocol. Briefly, the transfected cells were shaken at 37�C and 8% CO2 and 18 hours

post-transfection, the cultures were supplemented with ExpiCHOTM Feed and ExpiFectamineTM CHO Enhancer and continued to

be shaken at 37�C and 8% CO2 for up to 10 days. The supernatant with secreted spike protein was collected by centrifugation of

the culture at 4000xG for 15 mins. The media was filtered using a 0.42mM filter and was transferred to a 50 mL centrifuge tube.

The sample was then mixed with 2 mL washed Ni-Excel resin (Millipore Sigma, catalog # GE17371201) pre-equilibrated with

10 mM Tris/HCl, pH 8.0, 200 mMNaCl and placed on a rocker for 1 hour at room temperature. After binding, the sample was washed

with 25 bed volumes of Wash buffer (10 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10 mM imidazole), and eluted with 7 bed volumes of

elution buffer (10 mM Tris pH 8.0, 200 mM NaCl, 500 mM imidazole) into separate 2 mL centrifuge tubes. The eluent was concen-

trated, filtered, and a final SEC polishing step was performed on Superose� 6 10/300 Increase (Millipore Sigma, catalog # GE17-

5172-01) pre-equilibrated in 10 mM HEPES pH 8.0, 200 mM NaCl at 4�C.
WT, Delta-, Omicron-SARS-CoV-2 spike RBD and ACE2 variants (CVD293 and CVD432) were expressed in high density

Expi293FTM (ThermoFisher Scientific, Catalog number: A14527) cells in Expi293TM expression media following manufacturer’s pro-

tocol (Expi293 Expression System, ThermoFisher Scientific, Catalog number: A14635). Briefly, 3x106 cell/ml at >95% viability in 25ml

media were transfected with�30ug of DNA using ExpiFectamineTM transfection reagent andOpti-MEMTM I medium. The transfected

cells were incubated at 37�C, 8% CO2 on an orbital shaker, supplemented with ExpiFectamineTM 293 Transfection Enhancer 1 and

ExpiFectamineTM 293 Transfection Enhancer 2 about 18-22 hours post-transfection and continued to be incubated at 37�C, 8%CO2

on an orbital shaker for additional 4-5 days. Cells were harvested 4-5 days post-transfection, centrifuged at 3000 x g for 15 minutes,

supernatant collected and filtered through 0.22mM syringe filter. Proteins were neutralized with 10X phosphate buffered saline (PBS,

0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, Millipore Sigma P4417-100TAB), pH 7.4 to a final concentration of 2.5x

PBS (342.5 mM NaCl, 6.75 mM KCl and 29.75 mM phosphates). SARS-CoV-2 RBDs were purified using cobalt-based immobilized

metal affinity chromatography followed by buffer exchange into 1X PBS using a Superdex 200 Increase 10/300 GL column (Cytiva).

Fc-fused ACE2 proteins were purified on HiTrap Protein A column (GE Healthcare) and eluted with 50 mM Tris pH 7.2, 4 M MgCl2
and buffer exchanged into 1X PBS. The protein concentrations were estimated based on the protein absorbance at 280 nm with

a spectrophotometer (Nanodrop One, Thermo).
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All the proteins were >95% pure as determined by SDS-Page gel electrophoresis. The proteins were aliquoted, flash frozen, and

stored in -80�C.
Cryo-electron microscopy sample preparation and data collection

Purified S protein at 2 mM was mixed with either CVD293 (at 2.5 mM) or CVD432 (at 3 mM) just prior to plunge freezing. 300 mesh

1.2/1.3R UltrAufoil grids were glow discharged at 15 mA for 30 seconds. Vitrification was done using FEI Vitrobot Mark IV

(ThermoFisher) set up at 4�C and 100% humidity. 4 ml complex sample was applied to the grids and the blotting was performed

with a blot force of 0 for 4 s prior to plunge freezing into liquid ethane. For S protein/CVD293 complex, two datasets comprising

of 2,058 and 3,636 120-frame super-resolution movies each were collected while for S protein/CVD432 complex, three datasets

comprising of 4,915, 3,196, and 2,574 120-frame super-resolution movies each were collected. For both complexes movies were

acquired in super-resolutionmode on a Titan Krios (ThermoFisher) equippedwith a K3 camera and a Bioquantum energy filter (Gatan)

set to a slit width of 20 eV. Collection was performed with a 3x3 image shift at a calibrated magnification of 105, 000 x corresponding

to a pixel size of 0.4265 Å/pix. Collection dose rate was 8 e-/pixel/second for a total dose of 68 e-/Å2. Defocus range was -0.8 to

-1.8 mm. Movies were subsequently corrected for drift using MotionCor256 and were Fourier-cropped by a factor of 2 to a final pixel

size of 0.834 Å/pixel. Each collection was performed with semi-automated scripts in SerialEM.57,58

Data processing

S protein/CVD293 complex 1-RBD-up state (Figure S2). Initial processing was done in cryoSPARC (v2.15.0).55,70 The two datasets

with 3636 and 2058 dose-weighted motion corrected micrographs56 were imported and Patch CTF(M) was performed. Micrographs

were curated based on CTF-fit resolution (<4 Å), ice-thickness, and presence of carbon. After manual curation, 3144 and 1575 mi-

crographs were selected for further processing. Blob-picker was used to pick 1,673,305 and 831,773 particles and extraction was

done with a box size of 580 px downsized to 480 px for each dataset. 2D-classification was done into 150 classes and good classes

were selected with a total of 401,671 particles combined from both datasets. Multiple rounds of heterogeneous, homogenous,

and non-uniform refinements in cryoSPARC and focused classification in cisTEM59 resulted in a 3.77 Å 3D-reconstruction of S

protein/CVD293 with 61,033 particles. Particle subtraction/local refinement was performed on this final stack of particles to obtain

a 3.77 Å 3D reconstruction of WT-RBD (residues 331-541)/CVD293 (residues 18-614).

S protein/CVD432 complex 1-RBD-up state (Figure S3). Initial processing was done in cryoSPARC (v2.15.0). The three datasets

with 4915, 3916 and 2574 dose-weighted motion corrected micrographs were imported and Patch CTF(M) was performed. Micro-

graphs were curated based on CTF-fit resolution (<4 Å), ice-thickness, and presence of carbon. After manual curation, 3864, 2238

and 2148 micrographs were selected for further processing. Blob-picker was used to pick 1,259,441 particles from Dataset 1

while template-based particle picker (260 Å diameter) was used to pick 782,620 and 752,648 particles for Dataset 2 and Dataset

3, respectively. Extraction was done with a box size of 512 px for Dataset 1 which was re-extracted with box size of 600 px after

a round of ab-initio refinement and finally downsampled to 400 px. For Datasets 2 and 3, extraction was done at box size 600 px

and then downsampled to 400 px. 2D-classification was done with 150 classes for each dataset and good classes of S protein/

CVD432 in 1-RBD-up state were selected with a total of 601,624 particles combined from the three datasets. Multiple rounds of het-

erogeneous, non-uniform refinements and homogenous refinements in cryoSPARC and focused classification in cisTEM resulted in a

3.5 Å 3D-reconstruction of S protein/CVD432 1-RBD-up state with 97,082 particles. Particle subtraction/local refinement was

performed on this final stack of particles to obtain a 3.4 Å 3D reconstruction of WT-RBD (residues 331-541)/CVD432 (residues

18-614).

S protein/CVD432 complex 2-RBD-up state (Figure S4). We processed the S protein/CVD432 complex 2-RBD-up state indepen-

dent of the 1-RBD-up state. Initial processing was done in cryoSPARC (v2.15.0). The three datasets with 4915, 3916 and 2574 dose-

weighted motion corrected micrographs were imported and Patch CTF(M) was performed. Micrographs were curated based on

CTF-fit resolution (<4 Å), ice-thickness, and presence of carbon. After manual curation, 3833, 2253 and 2175 micrographs were

selected for further processing. We first used blob-picker on Dataset 1 to pick 1,597,143 and after 2D classification, 19 good classes

were selected. The 19 classes from Data set 1 were used for template-based particle picker (220 Å diameter) to pick 1,499,401 and

1,019,564 and 1,328,287 particles for Dataset 1, Dataset 2 and Dataset 3, respectively. Extraction was done at box size 600 px for all

datasets. 2D-classification was done into 150 classes for each dataset and good looking classeswith S protein/CVD432 in 2-RBD-up

state were selected with a total of 113,836 particles combined from the three datasets. Multiple rounds of heterogeneous, non-uni-

form refinements and homogenous refinements in cryoSPARC and focused classification in cisTEM resulted in a 2.97 Å 3D-recon-

struction of S protein/CVD432 2-up state with 97,374 particles. Each WT-RBD/CVD432 interface in the 2-RBD-up state was at an

overall low resolution and particle subtraction/local refinement was not performed.

Model building and refinement

Low resolution rigid body fitting. 1-RBD-up state S protein/WT-ACE2 model with PDB ID: 7DX5, was used as the initial model for

rigid body fitting into cryo-EM density map of 1-RBD-up state of S protein/CVD293 or 1-RBD-up state of S protein/CVD432 in

CHIMERA.60 For 2-RBD-up state of S protein/CVD432, we generated a model by rigid body fitting PDB ID: 7DX5 into the density

map and simultaneously rigid body fitting WT-RBD/ACE2 (18-614) complex with PDB ID: 6M0J into the second RBD-up region of

the map in CHIMERA. The final model was torion relaxed with Rosetta into the S protein/WT-ACE2 2-RBD-up state cryo-EM

map. Rosetta into the Overall, the fits agree with previously reported 1-RBD-up states for S protein/ACE2 (18-614) complexes.
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High resolution ‘‘final consensus’’ model building
High resolution map of WT-RBD/CVD293 (18-614) with mutations K31F, H34I, E35Q or WT-RBD/CVD432 (18-614) with mutations

K31F, N33D, H34S, E35Q were generated from S protein/CVD293 map or S protein/CVD432 map, respectively, in cryoSPARC

(v2.15.0) by Particle subtraction/Local refinement. PDB ID: 6M0J was used for initial rigid body fit into the WT-RBD/CVD293

(18-614) map. This model was then refined against the respective maps in Phenix Real Space Refine61 with the corrected sequence

input for CVD293 or CVD432. This was followed by a FastRelax in torsion space with Rosetta (2020.08 release).19 Model for each

complex was manually examined and corrected using COOT 0.964 and ISOLDE 1.0.65 At this point glycans were added to the model

manually in Chimera and COOT and then were refined using another round of Rosetta FastRelax followed by examination/final polish

in ISOLDE. The B-factors were assigned using a Rosetta B-factor fitting mover. Local resolution was determined by running the

ResMap program.66 Directional FSC curves were determined by submitting the associated files to the 3DFSC server.67 Q-scores

were calculated using the Q-score plugin for USCF Chimera.68

Multi-model pipeline
The Cryo-EM consensus model of WT-RBD/CVD293 (18-614) or WT-RBD/CVD432 (18-614) was used as the starting model for the

pipeline. We applied the Rosetta Iterative Rebuild protocol on 10-amino acid overlapping stretches of the interface helix for each

consensus model. The parameters used were defined in an XML file (Parameters.xml) found in SI Appendix: Methods S1. For

each 10-amino acid stretch of the interface helix we generated 2000 independent models totaling 8000models for the entire interface

helix fromACE2 residue 21 to residue 52. Total of 200models were then selected based on the total Rosetta energy score followed by

the top 20 that best fit to themap destiny. A total of 80 top selectedmodels for each complex were then used for further analyses. We

calculated the local average per residue average side-chain RMSD in CHIMERA and average interface energy (in REU) for the res-

idues of the interface helix.

Energy calculations
Total and individual pairwise interface energieswere calculated for all designmodels andcryo-EMatomicmodels using theRosetta inter-

face energy application. Per-residue energies were calculated using the Rosetta per-residue energy application, and total energies were

calculated using the Rosetta scoring application in Rosetta (2021.48.post.dev+8.master.77491fa20be77491fa20be83588cfc

37ab422ba5b95eca128ebgit@github.com:RosettaCommons/main.git 2021-12-02T08:56:13)62,63 . For the cryo-EM atomic models of

CVD293 and CVD432, all scores were averaged and standard deviations were calculated. The command lines and code are available

in the SI Appendix: Methods S1. The average interface energies and standard deviations (shown as error bars) calculated across all 80

cryo-EM-based models are shown in Figure 3E and broken down by residue in Figure S6. All the code involved in these calculations,

and all the analysis code, is available at https://github.com/anumazam/ACE2_traps.

Design models of the ACE2 domain of CVD432
Design models of the ACE2 domain of CVD432 were generated using the RosettaScripts framework.13 Beginning with the atomic

models of CVD293 solved by cryo-EM using the multi-model pipeline, we mutated N33 and I34 to aspartic acid and serine, respec-

tively, in each of the 80 WT-RBD/CVD293 cryo-EM based models and minimized the complexes. Total energies and interface

energies were calculated as described in ‘‘energy calculations.’’ The average interface energies and standard deviations (shown

as error bars) calculated across all 80 design models are shown in Figure 3E. The code is available in the SI Appendix: Methods S1.

Determination of binding affinity using biolayer interferometry (BLI)
Affinity measurements were carried out at room temperature using an Octet RED384 system. In our BLI experiments, ACE2 Fc-fu-

sions are tethered to either Streptavidin biosensors (WT-ACE2, CVD293) (Sartorius�, Item no.: 18-5019) or ProtA biosensors

(Sartorius�, Item no.: 18-5010) and WT, Delta-, Omicron-SARS-CoV-2 spike RBD are present as the analyte in solution in a

384-well microplate. The biosensors were washed in phosphate buffered saline (1X PBS) with 0.05% Tween-20 at pH 7.4 and

0.2% bovine serum albumin (BSA) (1X PBSTB) for 200 seconds. Antigens WT-ACE2, CVD293 were diluted to 10 nM in 1X PBSTB

containing 10 mM biotin (1X PBSTBB) as blocking agent while antigen CVD432 was diluted 10nM in 1X PBSTB. The antigens

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

WT-ACE2 or CVD293 bound Streptavidin biosensors in 1X PBSTBB and CVD432 bound ProtA biosensors in 1X PBSTB for 200

seconds. WT, Delta-, Omicron-SARS-CoV-2 spike RBD were then allowed to associate with the antigen at concentrations ranging

from 0 to 25 nM of Spike for about 600 seconds and then returned to the respective washing well to follow dissociation for about 900

seconds. Raw data were fit in Octet Data Analysis HT software version 10.0 using curve-fitting kinetic analysis with global fitting and

assuming 1:1 non-cooperative binding kinetics. All fits to BLI data had R2 (goodness of fit) > 0.90.

Pseudovirus production
SARS-CoV-2 pseudoviruses bearing spike proteins of variants of interest were generated as previously described71–73 using a re-

combinant vesicular stomatitis virus (VSV) expressing green fluorescent protein (GFP) in place of the VSV glycoprotein (rVSV D

G-GFP). B.1 (WT, 1 spike mutation (D614G)), B.1.617.2/delta (9-10 spike mutations), and BA.1/ omicron (37 spike mutations)

were cloned in a cytomegalovirus enhancer-driven expression vector and used to produce SARS-CoV-2 spike pseudoviruses.
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The mutations for each variant are listed in Table S4. Pseudoviruses were titered on Huh7.5.1 cells overexpressing ACE2 and

TMPRSS2 (gift of Andreas Puschnik) using GFP expression to measure the concentration of focus forming units (ffu).

Pseudovirus neutralization assay
Pseudovirus Neutralization Assay was performed as described previously71,73 Huh7.5.1-ACE2-TMPRSS2 cells were seeded in

96-well plates at a density of 7000-8000 cells/well 1 day prior to pseudovirus infection. ACE2 receptor traps were serially diluted

into complete culture media (Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum, 10mM HEPES, 1X Pen-Strep-

Glutamine). Each pseudovirus was diluted to 125 ffu/mL and 30 mL of each pseudovirus was mixed with �30 mL of ACE2 receptor

traps or media only. Media only with no pseudovirus served as an additional control. These were incubated at 37�C for 1 hour before

adding 50 mL of virus:binder incubated mix directly to previously plated cells. Cells inoculated with ACE2 receptor traps/pseudovirus

mixtures were incubated at 37�C and 5% CO2 for 24 hours. The cells were then lifted and resuspended using 20 mL of 10X TrypLE

Select (Gibco) and GFP signal of infected cells recorded using Beckman CytoFlex Cytometer B4R3V4.

Data were analyzed with FlowJoTM to determine percent GFP-positive pseudovirus transduced cells. GFP-signals from wells with

no ACE2 receptor traps (media only with pseudovirus) were used to normalize the data and determine percent neutralization. A 7-8

point dose-response curve was generated in GraphPad Prism and IC50s reported in mg/mL. The reported IC50s are based on two

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

QUANTIFICATION AND STATISTICAL DETAILS

Statistical details of individual experiments can be found in corresponding figure legends and method details. Mean and standard

deviation for Figures 4D and S1D were calculated in GraphPad Prism 9 Version 9.3.0 (345), and in Microsoft Excel for Figures 3E

and S6.
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