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Abstract

There is enormous ongoing interest in characterizing the binding properties of the
SARS-CoV-2 Omicron Variant of Concern (VOC) (B.1.1.529), which continues to spread
towards potential dominance worldwide. To aid these studies, based on the wealth of
available structural information about several SARS-CoV-2 variants in the Protein Data
Bank (PDB) and a modeling pipeline we have previously developed for tracking the
ongoing global evolution of SARS-CoV-2 proteins, we provide a set of computed
structural models (henceforth models) of the Omicron VOC receptor-binding domain
(omRBD) bound to its corresponding receptor Angiotensin-Converting Enzyme (ACE2)
and a variety of therapeutic entities, including neutralizing and therapeutic antibodies
targeting previously-detected viral strains. We generated bound omRBD models using
both experimentally-determined structures in the PDB as well as machine learning-
based structure predictions as starting points. Examination of ACE2-bound omRBD
models reveals an interdigitated multi-residue interaction network formed by omRBD-
specific substituted residues (R493, S496, Y501, R498) and ACE2 residues at the
interface, which was not present in the original Wuhan-Hu-1 RBD-ACE2 complex.
Emergence of this interaction network suggests optimization of a key region of the
binding interface, and positive cooperativity among various sites of residue substitutions
in omRBD mediating ACE2 binding. Examination of neutralizing antibody complexes for
Barnes Class 1 and Class 2 antibodies modeled with omRBD highlights an overall loss
of interfacial interactions (with gain of new interactions in rare cases) mediated by
substituted residues. Many of these substitutions have previously been found to
independently dampen or even ablate antibody binding, and perhaps mediate antibody-
mediated neutralization escape (e.g., K417N). We observe little compensation of
corresponding interaction loss at interfaces when potential escape substitutions occur in
combination. A few selected antibodies (e.g., Barnes Class 3 S309), however, feature
largely unaltered or modestly affected protein-protein interfaces. While we stress that
only qualitative insights can be obtained directly from our models at this time, we
anticipate that they can provide starting points for more detailed and quantitative
computational characterization, and, if needed, redesign of monoclonal antibodies for

targeting the Omicron VOC Spike protein. In the broader context, the computational
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pipeline we developed provides a framework for rapidly and efficiently generating
retrospective and prospective models for other novel variants of SARS-CoV-2 bound to

entities of virological and therapeutic interest, in the setting of a global pandemic.
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Introduction

The emerging Omicron Variant of Concern (VOC) (B.1.1.529) of SARS-CoV-2, first
sequenced in the Republic of South Africa, has recently been deemed as Variant of
Concern (VOC) by the World Health Organization (WHO) and is currently spreading
within the human population worldwide.! However, at the time of writing in December
2021, relatively little is known about its transmissibility, potential for immune evasion,
and virulence.23 A distinguishing feature of this VOC is the large number of residue
changes detected in the Spike protein (hereafter Spike) (~30) versus all previously
characterized viral strains. Of particular concern are the numerous (~15) changes in the
receptor-binding domain (RBD) of its Spike (Fig. 1A), suggesting the possibility that
they may either dampen or evade individuals’ immune responses generated by
vaccination and/or previous infection. Immune evasion may have serious
consequences, potentially leading to increased incidence of infection, reinfection and/or
further enhancing viral fithess during evolution in the event of uncontrolled spread
around the globe. Early data suggest substantial but not complete immune evasion.* A
second concern is that therapeutic proteins, such as monoclonal antibody cocktails or
nanobodies, developed against previously characterized SARS-CoV-2 variants may no
longer be effective in neutralizing the Omicron VOC, ultimately leading to increased

morbidity and mortality.

At the core of concerns regarding immune evasion is molecular recognition in three
dimensions (3D) between the Spike and viral ligands, including at least one of its
established cellular receptors (ACEZ2), neutralizing antibodies, therapeutic antibodies,
and other binding proteins. Several fundamental queries must be urgently addressed.
First, is the binding of these agents to the Omicron VOC Spike substantially altered
compared to previous variants of SARS-CoV-2 (e.g., the Delta VOC, or the original
Wuhan-Hu-1 strain)? Moreover, do the numerous sequence changes accrued in the
Omicron VOC Spike alter its shape? If so, do these changes lead to a meaningful
remodeling of interfaces formed with various binding proteins? Finally, are these

remodeled interfaces likely to weaken the recognition of Omicron VOC Spike by some
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or all of the neutralizing entities and do these molecular changes correlate with
neutralization data, which will become available in the near future? Experimental
answers to each of these currently open questions would likely have profound impact in

biology, medicine, and public health policy in an ongoing global airborne pandemic.

To begin to shed light on these questions at the atomic level in 3D and aid experimental
characterization and potential redesign of therapeutic entities (TEs), we turned to the
wealth of experimental structures of (previous variants) Spike-TE interactions generated
by the structural biology community and freely available from the Protein Data Bank
(PDB),? and recent advances in artificial intelligence/machine learning (Al/ML)-based
protein structure prediction.6-8 These resources can be critical in understanding and
even optimizing the immune response against SARS-CoV-2 variants; for example, our
group utilized a structure-centered approach to initially identify an immunogenic epitope
that remains universal across all major emergent variants.®.10 Focusing our attention on
the receptor-binding domain (RBD) of the Spike, we generated computed structural
models of the Omicron VOC RBD (omRBD) in the unbound and bound states with all
polypeptide TEs for which there are atomic level structures archived in the PDB (388
multi-protein complex structures, some of which contain more than one distinct
polypeptide, for a total of 286 unique bound polypeptides). Alterations in individual
Spike-TE interfaces and a large-scale analysis of these complexes may provide insights
into the molecular bases for dampened immune response and suggest avenues for
redesign of TEs (e.g., antibody cocktails) as effective countermeasures against the
Omicron VOC.

While our analyses still are ongoing and evolving, we believe that making these models
widely available will aid wet laboratory researchers who are studying Omicron VOC
Spike-antibody recognition in generating hypotheses for altered recognition, and enable
further characterization of complexes via more computationally-expensive methods. We
strongly caution that antibody-binding affinity, while important, is but one of many other
factors involved in immune evasion or any complex biological response. Advanced

structure prediction tools such as AlphaFold2 (AF2)® and RoseTTAFold®é although very
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powerful, have not been trained to predict changes in binding affinity. In many
computational affinity prediction approaches, there is a tradeoff between computational
speed and prediction accuracy. Therefore, overly hasty and caveat-free application of
modeling pipelines for predicting antibody binding affinities along with the application of
calculated binding energies to predict viral neutralization is decidedly unwise and likely
misguided. Given that SARS-CoV-2 Spike recognition is central to biochemical
interactions between our immune systems and the virus, and the urgent unmet need to
understand the efficacy of immune response against the Omicron VOC, we believe that
structure-based and large-scale analyses of Spike interfaces will provide key, albeit
qualitative, insights. We are, therefore, sharing these models with the scientific and
medical research communities writ large. As such, all of the computed structural models
together with associated summary sheets described in this work are available online
(https://github.com/sagark101/omicron_models). This report includes an initial set of 38
complexes of 20 binding entities; furthermore, we will be continually updating the
computed models and our analyses on the GitHub repository as additional data become

available.

Results

Curation of SARS-CoV-2 Spike Structures in the PDB. We have curated all
structures of Spike bound to therapeutic polypeptide entities (388 distinct PDB IDs as of
November 27, 2021) (Fig. 1B). The cocktail status of PDB IDs was determined (cocktail
was defined as two or more unique bound proteins in a single multi-protein complex).
Bound proteins/peptides were listed for each PDB ID and, if a cocktail, specifically by
polypeptide chain(s). All Spike-bound therapeutic entities were subdivided into three

possible groups: antibody, nanobody/synbody, and other (Table 1).

From the pool of antibodies with at least two exemplars (plus the REGN antibodies) in
the PDB, we selected RBD-binding antibodies across all four Barnes Classes
(numbered 1-4) for modeling in this initial report.'* Eventually, we anticipate performing

similar analyses on all proteins in Table 1 and more as they accumulate in the PDB. For


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

the current study, we pursued antibodies that definitively belong to a particular Barnes
Class based on available literature. Supervised selection criteria for PDB ID for a given
antibody were prioritized as follows: (i) higher-resolution, (ii) whether residues in and
near the Spike-binding site were resolved, (iii) absence of Spike substitutions (i.e.,
feature Wuhan-Hu-1 amino acid sequence), and (iv) solely contained our intended
antibody (as opposed to a cocktail). In cases where a PDB ID contained a cocktail
bound to Spike, the additional antibodies were also included for modeling. We have
ultimately selected 20 of 236 unique Spike-bound antibodies available from the PDB as
representative cases of RBD-binding antibodies for detailed analysis in the context of
the Omicron VOC (Table 2).

AF2 Modeling of Omicron Spike and Fragments. As no experimentally-determined
structures of Omicron VOC proteins are currently available, we used AF2 to generate
models of omRBD and various Omicron VOC Spike fragments (S1 domain, full
monomer, full trimer). We modeled full Omicron VOC Spike sequences as monomers in
AF2 and attempted to model trimers as well. Predicted structures of individual domains
and the Spike monomer are deemed credible. The pLDDT scores are generally higher
than 75 for the top models of monomers and more than 85 for the top models of the
individual domains. A score of above 70 for a predicted structure is considered to be in
the confident range.8 The AF2 algorithm predicts five structural models and ranks them
according to their predicted local-distance difference (pLDDT) score,8.12 which is
reported in the 0-100 range. Confidence in predicted structure is deemed to be high
when the score is more than 90, medium when the score is between 70 and 90, low
when the score is less than 70, and very low when the score is less than 50. Pairwise
Root-Mean-Square-Deviation (RMSD) values comparing Ca atomic positions for
experimental structures for several other variant Spike fall in the range of 0.3-1.3 A
(Supplementary Table 1). We have further benchmarked the AF2-predicted monomers
by comparison with several other variant Spike experimental structures in the PDB,
including Alpha, Beta, Gamma, Delta, and P1 variants, and a variant RBD produced by
directed evolution.'3 Ca RMSD values range from 0.4-0.8 A (Supplementary Table 2).

Initial attempts at AF2 computational modeling of the trimeric full Spike structure were
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unsuccessful, producing one reasonable monomeric chain and two misfolded chains

(data not shown).

AF2-predicted single-domain models of the omRBD are also similar to Rosetta-
minimized PDB-based structures of omRBD bound to various binding entities. Ca
RMSD values range from 0.5-2.2 A (Supplementary Table 3), which is comparable to
the structural variation observed within the set of experimental Spike structures. Domain
N- and C-termini are typically less well-structured in both experimental and predicted
models, and, therefore, represent a substantial source of the structural deviations.
Correspondingly, according to the predicted Template Model (pTM) scores that AF2
assigns to each residue (Fig. 2, Fig. S1), there is high confidence in the portion of the
domain that interacts with ACE2, and lower confidence closer to both termini. This
finding is consistent with the known flexibility of the Spike in this region, which allows
the RBD to hinge between open and closed conformations. The greatest structure
prediction uncertainty within the RBD polypeptide chain occurs in the a-helix composed
of residues 364-376, in which three sites are substituted in the Omicron VOC (Fig. 2,
inset). Notably, among these substitutions is S373P, which would be expected to cause
disruption or kinking of the a-helix compared to wild-type. It should also be noted that
these residues also have more positive (i.e., unfavorable) scores in the Rosetta-
computed models, indicating a similar lack of confidence in the correct folding around
those substituted residues. Finally, when assessing binding involving the regions with
low-confidence predictions, one must keep in mind that the low confidence of the
unbound structure propagates into lower confidence in the energetic calculations at

those sites.

Overview of Variant Modeling Approach. We have previously developed an “in silico
mutagenesis” and analysis pipeline for studying the ongoing populational co-evolution of
SARS-CoV-2.14 In our pipeline, amino acid substitutions observed in sequenced SARS-
CoV-2 genomes obtained from the GISAID database'5.16 are introduced in available
crystal structures or computed structural models of proteins and their energetic impact

is qualitatively evaluated. We have previously focused on evaluating how observed
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mutations affect the structure and stability of individual proteins and domains for SARS-
CoV-2.14 We adapted this pipeline (Fig. 1C) to the evaluation of omRBD in complex with
ACEZ2 and bound antibodies, etc.

Complex Model Generation. To increase computational efficiency during modeling,
structures were truncated to include only RBD and binding regions of the modeled
binding partners. Antibody binding regions were identified with reference to the
Structural Antibody Database (SAbDADb).'7” As no experimentally determined structures
of omRBD are available, we used two starting points for generating omRBD models: (i)
RBD atomic coordinates available in X-ray structures archived in the PDB, and (ii) AF2
models of the free RBD, which were superimposed on the RBD atomic coordinates in
PDB structures. For each type of starting structure, we applied two conformational
sampling approaches to obtain Rosetta energy-minimized models of the complexes.
Interface side-chain rotamers were repacked and gradient-based minimization of the
Rosetta-calculated energy was performed with and without positional coordinate
restraints on the protein backbone atoms, leading to four models for each modeled
complex with a given variant. We hereafter refer to these models as follows: RRMC,
Rosetta Repack Minimize Constrained; RRMF, Rosetta Repack Minimize Free; AFRC,
AF2 Repack-minimize Constrained; and AFRF, AF2 Repack-minimize Free. Repack-
Minimize is performed using the Rosetta energy function in all cases.’® Having models
generated with various degrees of conformational constraints during optimization is
intended to provide representative low-energy conformations from the native ensemble
of the complex as our conformational sampling approach involves a tradeoff between

computational speed and extensive evaluation of the native ensemble.

Consensus Scoring. With eight models (four for omRBD, four for Wuhan-Hu-1 RBD)
for each binding partner in hand, we next examined these models for altered interaction
patterns and evaluated per-residue energies of interaction to identify the consensus
effect of amino acid substitutions. Examination of energy changes across all four types
of models serves as a measure of confidence in the identified interaction patterns. For

each model, we have also used a threshold value of 1.4 Rosetta Energy Units (REU) to
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identify changes in residue energies. For each residue, one “+” is assigned per model in
which the interface destabilization energy due to substitution exceeds +1.4 REU, and

one “-” is assigned per model in which it is below -1.4 REU, with + and - canceling each
other, and neither is assigned for models where the absolute value of interface energy
change was below 1.4 REU. For example, a particular mutation is scored as ++++
(high-consensus destabilizing) if all four models involve calculated interface energy
increases larger than 1.4 REU. A score of ++ was assigned if two of the four models
feature destabilization greater than the threshold value and two others do not have
significant energy changes with absolute value greater than 1.4 REU, or if three are
above 1.4 REU and one is below -1.4 REU. A “*”" is assigned to a substitution when two
or more models predict conflicting but substantial changes, indicating low consensus in
our prediction. Of the 38 antibody complexes presented in this initial report, 91
substitutions exceeded the absolute value of 1.4 REU to be noteworthy. Of those, 13
were ++++ (14%) and 11 were +++ (12%), whereas only five were --- (6%), and three
were ---- (3%). These trends indicate that several key interactions predicted with high
consensus are likely disruptive, but there are a small number of cases in which we can
anticipate some compensation by a second substitution. As cautionary notes, these
observations reflect the consequences to substituted residues only, and may or may not
directly capture effects in the surrounding residues; these effects may also contribute to
the changes in overall binding energy upon substitution to some extent. More

information can be found in the Supplementary Materials.

Results

Analysis of ACE2 Binding Interface. To investigate the impact of omRBD residue
substitutions on ACE2 binding, we examined the modeled complexes of omRBD-ACE2
and compared them to the experimental structure of the original Wuhan-Hu-1 RBD-
ACE2 complex (Fig. 3). All of the amino acid substitutions at the ACE2 interface are
accommodated in a favorable geometry and appear to make several favorable intra-
and inter-molecular contacts consistent with binding to ACE2 being preserved despite

the large number of amino changes observed in the RBD. Many of the substitutions or
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sites of substitutions in omRBD were observed individually in other variants (N501Y, first
seen in Alpha and Gamma; K417N and E484K, first seen in Beta; T478K; first seen in
Delta). Some of these substitutions have been observed in pairwise combinations in
RBD domains evolved for increasing affinity to the ACE2 receptor.'3 Analyses of
synonymous and non-synonymous mutations in the gene encoding the Omicron VOC
Spike compared to previously detected SARS-CoV-2 variants indicate that several key
sites of substitution have likely undergone positive selection, suggesting that the
observed amino acid substitutions, particularly those occurring in the receptor-binding
motif, are beneficial to the virus.1® One key question for a markedly altered VOC such
as Omicron is whether these individual favorable substitutions will interact favorably
(positive cooperativity/epistasis) or unfavorably (negative cooperativity/epistasis), and
what might be the structural basis for such an effect? Our computed structural models
document that for some omRBD substitutions that cluster in a single binding region,
positive cooperativity may arise as a result of an omRBD-specific extensive
interdigitated largely polar interaction network (featuring Y501, R498, S496, R493 from
the RBD; K353, D38, E35 from ACEZ2: italics indicate ACEZ2 residue numbering)
between the omRBD substitutions and ACE2 residues in the binding site (Fig. 3). This
enthalpically-favorable interaction network is markedly smaller in the original RBD
where the interface features individual residue pairs (Q493-E35) or small clusters
(Q498-D38-Y449) of hydrogen bonds (Fig. 3). In the extensive network of predicted
interactions, the omRBD-ACE?2 interface bears some resemblance to other evolved
protein-protein interfaces with optimized, often interdigitated sidechain-sidechain
interactions.20.21 Analysis of calculated energy changes (Fig. 3C) suggests that three
substitutions contribute favorably to the binding (with high consensus) while K417N
leads to the loss of an interface hydrogen bond. However, N417 is involved in two
intramolecular hydrogen bonds that may increase the stability of the bound
conformation. Overall, the models reported here suggest that ACE2 binding will be
robust with the emergence of a multi-residue network of interactions and likely

enhanced compared to the Wuhan-Hu-1 RBD.
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Analysis of Antibody Binding Interfaces. One of the more plausible scenarios
advanced to explain the origin of the Omicron VOC is long-term circulation in an
immunocompromised subject (presumably human) with persistent SARS-CoV-2
infection.22 Within such an environmental niche, it can be reasonably posited that
omRBD has accrued substitutions endowing it with both increased infectivity and
immune escape properties. Indeed, several sites of substitutions in the Omicron VOC
have been observed in other variants that exhibit dampened antibody binding23 and in
yeast-based deep mutational escape mapping experiments carried out with a large set
of antibodies.24-26 These previous results suggest that the Omicron VOC might be
capable of immune evasion from neutralizing and therapeutic antibodies.2” As this VOC
appears to have many escape-endowing substitutions, a key question is whether their
individual effects will be additive or display cooperativity (positive or negative). In other
words, can the weakened affinity due to one substitution be compensated by additional
interactions due to another substitution? Because these interactions are inherently 3D
structure-mediated phenomena, we reasoned that computed structural models of
omRBD-antibody complexes may provide insights into possible interactions between

effects of individual substitutions.

Antibodies Targeting SARS-CoV-2. SARS-CoV-2 antibodies have been divided by
Barnes, Bjorkman, and colleagues into four classes (Barnes Classes), depending on
whether their binding sites overlap with the ACE2-binding site and the orientation of
RBD for accessibility (up or down)." We have computed structural models of omRBD
bound to representative antibodies from each Barnes Class, including three therapeutic
antibodies (REGEN-COV cocktail containing two Regeneron Pharmaceuticals
antibodies, and S309 which has been adapted by Vir Biotechnology and

GlaxoSmithKline), and analyzed their interfaces in detail.

Class 1 Antibodies. Class 1 neutralizing antibodies have epitopes on the Spike that
overlap with the ACE2-binding site and can only bind to RBD in the up (open)
conformation. These antibodies are typically defined by their short CDRH3 loops.
Various examples include C102, C105, B38, CC12.3, COVOX-222, COVOX-253.1" We

12
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opted to analyze models of Spike-antibody complexes for CC12.3 and COVOX-222 and

evaluate the impact of omRBD-associated substitutions.

CC12.3 is a VH3-53 public-domain antibody that is elicited from infection with
COVID-19.28 We investigated models of the omRBD-CC12.3 complex to assess the
impact of interfacial substitutions (Fig. 4). Notably, but as expected, the consensus
among three out of four models is that K417N will evoke a destabilizing decrease in
binding energy (consistent with the aforementioned antibody studies), likely due to the
loss of two interactions made by K417: a salt bridge and hydrogen bond with CC12.3
(Fig. 4A,4B). N417 instead makes intramolecular hydrogen bonding interactions. This
finding is consistent with other studies that document at least 100-fold reduction in
antibody binding as a result of K417N.23.25.29 The other two substituted residues (N501Y
and Y505H) at the interface have a moderate impact (low consensus) on CC12.3
binding to the Omicron VOC Spike (Fig. 4C-4E). Interestingly, N501Y has been

documented to have a negligible impact (0.1-fold reduction) on CC12.3 binding.23.25

COVOX-222 (also referred to as Fab 222 or mAb 222) is a Class 1 neutralizing antibody
which also belongs to the VH3-53 public domain.30.31 Most of our models indicate that
K417N is destabilizing, and one model finds that Q493R is stabilizing. K417N results in
the loss of one salt bridge and two hydrogen bonds (Fig. 5A,5B). Conversely, Q493R
permits the formation of two backbone hydrogen bonds (Fig. 5C,5D). All four of our
models of omRDB-COVOX-222 indicate that Y505H is destabilizing at the interface
(Fig. 5), potentially due to the loss of a hydrogen bond (Fig. 5C,5D). Other interfacial
substitutions that may have a modest favorable effect (low consensus) on binding are
G496S, Q498R, and (moderate consensus) N501Y (Fig. 5E).

Class 2 Antibodies. Class 2 antibodies are characterized by Spike epitopes that overlap
the ACE2-binding site and can bind RBD irrespective of its conformation (up/open or

down/closed)." In comparison to Class 1, these antibodies tend to have larger CDRH3
loops and bridge RBDs. Examples include C002, C104, C119, C121, C144, COVA2-39,
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5A6, P2B-2F6, Ab2-4, and BD23.1 We have assessed computed structural models of

the omRBD-C002 complex as a representative case.

C002 is a neutralizing antibody originally isolated from COVID-19-convalescent sera32
and encoded by VH3-30 and VK1-39.11 All four models of omRBD-C002 highlight the
markedly destabilizing effects of K417N and E484A at the interface (Fig. 6). K417N is
predicted to lose a salt bridge with C002 (Fig. 6A,6B) while E484A loses both a salt
bridge and hydrogen bond (Fig. 6C,6D). Furthermore, three of four models highlight the
energetic unfavorability of Q493R for binding, which may result in the loss of two
hydrogen bonds. Other potential consequences from the Omicron VOC include the
stabilization by G496S according to one model due to the formation of novel sidechain
interactions (Fig. 6E,6F). Our findings are consistent with a previous study33 which
discovered that Omicron-relevant substituted residues retain high escape fraction
values, specifically for E484A (1.0) and Q493R (0.979).23 Overall, predicted loss of
interactions at four sites of omRBD suggests that binding to C002 may be substantially

compromised.

Class 3 Antibodies. Class 3 antibodies bind the RBD in either conformation (up/open or
down/closed) at an epitope distal to the ACE2-binding site. Although their binding sites
technically do not overlap with that of ACE2, some may be capable of blocking ACE2
interaction via steric or even allosteric interference. Moreover, they confer the potential
for additive neutralization due to their impartiality for RBD conformation and binding
sites that do not overlap with Class 1 and Class 2 antibodies.!" Examples of Class 3
antibodies include C110, C135, REGN10987, and S309."" We explored the omRBD
complexes with single and cocktail therapeutic antibodies currently being administered

in the clinical setting.

S309 served as a template for design of an Fc-modified therapeutic antibody, VIR-7831
(sotrovimab; GSK4182136; Xevudy), from Vir Biotechnology and GlaxoSmithKline
currently under United States Food & Drug Administration (FDA) Emergency Use

Authorization (EUA). S309 was originally isolated from an individual infected with
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SARS-CoV in 2003 and discovered to also neutralize SARS-CoV-2.34 In our structural
analysis, G339D and N440K were indicated to be energetically-favorable substitutions
in two out of four omRBD-S309 models each (Fig. 7). G339D may permit the formation
of a novel sidechain interaction while N440K may allow an additional hydrogen bond
with its backbone (Fig. 7A,7B). As these interactions involve portions of the RBD with
lower pTM in AF2 models (Fig. 2), greater caution should be taken in drawing direct
conclusions. Previous studies of S309, VIR-7831, or VIR-7832 have indicated that
G339D and N440K have negligible effects on antibody-binding reduction, ranging from
0.5-1.2-fold reduction.23.35 These findings indicate that binding of S309 may be largely

unaltered for the Omicron VOC.

REGEN-COV (formerly known as REGN-COV2) from Regeneron Pharmaceuticals is a
cocktail composed of two potent antibodies, REGN10987 (imdevimab) and REGN10933
(casirivimab), which are Class 3 and Class 1 antibodies, respectively.36 Use of this
particular combination highlights the structural advantage of employing antibodies with
distinct target epitopes. The cocktail was granted FDA approval for EUA for REGEN-
COV in late 2020 and has since provided encouraging phase Il clinical trial results.37.38
We explored various models of the omRBD-REGN10987 (Fig. 8A-8E) and omRBD-
REGN10933 (Fig. 8F-8J) complexes.

For omRBD-REGN10987, the data are associated with differing degrees of consensus
on energy changes for various residues. Three models reveal a destabilizing impact of
Q498R, possibly due to loss of interactions with an adjacent tyrosine residue (Fig.
8F,8G). Two models display energetic favorability of N440K, likely due to the formation
of two salt bridges with REGN10987 (Fig. 8F,8G). Previous studies range greatly in
terms of quantified abrogation of binding of REGN10987 in the presence of N440K,
ranging from 1.5- to 95.6-fold reduction.23.39 Starr et al. found an escape fraction of
0.551 for REGN10987 with N440K.40 One model exhibits a positive (i.e., unfavorable)
energy change associated with S446, which leads to ablation of two backbone
hydrogen bonds (Fig. 8H,8l) with Y449 and R498. This result is consistent with findings
of an escape fraction of 0.795 for G446S by Starr et al.,#0 and a 17-fold reduction in
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antibody neutralization of the (chemically similar) substitution Q498H noted in CoVDB.23
Overall, our models indicate that G446S and Q498R in omRBD may lead to a loss of
interactions (also by Y449) which is in agreement with previous findings with these
individual substitutions. However, the (low consensus) prediction of a stabilizing effect of

N440K appears to be in contradiction with some previous experimental results.

With regard to REGN10933, some substituted interface residues display unfavorable
energy changes; K417N may result in a salt bridge loss while E484A and Q493R may
lead to loss of hydrogen bonds. K417N has been shown experimentally to lead to
reduction in REGN10933 binding by various degrees, ranging from 4.4- to >100-fold
reductions,29.39.41-45 while reduced binding by 0.8- to 6.7-fold has been reported for the
cocktail with REGN10987.23.29,.39.42 S477N was reported to lead to 0.9- to 3.4-fold
reduction in REGN10933 binding*3:45-47 and 1.5-fold reduction for the cocktail.23.46
Finally, Q493R led to a 70-fold reduction in REGN10933 binding.23 In our models,
destabilizing energy changes corresponding to these substitutions are observed (Fig.
8J), and no compensatory interactions are evident in any of the models, suggesting that

the binding to this TE by omRBD may be severely compromised.

Class 4 Antibodies. Class 4 antibodies are capable of binding the RBD only in its up/
open conformation at an epitope that does not overlap with the ACE2-binding site.
Examples include CR3022, COV1-16, EY6A, S304, and S2A4.1" We analyzed the
omRBD-CR3022 complex as a primary example of Class 4 antibody interaction with
RBD.

CR3022 was first isolated in 2006 from convalescent sera of a patient infected with
SARS-CoV.48 It primarily binds to the Wuhan-Hu-1 RBD via a series of hydrophobic
interactions.4® Of all the identified SARS-CoV-2 Spike-binding proteins in the PDB,
CR3022 occurred in the largest number of PDB IDs (Table 1). Overall, S373P and
S375F appear to contribute favorable and unfavorable energetics, respectively (Fig. 9);
S373P promotes adoption of an a-helical conformation (which likely influences the

structural uncertainty for this region) while S375F eliminates its hydrogen bond with the
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polypeptide chain backbone (Fig. 9A,9B). Such findings indicate that the amino acid
substitutions found in the Omicron VOC may produce a neutral outcome with respect to
CR3022 binding. Because this binding mode involves lower pTM in AF2 models (Fig.
2), we anticipate further testing our methodology in future work by taking advantage of
the availability of 14 other PDB structures that involve this antibody, providing some
conformational diversity beyond that which we have generated with the approach

reported herein.

Discussion

The emergence and spread of the Omicron VOC of SARS-CoV-2 has raised concerns
regarding transmissibility, severity of disease, and susceptibility to previously generated
antibodies. To bolster research efforts to characterize this new VOC, we computed
structural models of omRBD bound to ACE2 and 20 diverse antibodies using
computational methods, including AF2-based structure prediction and Rosetta-based
energy calculations. Based solely on these models, we assessed the qualitative impact
of substituted residues within the interface between omRBD and various binding
partners to facilitate greater understanding of how these substitutions may impact

Omicron VOC infection and antibody neutralization.

Analysis of omRBD interactions with various proteins sheds light on how the relatively
large number of residue substitutions in this globally emerging SARS-CoV-2 variant may
exert their effects individually and display cooperativity. ACE2 binding by omRBD
appears to involve an interdigitated network of interactions that was not observed in the
Wuhan-Hu-1 strain, suggesting a structural basis for cooperativity (or positive epistasis;
Fig. 3). Binding of omRBD to examples of Class 1 and 2 antibodies that we analyzed
appears to be considerably altered with destabilizing interactions dominating over a
small number of stabilizing interactions arising from the numerous substitutions in the
Omicron VOC. On the other hand, interaction networks in Class 3 antibodies such as
S309 and Class 4 antibodies such as CR3022 appear to be only modestly affected. As

initial results, we have presented computed structural models and analyses for 20
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binding proteins from a possible total of 281. In due course, we and others will be able
to update our results with analyses of the full set of complexes exemplified in the PDB.
A comprehensive, if qualitative, picture of the impact of omRBD substitutions on the

binding properties of SARS-CoV-2 Spike RBD should hopefully emerge from doing so.

We anticipate that the structural models of omRBD complexes that we have made
available will be useful for other research efforts worldwide. First, for wet laboratory
investigators interested in characterizing the impact of individual or clusters of
substitutions observed in omRBD, the models provide visual aids plus testable
hypotheses. Networks of interactions identified for ACE2 binding, for example (Fig. 3)
can be tested by using site-directed mutagenesis. In cases where binding of therapeutic
antibodies is functionally compromised, these models may provide starting points for
computer-aided antibody design efforts. Thus, the models reported herein provide
atomic level insights into ligand-directed 3D recognition of omRBD by various binding

proteins and therapeutic entities.

Several limitations and caveats apply to our computed structural models and analyses.
First, post-translational modifications such as glycosylation, which may often be a key
element of Spike structure, are not considered in our protein-only models. Many
experimental structure determinations also exclude these glycans, and multiple X-ray
structures show that the ACE2-binding interface does not explicitly involve glycans.
However, some glycosylation patterns do affect binding of certain antibodies. Second,
we do not include explicit interfacial water molecules in our modeling procedures. There
were no major water-mediated interactions observed experimentally in the complexes
we analyzed in detail. However, it is conceivable that new water-mediated interactions
have been missed. Both limitations can be addressed by using the models reported
here as starting points for more computationally-expensive modeling approaches (such
as molecular dynamics simulations) with appropriately glycosylated amino acid

sidechains.50
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In addition to these limitations inherent to modeling procedures, there are well-known
limitations of the energy functions used for scoring and energy evaluations plus the
limited conformational sampling that is performed in the interest of computational
efficiency. Because the overall structure of omRBD is likely to be highly similar to the
Wuhan-Hu-1 RBD, limited sampling around the conformations observed in
experimentally-derived structures represents a reasonable time-saving approximation.
We do, however, explore alternative conformations by using both AF2- and
experimentally-derived structures to generate small ensembles of similar structures as
starting points of our analyses, and assign confidence based on consensus within the
ensemble. Thus, we have hereby provided what we consider a reasonable balance
between conformational sampling and computational expediency, though we fully

acknowledge that calculated binding energies are highly sensitive to conformation.

The enthalpy of the bound state is but one of the relevant thermodynamic quantities
involved in binding. Furthermore, we have not exhaustively sampled the structural
ensembles. Given these limitations, we believe it is crucial to not draw premature
conclusions about complex biological phenomena such as escape from antibody
neutralization, let alone formulate incautious predictions about immune response to the
Omicron VOC based on similar analyses (albeit of a smaller number of complexes).
Finally, other than ACE2, we do not explore additional identified receptors of Spike,
such as TMPRSS2.51.52 The structures and predictions provided in this work should
serve as a supplement and guide for other researchers studying the mutational

consequences of Omicron and other as yet uncharacterized SARS-CoV-2 VOCs.

In summary, we have organized relevant PDB data and generated computational
models of omRBD complexes with ACE2 and a diverse set of antibodies from all four
Barnes Classes. Based on these models, we observe strikingly altered interface
topologies in the computed protein-protein interfaces. We made qualitative inferences
about the energetic impact of substituted residues at the interfaces to provide
hypotheses regarding their effects on abrogation and structural remodeling of

interactions. We make these data available (https://github.com/sagark101/
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omicron_models) for the broad scientific community to complement ongoing research of
the Omicron VOC, and hope that they will be of use to experimental hypothesis testing,
therapeutic antibody design, and other efforts to aid the global community’s response to
the SARS-CoV-2 pandemic. Future studies will center on generating models based on
additional complex structures available in the PDB, and further characterization of their

structural features.

Acknowledgements

This work was supported by Longenbaugh-Levy Donor-Advised Fund research awards
(to R.P. and W.A.), National Science Foundation (NSF) grant CBET-1929237 (to
S.D.K.), and National Institutes of Health (NIH) grant GM132565 (to S.D.K.). RCSB
PDB is jointly funded by the NSF (DBI-1832184), the US Department of Energy (DE-
SC0019749), and the National Cancer Institute, National Institute of Allergy and
Infectious Diseases, and National Institute of General Medical Sciences of the NIH
under grant RO1GM133198.

Author Contributions

R.P., W.A., S.K.B., and S.D.K. conceptualized and conceived the study. J.H.L. and C.M.
retrieved and organized relevant PDB data. J.H.L. and D.B. developed computational
approaches for generating structural models. J.H.L., C.M., D.B., and S.D.K. analyzed
structural models. C.M. visualized structural models. J.H.L., C.M., D.B., and S.D.K.

wrote the manuscript, with subsequent editorial contributions from all other authors.

Disclosures

R.P. and W.A. are listed as inventors on a patent application related to immunization
strategies (International Patent Application no. PCT/US2020/053758, entitled “Targeted
Pulmonary Delivery Compositions and Methods Using Same”). C.M., R.P., and W.A. are

20


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

inventors on International Patent Application PCT/US2021/040392, filed July 3, 2021,
entitled “Enhancing Immune Responses Through Targeted Antigen Expression,” which

describes immunization technology adapted for COVID-19. PhageNova Bio has
licensed these intellectual properties and C.M., R.P., and W.A. may be entitled to
standard royalties. R.P. and W.A. are founders and equity stockholders of PhageNova
Bio. R.P. is Chief Scientific Officer and a paid consultant of PhageNova Bio. R.P. and
W.A. are founders and equity shareholders of MBrace Therapeutics; R.P. serves as a
paid consultant and member of the Board of Directors for MBrace Therapeutics and
W.A. is a Member of the Scientific Advisory Board at MBrace Therapeutics. These
arrangements are managed in accordance with the established institutional conflict-of-

interest policies of Rutgers, The State University of New Jersey.

References

1 Pulliam, J. R. C. et al. Increased risk of SARS-CoV-2 reinfection associated with
emergence of the Omicron variant in South Africa. medRxiv, 2021.2011.2011.21266068,
doi:10.1101/2021.11.11.21266068 (2021).

2 Callaway, E. & Ledford, H. How bad is Omicron? What scientists know so far.
Nature 600, 197-199, doi:10.1038/d41586-021-03614-z (2021).

3 Wilhelm, A. et al. Reduced Neutralization of SARS-CoV-2 Omicron Variant by
Vaccine Sera and monoclonal antibodies. medRxiv, 2021.2012.2007.21267432,
doi:10.1101/2021.12.07.21267432 (2021).

4 Cele, S. et al. SARS-CoV-2 Omicron has extensive but incomplete escape of
Pfizer BNT162b2 elicited neutralization and requires ACE2 for infection. medRXxiv,
2021.2012.2008.21267417, doi:10.1101/2021.12.08.21267417 (2021).

5 Goodsell, D. S. & Burley, S. K. RCSB Protein Data Bank resources for structure-
facilitated design of mMRNA vaccines for existing and emerging viral pathogens.
Structure, doi:10.1016/j.str.2021.10.008 (2021).

6 Baek, M. et al. Accurate prediction of protein structures and interactions using a
three-track neural network. Science 373, 871-876, doi:10.1126/science.abj8754 (2021).

21


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

7 Burley, S. K., Arap, W. & Pasqualini, R. Predicting Proteome-Scale Protein
Structure with Artificial Intelligence. N Engl J Med 385, 2191-2194, doi:10.1056/
NEJMcibr2113027 (2021).

8 Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589, doi:10.1038/s41586-021-03819-2 (2021).

9 Markosian, C. et al. Apropos of Universal Epitope Discovery for COVID-19
Vaccines: A Framework for Targeted Phage Display-Based Delivery and Integration of
New Evaluation Tools. bioRxiv, doi:10.1101/2021.08.30.458222 (2021).

10 Staquicini, D. I. et al. Design and proof of concept for targeted phage-based
COVID-19 vaccination strategies with a streamlined cold-free supply chain. Proc Natl
Acad Sci U S A 118, doi:10.1073/pnas.2105739118 (2021).

11 Barnes, C. O. et al. SARS-CoV-2 neutralizing antibody structures inform
therapeutic strategies. Nature 588, 682-687, doi:10.1038/s41586-020-2852-1 (2020).
12 Zemla, A. LGA: A method for finding 3D similarities in protein structures. Nucleic
Acids Res 31, 3370-3374, doi:10.1093/nar/gkg571 (2003).

13 Zahradnik, J. et al. SARS-CoV-2 variant prediction and antiviral drug design are
enabled by RBD in vitro evolution. Nat Microbiol 6, 1188-1198, doi:10.1038/
s41564-021-00954-4 (2021).

14 Lubin, J. H. et al. Evolution of the SARS-CoV-2 proteome in three dimensions
(3D) during the first 6 months of the COVID-19 pandemic. Proteins, doi:10.1002/
prot.26250 (2021).

15 Elbe, S. & Buckland-Merrett, G. Data, disease and diplomacy: GISAID's
innovative contribution to global health. Glob Chall 1, 33-46, doi:10.1002/gch2.1018
(2017).

16 Shu, Y. & McCauley, J. GISAID: Global initiative on sharing all influenza data -
from vision to reality. Euro Surveill 22, doi:10.2807/1560-7917.ES.2017.22.13.30494
(2017).

17 Dunbar, J. et al. SAbDab: the structural antibody database. Nucleic Acids
Research 42, D1140-D1146, doi:10.1093/nar/gkt1043 (2013).

22


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

18 Alford, R. F. et al. The Rosetta All-Atom Energy Function for Macromolecular
Modeling and Design. J Chem Theory Comput 13, 3031-3048, doi:10.1021/
acs.jctc.7b00125 (2017).

19 Martin, D. P. et al. Selection analysis identifies significant mutational changes in
Omicron that are likely to influence both antibody neutralization and Spike function (Part
1 of 2), <https://virological.org/t/selection-analysis-identifies-significant-mutational-
changes-in-omicron-that-are-likely-to-influence-both-antibody-neutralization-and-spike-
function-part-1-of-2/771> (2021).

20 Xu, D., Tsai, C. J. & Nussinov, R. Hydrogen bonds and salt bridges across
protein-protein interfaces. Protein Eng 10, 999-1012, doi:10.1093/protein/10.9.999
(1997).

21 Kuroda, D. & Gray, J. J. Shape complementarity and hydrogen bond preferences
in protein-protein interfaces: implications for antibody modeling and protein-protein
docking. Bioinformatics 32, 2451-2456, doi:10.1093/bioinformatics/btw197 (2016).

22 Kupferschmidt, K. Where did 'weird' Omicron come from? Science 374, 1179,
doi:10.1126/science.acx9738 (2021).

23 Tzou, P. L. et al. Coronavirus Antiviral Research Database (CoV-RDB): An Online
Database Designed to Facilitate Comparisons between Candidate Anti-Coronavirus
Compounds. Viruses 12, doi:10.3390/v12091006 (2020).

24 Starr, T. N. et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding
Domain Reveals Constraints on Folding and ACE2 Binding. Cell 182, 1295-1310 1220,
doi:10.1016/j.cell.2020.08.012 (2020).

25 Francino-Urdaniz, |. M. et al. One-shot identification of SARS-CoV-2 S RBD
escape mutants using yeast screening. Cell Rep 36, 109627, doi:10.1016/
j-celrep.2021.109627 (2021).

26 Greaney, A. J. et al. Complete Mapping of Mutations to the SARS-CoV-2 Spike
Receptor-Binding Domain that Escape Antibody Recognition. Cell Host Microbe 29,
44-57 e49, doi:10.1016/j.chom.2020.11.007 (2021).

27 Greaney, A. J., Starr, T. N. & Bloom, J. D. An antibody-escape calculator for
mutations to the SARS-CoV-2 receptor-binding domain. bioRXxiv,
2021.2012.2004.471236, doi:10.1101/2021.12.04.471236 (2021).

23


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

28 Yuan, M. et al. Structural basis of a shared antibody response to SARS-CoV-2.
Science 369, 1119-1123, doi:10.1126/science.abd2321 (2020).

29 Yuan, M. et al. Structural and functional ramifications of antigenic drift in recent
SARS-CoV-2 variants. Science 373, 818-823, doi:10.1126/science.abh1139 (2021).

30 Dejnirattisai, W. et al. The antigenic anatomy of SARS-CoV-2 receptor binding
domain. Cell 184, 2183-2200 e2122, doi:10.1016/j.cell.2021.02.032 (2021).

31 Dejnirattisai, W. et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell
184, 2939-2954 2939, doi:10.1016/j.cell.2021.03.055 (2021).

32 Robbiani, D. F. et al. Convergent antibody responses to SARS-CoV-2 in
convalescent individuals. Nature 584, 437-442, doi:10.1038/s41586-020-2456-9 (2020).
33 Greaney, A. J. et al. Mapping mutations to the SARS-CoV-2 RBD that escape
binding by different classes of antibodies. Nat Commun 12, 4196, doi:10.1038/
s41467-021-24435-8 (2021).

34 Pinto, D. et al. Cross-neutralization of SARS-CoV-2 by a human monoclonal
SARS-CoV antibody. Nature 583, 290-295, doi:10.1038/s41586-020-2349-y (2020).

35 Cathcart, A. L. et al. The dual function monoclonal antibodies VIR-7831 and
VIR-7832 demonstrate potent in vitro and in vivo activity against SARS-CoV-2. bioRxiv,
2021.2003.2009.434607, doi:10.1101/2021.03.09.434607 (2021).

36 Hansen, J. et al. Studies in humanized mice and convalescent humans yield a
SARS-CoV-2 antibody cocktail. Science 369, 1010-1014, doi:10.1126/science.abd0827
(2020).

37 O'Brien, M. P. et al. Subcutaneous REGEN-CQOV Antibody Combination to
Prevent Covid-19. N Engl J Med 385, 1184-1195, doi:10.1056/NEJM0a2109682 (2021).
38 Weinreich, D. M. et al. REGEN-COV Antibody Combination and Outcomes in
Outpatients with Covid-19. N Engl J Med 385, €81, doi:10.1056/NEJM0a2108163
(2021).

39 Wang, Z. et al. mMRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating
variants. Nature 592, 616-622, doi:10.1038/s41586-021-03324-6 (2021).

40 Starr, T. N. et al. Antibodies to the SARS-CoV-2 receptor-binding domain that
maximize breadth and resistance to viral escape. bioRXxiv,
doi:10.1101/2021.04.06.438709 (2021).

24


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

41 Tada, T. et al. Convalescent-Phase Sera and Vaccine-Elicited Antibodies Largely
Maintain Neutralizing Titer against Global SARS-CoV-2 Variant Spikes. mBio 12,
0069621, doi:10.1128/mBio0.00696-21 (2021).

42 Tada, T. et al. Comparison of Neutralizing Antibody Titers Elicited by mRNA and
Adenoviral Vector Vaccine against SARS-CoV-2 Variants. bioRxiv,
doi:10.1101/2021.07.19.452771 (2021).

43 Wang, L. et al. Ultrapotent antibodies against diverse and highly transmissible
SARS-CoV-2 variants. Science 373, doi:10.1126/science.abh1766 (2021).

44 Wang, P. et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7.
Nature 593, 130-135, doi:10.1038/s41586-021-03398-2 (2021).

45 Wang, R. et al. Analysis of SARS-CoV-2 variant mutations reveals neutralization
escape mechanisms and the ability to use ACE2 receptors from additional species.
Immunity 54, 1611-1621 e1615, doi:10.1016/j.immuni.2021.06.003 (2021).

46 Copin, R. et al. The monoclonal antibody combination REGEN-COV protects
against SARS-CoV-2 mutational escape in preclinical and human studies. Cell 184,
3949-3961 €3911, doi:10.1016/j.cell.2021.06.002 (2021).

47 Fenwick, C. et al. A highly potent antibody effective against SARS-CoV-2 variants
of concern. Cell Rep 37, 109814, doi:10.1016/j.celrep.2021.109814 (2021).

48 ter Meulen, J. et al. Human monoclonal antibody combination against SARS
coronavirus: synergy and coverage of escape mutants. PLoS Med 3, €237, doi:10.1371/
journal.pmed.0030237 (2006).

49 Yuan, M. et al. A highly conserved cryptic epitope in the receptor binding domains
of SARS-CoV-2 and SARS-CoV. Science 368, 630-633, doi:10.1126/science.abb7269
(2020).

50 Casalino, L. et al. Beyond Shielding: The Roles of Glycans in the SARS-CoV-2
Spike Protein. ACS Cent Sci 6, 1722-1734, doi:10.1021/acscentsci.0c01056 (2020).

51 Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2
and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271-280 €278,
doi:10.1016/j.cell.2020.02.052 (2020).

25


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

52 Lukassen, S. et al. SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily
expressed in bronchial transient secretory cells. EMBO J 39, e105114, do0i:10.15252/
embj.20105114 (2020).

26


https://doi.org/10.1101/2021.12.12.472313
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472313; this version posted December 13, 2021. The copyright holder for this preprint
(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
available under aCC-BY-ND 4.0 International license.

Figure Captions

Figure 1: (A) Overview of residues of Spike of SARS-CoV-2 that are substituted in the
Omicron VOC receptor-binding domain (omRBD) (tan). RBD contains the receptor-
binding motif (RBM) which interacts with ACE2 (light gray) (PDB ID: 6M0J). (B) Overall
breakdown of all 388 PDB IDs containing Spike-bound polypeptide therapeutic entities
(TEs) (as of November 27, 2021). This study focuses on antibodies. (C) Workflow to
generate predicted structures of omRBD in complex with various polypeptide TEs,

including antibodies, based on experimentally solved structures.

Figure 2: AFRC model of omRBD in complex with ACE2 (light gray) (PDB ID: 6MO0J).
omRBD residues are colored by AF2-reported pTM in the generated model (yellow-to-
green spectrum corresponds to low-to-high confidence). Inset: substituted residues with

low pTM in comparison to other substitutions are highlighted (red labeling).

Figure 3: Key substituted residues (labeled in red) at the interface between Spike (tan)
and ACEZ2 (dim gray) that undergo notable energy changes in the Omicron VOC based
on its (A, B) AFRF model (PDB ID: 6M0J). Length unit of non-covalent bonds (dotted
lines) between Spike and ACE2 is A. (C) Substituted residues of Spike involved in the
binding interface and their relative energy changes across four predicted models

(RRMC, RRMF, AFRC, AFRF). “+” indicates destabilization and “-” indicates stabilization

(absolute magnitude larger than 1.4 REU). Number of “+” or “-” symbols indicates our

confidence in the prediction (three or four: high, two: moderate, one: low), * indicates a

situation where there are conflicting predictions from two or more methods.

Figure 4: Key substituted residues (red) in the interface between Spike (tan) and

CC12.3 (dim gray) that undergo notable energy changes in the Omicron VOC based on
its (A, B) RRMC and (C, D) AFRF models (PDB ID: 6XC4). Length unit of non-covalent
bonds (dotted lines) between Spike and antibody is A. (E) Substituted residues of Spike

involved in the binding interface and their relative energy changes across four predicted
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models (RRMC, RRMF, AFRC, AFRF). “+” indicates destabilization and “-” indicates

stabilization (absolute magnitude larger than 1.4 REU). Number of “+” or “-” symbols

indicates our confidence in the prediction (three or four: high, two: moderate, one: low),

* indicates a situation where there are conflicting predictions from two or more methods.

Figure 5: Key substituted residues (red) in the interface between Spike (tan) and
COVOX-222 (dim gray) that undergo notable energy changes in the Omicron VOC
based on its (A, B) RCRF and (C, D) AFRC models (PDB ID: 7NX6). Length unit of non-
covalent bonds (dotted lines) between Spike and antibody is A. (E) Substituted residues

of Spike involved in the binding interface and their relative energy changes across four

predicted models (RRMC, RRMF, AFRC, AFRF). “+” indicates destabilization and “-”

“n

indicates stabilization (absolute magnitude larger than 1.4 REU). Number of “+” or “-
symbols indicates our confidence in the prediction (three or four: high, two: moderate,
one: low), * indicates a situation where there are conflicting predictions from two or

more methods.

Figure 6: Key substituted residues (red) in the interface between Spike (tan) and C002
(dim gray) that undergo notable energy changes in the Omicron VOC based on its (A,
B, C, D) RRMC and (E, F) AFRC models (PDB ID: 7K8S). Length unit of non-covalent
bonds (dotted lines) between Spike and antibody is A. (G) Substituted residues of Spike
involved in the binding interface and their relative energy changes across four predicted
models (RRMC, RRMF, AFRC, AFRF). Number of “+” or “-” symbols indicates our
confidence in the prediction (three or four: high, two: moderate, one: low), * indicates a

situation where there are conflicting predictions from two or more methods.

Figure 7: Key substituted residues (red) in the interface between Spike (tan) and S309
(dim gray) that undergo notable energy changes in the Omicron VOC based on its (A,
B) AFRC model. Length unit of non-covalent bonds (dotted lines) between Spike and
antibody is A. (C) Substituted residues of Spike involved in the binding interface and
their relative energy changes across four predicted models (RRMC, RRMF, AFRC,
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AFRF). Number of “+” or “-” symbols indicates our confidence in the prediction (three or

four: high, two: moderate, one: low), * indicates a situation where there are conflicting

predictions from two or more methods.

Figure 8: The REGEN-COV cocktail is composed of REGN10987 and REGN10933.
Key substituted residues (red) in the interface between Spike (tan) and REGN10987
(dim gray) that undergo notable energy changes in the Omicron VOC based on its (A,
B) AFRF and (C, D) AFRC models (PDB ID: 6XDG). Length unit of non-covalent bonds
(dotted lines) between Spike and antibody is A. (E) Substituted residues of Spike
involved in the binding interface with REGN10987 and their relative energy changes
across four predicted models (RCRC, RCRF, AFRC, AFRF). The same analysis was
performed for the interface between Spike (tan) and REGN10933 (dim gray) for its (F,
G) AFRF and (H, 1) RCRC models (PDB ID: 6XDG). (J) Substituted residues of Spike
involved in the binding interface with REGN10933 and their relative energy changes
across four predicted models (RCRC, RCRF, AFRC, AFRF). Number of “+” or “-”
symbols indicates our confidence in the prediction (three or four: high, two: moderate,
one: low), * indicates a situation where there are conflicting predictions from two or

more methods.

Figure 9: Key substituted residues (red) in the interface between Spike (tan) and
CR3022 (dim gray) that undergo notable energy changes in the Omicron VOC based on
its (A, B) AFRC model (PDB ID: 6YLA). Length unit of non-covalent bonds (dotted lines)
between Spike and antibody is A. (C) Substituted residues of Spike involved in the
binding interface and their relative energy changes across four predicted models
(RRMC, RRMF, AFRC, AFRF). Number of “+” or “-” symbols indicates our confidence in
the prediction (three or four: high, two: moderate, one: low), * indicates a situation

where there are conflicting predictions from two or more methods.
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Table 1: Summary of Spike-bound polypeptide TEs occurring in at least two PDB IDs.
Color indicates subdivision of bound protein: antibody (yellow), nanobody/synbody

(green), and other (orange).

Spike-Bound PDB ID PDB ID Spike-Bound PDB ID PDB ID
Polypeptide TE = Hits s Polypeptide TE = Hits s
2-15 2 7L57, 7L5B N9 2 7E8C, 7TE8F

7E5R, 7E5S, 7CWL,
15033-7 5 ;EI)‘(:' 77?)'\(15 o ML P17 7 7CWM, 7CWO, 7CWU,
: 7CWN
2B04 2 7K9H, 7K9I P2C-1F11 2 7CDI, 7E8M
2G12 3 7L02, 7L06, 7L09 P5A-3C12_1B 2 7D0D, 7D0B
2H04 2 7K9J, 7K9K P5C3 2 7P40, 7PHG
oHD A 7DK4, 7DK5, 7DK8, REGN10033" ) 0
Tore GN10933 6XDG
) . 7DCC, 7DCX, 7DD2, REGN10085" ) V42
3C . GN10985 7
3D11 2 7KQE, 7TM7B REGN10987* 1 6XDG
A23-58.1 2 7LRS, 7LRT REGN10989* 1 7M42
Ab1 (ab1 4 IESI0, PSS, 0N S2A4 2 7JVA, 7JVC
1) 7MIL '
AZD8895 2 7L7D, 7L7E S2E12 3 7K45, 7TKAN, 7R6X
B1-182.1 2 7MLZ, 7MMO S2H13 3 7JV2, 70V4, TIV6
BD-236 2 7CHB, 7CHE S2L20 6 7B, 7S04, 7SO,
. ’ 7N8H, 7S09, 7SOB
BD-368-2 4 TCHE, 7CHH, 7CHF, 2L2 2 7LXX, 7LXZ
-368- e S21.28 ,
7K43, 7N8H, 7S09,
BD-604 2 7CH4, 7CHF S2M11 6 7LXZ. 7LY2, 7LXY
BD-629 2 7CH5,7CHC S2M28 3 7LY2, 7LYO, 7LY3
€002 2 7K8S, 7K8T S2X259 3 7M7W, 7RA8, 7RAL
C105 2 BXCM, 6XCN S2X303 2 7SOE, 7SOF
c121 2 7K8X, 7TK8Y S2X333 2 7LXW, 7LXY
7R6X, 7JWO0, 7JX3,
cc12.1 2 6XC2, 6XC3 S304 4 e
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7BEP, 7R6X, 7R6W,
CC12.3 4 S)IEE‘;’ A, (A3, S309 9 6WPS, 6WPT, 7SOC,
7JX3, 7SOB, 7LON

COVA1-16 3 7JMW, 7LMS, 7LQ7 SARS2-38 2 7MKL, 7MKM
COVOX-150 2 7BEI, 7ND5 VH ab8 2 7TMJH, 7MJI
COVOX-158 2 7BEJ, 7TBEK WCSL 129 3 7MZI, TMZJ, TMZK
COVOX-159 2 7NDC, 7NDD

70R9, 7NX6, 7NX7,
COVOX-222 7 7NX8, 7NX9, 7NXA,

7NXB
COVOX-253 3 7BEN, 70RA, 70RB

VOX-253H

gl? OX-253H5 3 7ND9, 7NDA, 7BEO
COVOX-269 3 7BEM, 7NEG, 7NEH
COVOX-316 2 7BEH, 7ND7
COVOX-384 2 7ND8, 7BEP
COVOX-40 2 7ND3, 7ND6
COVOX-45 2 7BEL, 70RA
COVOX-75 3 7BEN, 7BEO, 70RB
COVOX-88 2 7ND4, 7BEL

7M6D, 7R8L, 6XC3,
6XC7, 6W41, 6YLA,
CR3022 15 6YMO, 6YOR, 6ZLR,
TASR, 7TA5S, 6YZ7,
622M, 6ZH9, 7LOP

7NX6, 7NX7, 7TNX8,
7NX9, 7NXA, 7NXB,

EY6A " 6zDG. 62DH, 6ZER.
6ZFO, 62CZ
7D4G, 7CWS, 7E5R,
FCO5 6 7EsS, 7CWT, 7CWU
7CWS, 7CAC, 7CAH,
HO14 8 7CAl, 7CAK, 7E5R,
7E5S, 7TCWN
o ,  TESS,7CYH,7CYP,

7CWT
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LY-CoV555 2 TKMG, 7L3N

* Antibodies with one hit in the PDB that were added due to clinical relevance.
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Table 2: Representative RBD-bound antibodies across Barnes Classes 1-4 selected for

initial structural modeling and analysis.

Ri:t'iz::;d B(;;"s‘:s PDBID  Study Modeling Code
A23-58.1 1 7LRT | 7LRT 1, 7LRT 2, 7LRT 3
B1-182.1 1 7MMO | 7MMO_1
C105 1 6XCM | 6XCM_1, 6XCM_2
cc12.3 1 6XC4 | 6XC4_1*, 6XC4_2
COVOX-222 1 7NX6 | TNX6_2*

COVOX-253 1 7ORA | 7ORA_1, 7TORA 4

REGN10933 1 6XDG | 6XDG_1*

S$2X259 1 IMIW | TM7W_2, TM7W_4

cooa , cas | TKBS_1,7KES 2,

7K8S_3*

c121 2 7K8X | 7TK8X_A, TK8X_2

LY-CoV555 2 7KMG | 7KMG_1, 7KMG_2

REGN10987 3 6XDG | 6XDG_2*

s306 5 7BEP, | 7BEP_1*, 7BEP_4,
7R6X | TR6X_1

CR3022 4 6YLA | 6YLA 1%, 6YLA 2

Evon A 6ZDH, | 6ZDH_1,6ZDH_2,
7NX6 | 6ZDH_3, TNX6_1

S304 4 7R6X | 7TR6X 2

* Modeled complexes presented in Fig. 4-9.

Note: Additional antibodies were included in this initial subset for
modeling because they are present in cocktail complexes: COVOX-45
(PDB ID: 7ORA), COVOX-384 (PDB ID: 7BEP), S2E12 (PDB ID:
7R6X), and S2H97 (PDB ID: 7TM7W).
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Substitutions in Spike-ACE2 Interface
K417N++, Q493R---, Q498R-, N501Y----, Y505H*
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E Substitutions in Spike-CCl2.3 Interface
K417N+++, N501Y*, Y505H*
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E Substitutions in Spike-COV0X-222 Interface
K417N+++, Q493R---, G496S-, Q498R-, N501Y--, Y505H++++
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(: Substitutions in Spike-CR3022 Interface
S373P--, S375F++
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