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Abstract: The SARS-COV2 Omicron variant has sparked global concern due to the
possibility of enhanced transmissibility and escape from vaccines and therapeutics. In
this study, we describe the mutational landscape of the Omicron variant using amino
acid interaction (AAl) networks. AAIl network analysis is particularly well suited for
interrogating the impact of constellations of mutations as occur on Omicron that may
function in an epistatic manner. Our analyses suggest that as compared to previous
variants of concern, the Omicron variant has increased antibody escape breadth due to
mutations in class 3 and 4 antibody epitopes as well as increased escape depth due to
accumulated mutations in class 1 antibody epitopes. We note certain RBD mutations
that might further enhance Omicron’s escape, and in particular advise careful
surveillance of two subclades bearing R346S/K mutations with relevance for certain
therapeutic antibodies. Further, AAl network analysis suggests that the function of

certain therapeutic monoclonal antibodies may be disrupted by Omicron mutations as a
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result of the cumulative indirect perturbations to the epitope surface properties, despite
point-mutation analyses suggesting these antibodies are tolerant of the set of Omicron
mutations in isolation. Finally, for several Omicron mutations that do not appear to
contribute meaningfully to antibody escape, we find evidence for a plausible role in
enhanced transmissibility via disruption of RBD-down conformational stability at the

RBD-RBD interface.

Introduction

The SARS-CoV-2 Omicron (B.1.1.529) variant of concern (VOC) has now been
detected globally, seizing the world’s attention due to preliminary data suggesting
enhanced transmission and reinfection as compared to the Delta variant [Pulliam 2021].
Several of omicron’s spike mutations have been observed in other VOC and
demonstrated to enhance transmissibility and confer varying degrees of escape from
neutralizing antibodies [Liu 2021a, Liu 2021b, Ku 2021, Zhou 2021]. However,
numerous Omicron mutations have not been observed on previous VOC nor
characterized rigorously in terms of their functional effects. Still, the position of many
unknown Omicron mutations within antibody epitopes has prompted concerns that the
efficacy of vaccines and therapeutic antibodies could be significantly reduced against
Omicron, prompting to policy decisions and research prioritizations with far reaching
consequences.

In this study, we analyze the receptor binding domain (RBD) mutational
landscape of the Omicron VOC using amino acid interaction (AAl) networks. AAl

network analysis is particularly well-suited for understanding the impact of constellations
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of mutations residing within and adjacent to an antibody epitope as occurs on the
Omicron variant. For example, AAl network analysis considers how mutation of a
residue that does not directly interact with a given antibody paratope (e.g., via a
hydrogen bond between side chain and antibody CDR) may still perturb antibody
binding if the residue plays a significant structural role in supporting other sites that
interact directly with the antibody. AAI networks quantitate these indirect relationships
through which Omicron’s mutation constellation may substantially perturb the chemical
and physical properties of RBD epitope surfaces. We apply the AAI network lens to
describe the potential impact of Omicron RBD mutations on polyclonal antibody
responses and therapeutic monoclonal antibodies. We further discuss the limitations in
interpreting efficacy of therapeutic antibodies based on existing in vitro data of isolated
mutations. Finally, we present possible functional roles for Omicron mutations that are
not predicted to substantially enhance antibody evasion. Our analysis suggests these
mutations may modulate the energetics of the RBD-up transition toward enhanced

infectivity.

Results
The impact of Omicron mutations on polyclonal antibody evasion

Toward investigating the antigenic impact of the Omicron RBD mutations, we first
mapped RBD antibody epitopes using an AAl network technique [Soundararajan 2011,
Miller 2021]. Our RBD epitope map includes at least 10 antibodies from each of the four
structural classes of anti-RBD antibodies [Barnes 2020] and thus represents the major

functional components of population-level polyclonal antibody responses [Hastie 2021].
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Using the RBD epitope map we first examine Omicron escape breadth across
the polyclonal sera response, finding that Omicron mutations occur at RBD sites that
interact with all antibodies examined and spanning the four antibody classes (Figure 1).
In contrast, the RBD mutations of the Beta and Delta variants are confined to sites
within class 1 and 2 antibody epitopes, with the exception of Beta N501Y, which
interacts indirectly with certain class 3 antibodies. This is consistent with experimental
evidence documenting Beta escape from class 1 and 2 antibodies [Wibmer 2021, Yuan
2021] and Delta escape primarily from class 2 antibodies [Cheng 2021]. Our analysis
therefore suggests that Omicron variant may have increased antibody escape breadth
as compared to previous variants, and that this breadth is driven by mutations in class 3
and 4 antibody epitopes.

Class 3 antibodies are potent neutralizers that are immunodominant for certain
individuals [Greaney 2021], while class 4 antibodies tend to be weakly neutralizing
[Barnes 2020] and thus play a lesser role in escape from polyclonal sera responses.
Our network analysis ranks Omicron mutations N440K, G446S, G496S, and Q498R as
most likely to confer enhanced class 3 antibody escape based on these sites having the
strongest network interactions with the antibodies surveyed. The RBD of PMS20, a
variant that was designed to escape neutralization from most convalescent and
polyclonal sera, features similar class 3 mutations to Omicron at sites 440 and 445, yet
also features an R346K mutation that Omicron lacks [Schmidt 2021]. R346 is the most
strongly networked residue for certain class 3 antibodies in our analysis including C135,
suggesting PMS20 could escape more effectively from the class 3 antibody component

of sera than Omicron.
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The Omicron mutations occurring in class 4 antibody epitopes (G339D, S371L,
S373P, S375F) are predominantly indirectly networked to class 4 antibodies. While
indirect networking would typically suggest that these mutations are unlikely to confer
significant class 4 antibody escape in isolation, it is plausible that the combined indirect
effects of these four mutations—which confer major chemical changes—could
meaningfully alter the local structure in this RBD region and thus perturb class 4
antibodies. Still, Omicron lacks mutation at a site that is strongly directly networked to
multiple class 4 antibodies such as 369, 377, 378, or 384.

Further, we note the that Omicron mutations may also enhance escape depth
from class 1 antibodies beyond that observed for the Beta variant due to accumulation
of additional mutations in class 1 antibody epitopes beyond the shared Beta/Omicron
mutation K417N. This feature could have contributed to PMS20’s escape from
convalescent and vaccinee sera [Schmidt 2021], as it can be seen in Figure 1 that
PMS20 also features multiple class 1 escape mutations. The polyclonal antibody
response to infection and vaccination has been shown to broaden over the months
following exposure due to persistent somatic mutation of antibody CDRs [Wang 2021].
This broadening process can increase an antibody’s tolerance of escape mutations
within its epitope [Muecksch 2021], leading to polyclonal responses that became better
at neutralizing the Beta variant over time. We find that Omicron has accumulated
multiple tightly clustered mutations and therefore may have enhanced escape from
matured polyclonal responses that are tolerant of certain class 1 antibody escape
mutations such as K417N and N501Y (see Figure 1). Specifically, Omicron mutations

at residues Q493, G496, Q498, and Y505 cluster closely with the Beta and Omicron
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escape mutations at residues K417 and N501 indicating escape depth from broad class
1 antibody responses. Notably, however, PMS20 was not able to fully escape from
polyclonal responses generated from infection followed by infection [Schmidt 2021],

suggesting that Omicron’s class 1 escape depth alone may not confer this ability.
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Figure 1: RBD epitopes and variant mutational constellations. AAl networking between a panel of
antibodies and nanobodies covering all anti-RBD antibody classes (x-axis) and RBD sites (y-axis) is
shown, with networking strength annotated as heat map intensity. RBD sites mutated on the Omicron,
Beta, Delta, and PMS20 RBDs are highlighted by red, blue, purple, and green arrows, respectively. The
Beta and Delta variant mutations primarily reside at sites corresponding to class 1 and 2 antibodies, the
PMS20 mutations occur at sites residing within class 1-3 epitopes, and the Omicron mutations cover the
epitopes of all four antibody classes. Further, Omicron and PMS20 feature several class 1 and 3 antibody
mutations suggestive of escape depth in these classes. The four Omicron mutations affecting class 4
epitopes do so via indirect networking, though may still cumulatively affect antibody binding at this epitope

region.

Omicron mutations and their effects on therapeutic antibodies

We subsequently applied AAI networks to examine the Omicron mutations in the
context of their ability to evade neutralization by therapeutic antibodies of current clinical
relevance (Figure 2). An important perspective offered by our network approach is the
impact of mutations that are not directly located at the interface of antibody-antigen
complexes on enhancing or disrupting their interaction. Specifically, it is important to
consider the allosteric effects of the many Omicron mutations and how they may
cooperatively affect antibody binding to the Omicron RBD by modulating the structural
and chemical features of the epitope surface. Our results present an accessible and
concise visualization of the network interactions between RBD sites mutated on
Omicron and authorized therapeutic antibodies.

We find that Omicron mutations occur at sites that are strongly directly networked
to REGN10987+REGN10933 (Casirivimab + imdevimab; sites 417, 440, 446, 484, 493,

496, 498) and LY-CoV016 + LY-CoV555 (Bamlanivimab + etesevimab; sites 417, 484,
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493, 501, 505), which suggests the binding event of these antibodies will be disturbed
by Omicron mutations. In contrast, Omicron mutations do not appear to strongly directly
interact with Sotrovimab (S309) or Tixagevimab + Cilgavimab (AZD7442 + AZD8895).
Our findings on the basis of direct networking between epitope residues in Omicron
variant and paratope residues in the neutralizing antibodies align with existing analyses
and commentary for these therapeutic antibodies derived from mutagenesis screens
based on the binding perturbation induced by the Omicron mutations individually and in
isolation [Regeneron, Cathcart 2021, Greaney 2021].

However, when further considering the cumulative indirect effects of the Omicron
mutations, we observe strong indirect networking from the mutated Omicron sites to
AZD1061 and moderate indirect networking to AZD8895 and S309. Examining the S309
AAI network in closer detail (Figure S1) shows indirect interactions between S309 and
the Omicron mutated sites 339, 373, 440, and 446. Site 339 networking, however,
drives the majority of the total indirect networking between the Omicron mutated sites
and S309. A recent study suggesting that S309 is tolerant of G339D in isolation is
therefore reassuring [Cathcart 2021]. Still, as four Omicron mutations may indirectly
alter the properties of the S309 epitope surface, it is important to verify S309’s binding
and neutralization in the context of RBD bearing all Omicron mutations. Further, since
the submission of this manuscript, Cathcart et al., updated their preprint with
pseudovirus neutralization data in the context of the full set of Omicron mutations,
recording a <3-fold reduction in neutralization. This reduction is consistent with the AAl
model prediction that the cumulative indirect effects of the Omicron mutations

moderately perturb the S309 binding surface. Building on this observation, another
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important residue position in the epitope surface of S309 is R346. The AAIl analysis
shows that R346 is networked both directly and indirectly to the S309 paratope in the
context of the other Omicron mutations. While isolated mutations at R346 only minorly
impact S309 binding and neutralization [Starr 2021, Cathcart 2021], the AAI network
suggests R346 mutations are likely to have a greater impact in the context of the other
Omicron mutations. Several Omicron subclades have been detected with R346S and
R346K mutations. Therefore, it is important to monitor if there is a further reduction in
the susceptibility (>5-fold change as defined in the Sotfrovimab EUA Fact Sheet) of

subclades with the R346 mutations to neutralization by S309.

Similarly, such indirect effects may impact the recently identified anti-RBD
antibodies such as ADG-2 that target the conserved epitope shared across clade 1a
and 1b coronaviruses [Rappazzo 2021]. The AAIl network model indicates that Omicron
mutations at sites 496, 498, 501, and 505 are networked to the critical epitope residues
D405, G502, G504, and Y505 (Figure S2). Rappazzo et al., further reported that
Y505C/N/S knocked down ADG-2 binding potency. Single point mutation analysis on an
epitope does not consider the extent to which mutations at proximal residues may
impact the epitope-paratope binding interaction. For example, ADG-2 does not bind the
RaTG13 RBD, and RatG13 shares sequence identity with Omicron at the four critical
ADG-2 binding sites 405, 502, 504, and 505, demonstrating the importance of the

network context of these four critical sites.
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Figure 2: The Omicron, Beta, Delta and PMS20 RBDs versus therapeutic mAbs. The data in Figure 1

is refined to highlight the cumulative direct and indirect networking between the sites of Omicron
mutations and the currently authorized therapeutic mAbs. The cumulative networking between these
antibodies and the Beta, Delta, and PMS20 RBDs is shown for comparison. AAl network diagrams

describing connections between specific sites are provided in the supplement.

Potential additional functional roles of Omicron RBD mutations

Given the substantial apparent transmission advantage of Omicron over Delta, it
is plausible that certain Omicron RBD mutations contribute to enhanced transmission by
mechanisms other than or in addition to antibody escape. Above (Figure 1), we

identified several Omicron mutations that did not appear to play a major role as
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polyclonal epitope constituents or whose predicted contribution to antibody evasion was
unlikely to confer a substantial fitness advantage due to the mutations occurring in class
4 antibody epitopes. Here, we highlight two mechanisms by which these RBD mutations

may contribute to Omicron’s fitness via enhanced transmissibility.

Enhanced ACE-2 binding: There is existing evidence that certain Omicron mutations

enhance ACE-2 binding and this is a leading hypothesis to explain Omicron’s enhanced
transmission. In particular, Zahradnik et al., identified enhanced ACEZ2 binding by RBD’s
bearing Q498R and S477N when combined with the N501Y mutation [Zahradnik et al].
Importantly, these mutation combinations resulted in a synergistic effect extending
beyond the increased ACE-2 binding predicted when the effect of these mutations
assayed individually was summed. It is therefore likely that a similar synergy effect
occurs on the Omicron variant at these three sites and may also include additional
Omicron mutations. Using AAl networks to examine the local residue dependencies in
this vicinity, we observe a network extending from the known synergistic pair 498+501
to position 505, suggesting Omicron H505 may modulate the synergistic ACE-2 binding

effect for Q498R + N501Y.

RBD-RBD Interface Stability: While Omicron’s class 4 mutations may result in antibody

escape via indirect and cooperative mechanisms, evolution of such a triplet mutation
toward this escape function is not parsimonious. Indeed, other sites in class 4 epitopes
appear to confer antibody escape with just single mutations. We therefore suspect that

mutations S371L, S373P, and S375F may provide a fitness advantage other than

12
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escape. In a literature review, we found that Wrobel et al., had previously identified a
role for sites S371 and S373 in stabilizing the RBD-RBD interface in the spike RBD-
down conformation [Wrobel 2020]. Further, Wrobel et al., identified interactions between
sites 369, 371, 373, 403, 440, 493, and 505 as possibly explaining differences between
SARS-CoV-2 and RaTG13 in RBD-RBD interface stability with implications for the RBD-
up transition that enables ACE-2 binding and infection. Remarkably, Omicron mutations
occur in five of these seven sites. Additionally, mutations such as D614G have
previously been linked to increased infectivity via destabilization of the RBD-down spike
protein conformation [Berger 2020].

We therefore built a homology model of the Omicron RBD-RBD interface and
investigated the influence of the Omicron mutations on interface stability (Figure 3). We
find that for the specific interface interaction highlighted by Wrobel et al., consisting of
sites 373, 403, and 505, the Omicron mutations appear to disrupt hydrogen bonding
that exists for the wild-type RBD from Y505 to S373 and Y505 to R403. The loss of
these bonds is reflected in the positive AAG for Y505H and S373P, yet partially
compensated for by a more energetically favorable R403 environment. A large and
positive AAG is also observed upon mutation at site 375. Further, for our Omicron
model the RBD-RBD interface buried surface area decreases by 40 A? and the interface
surface complementarity decreases from 0.60 to 0.54. The potential for a significant
perturbation at this interface is also captured by the AAl network analysis, which
identifies numerous direct and indirect interactions from sites 371, 373, 375, 440, 493,
505 extending across the RBD-RBD interface. Together, these data suggest the

Omicron mutations may destabilize the RBD-RBD interface in the RBD-down spike
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conformation, which may facilitate transition to the infectious RBD-up state.
Interestingly, such a functional change may also bear a tradeoff with increased
susceptibility to antibody neutralization via increased surface exposure of the RBD
neutralizing epitopes. Indeed, these predictions can be validated experimentally and

explained in more mechanistic detail once an Omicron spike structure is solved.

P
——
505H
AAG = +0.60
R403
AAG = -0.46 373P
AAG = +0.85
Site WT AG Omicron AG AAG
(kcal/mol) (kcal/mol) (kcal/mol)
371 0.00 0.00 0.00
373 0.14 0.89 +0.85
375 0.14 0.65 +0.51
440 0.00 -0.09 -0.09
493 0.00 -0.07 -0.07
505 -0.16 0.44 +0.60

Figure 3. The effects of Omicron mutations on the RBD-RBD interface. Top, an Omicron RBD-RBD
homology model overlayed with the wild-type RBD-RBD interface in the furin-cleaved state. Omicron

mutations S373P and Y505H reduce the energetic favorability of the RBD-RBD complex at these sites,
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though enable a more energetically favorable conformation for the unmutated R403. Bottom, the

energetic contribution of all RBD-interface sites mutated on Omicron to RBD-RBD complexation.

Discussion

The network-based structural analysis of the mutational constellation of the
Omicron variant presented here describes Omicron’s escape breadth and highlights key
questions for investigation. We find evidence for enhanced escape breadth of Omicron
as compared to the Beta and Delta variants due primarily to class 3 escape mutations
as well as increased escape depth within class 1 epitopes. We further identify plausible
class 4 antibody escape via the mutations at sites 371, 373, and 375 which may alter
class 4 epitope surfaces indirectly, but note that escape from class 4 antibodies is
unlikely to confer a meaningful escape fraction from sera and additionally that these
sites are not the dominant class 4 escape sites.

At this time, it is difficult to predict the extent to which Omicron’s increased
escape breadth at class 3 and 4 antibody epitopes and escape depth at class 1
antibody epitopes will read through to increased reinfection of convalescent and
vaccinated individuals. Importantly, although neutralizing antibodies are correlated with
vaccine protection against infection [Khoury 2021], vaccine efficacy against severe
disease is likely to be preserved even in the case of complete antibody escape due to
non-neutralizing antibodies and T cell responses [Cevik 2021]. Still, study of the
synthetic RBD construct PMS20 [Schmidt 2021] which bears a similar mutational
constellation to Omicron offers clues as to potential Omicron antibody evasion. PMS20
escapes neutralization by the majority of convalescent and vaccinated individuals yet

cannot fully escape from sera from individuals that are infected and then vaccinated.
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Further, PMS20 bears a previously identified escape mutation at site 346 (class 3 and 4
escape) that Omicron does not, suggesting that PMS20 may evade a component of the
polyclonal antibody response that Omicron is currently susceptible to. Notably, clade of
Omicron have the identified bearing R346K (15 descendants at the time of this writing)
and R346S (5 descendants) and should be monitored closely [Hadfield 2019, Shu
2017]. As described earlier, Omicron bearing R346 mutations may also impact the
susceptibility of the virus to neutralization by therapeutic antibodies. In particular, R346
mutations may reduce the susceptibility of the virus to Sotrovimab.

Further, it will be important to determine if the accumulation of class 1 escape
mutations, which provide escape depth, reads through to a meaningful escape impact
or reduction in vaccine efficacy. Thus far, such depth seems to provide little additional
escape benefit given that the combination of K417 and N501 mutations appears
sufficient to escape from class 1 antibodies in most convalescent and vaccine sera
[Yaun 2021]. However, it is notable that the PMS20 variant was unable to fully escape
from polyclonal responses generated by infection followed by vaccination [Schmidt
2021]. Such “hybrid” immunity provided exceptionally potent and broad polyclonal
responses [Crotty 2021]. It is plausible Omicron’s additional class 1 antibody escape
mutations provide a benefit against such responses, which could suggest these
Omicron mutations represent multiple rounds of virus-host evolution. Teasing out these
specifics of Omicron’s escape breadth and depth will be particularly informative for
designing vaccine boosters resilient to constellations of escape mutations both across

antibody classes as well as within immunodominant class 1 & 2 epitopes.
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Previous variants presented with mutations on largely orthogonal epitope
surfaces targeted by distinct antibody classes, yet Omicron’s RBD mutational landscape
is highly clustered within overlapping antibody epitopes. Throughout this study we
therefore highlight the importance of considering the complex structural and chemical
relationships between combinations of mutations within or adjacent to antigenic
surfaces. While single mutation escape studies are unlikely to provide a complete
mapping of how mutation constellations may perturb antibody binding, our AAl network
approach quantitates these complex relationships between proximal residues and
interface structure. The direct component of our network analysis was highly consistent
with predictions on therapeutic antibody escape provided by traditional single mutation
predictions. In contrast, the indirect component identified a number of allosteric network
interactions between Omicron mutation sites and key antibody binding residues for
S309 and ADG-2. Experiments in which the Omicron mutation constellation is present in
full can validate whether such indirect effects sufficiently modulate the properties of the
epitope surface to impair binding.

Finally, we find evidence in our structural analysis and in the literature for
mechanisms other than immune escape by which Omicron mutations enhance fitness.
While mutation combinations such as Q498S and N501Y have been previously shown
to epistatically enhance ACE-2 binding, our network analysis suggests that Omicron
H505 may also alter the synergistic behavior between these two sites. Further, based
on the previous work of Wrobel et al. and our Omicron RBD homology model, we
present evidence of a potential role for Omicron mutations in destabilizing the RBD-

RBD interface to increase the propensity for the RBD-up conformation. Increased
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occupancy of the RBD-up state may also present a fithess tradeoff resulting from
greater surface exposure of the RBD antibody epitopes. Yet, Omicron’s antibody
evasion may partially negate this penalty.

In the probable event of continued Omicron ascent across the globe, determining
the various functional roles of the Omicron mutations will be critical. In particular, the
complex relationships between Omicron mutations and their contribution to antibody
escape and enhanced transmissibility. Network-based approaches such as those
presented in this study are particularly well suited for modeling such indirect

interactions.
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Methods

Amino Acid Interaction (AAl) Network: For each antibody-antigen complex, AAl network
scores between every pair of residues within the structure were computed as described
previously [Soundararajan 2011, Miller 2021]. Briefly, network scores consider all
contacts between both side-chain and backbone atoms, and weight these contacts
according to the energetics of the expected interaction. Interactions examined include
hydrogen bonds, pi bonds, disulfide bonds, polar interactions, salt bridges, and Van der
Waals interactions. Given that the SIN computation is weighted toward side chain
interactions, glycine networking was interpolated from nearby residues to estimate the
local effect of glycine mutations. The following metrics were defined and computed for

all surveyed structures from the resulting interaction network. Direct Networking: For a
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given residue on RBD, the sum of all interactions between the RBD residue and all
residues on the complexed antibody/nanobody. Indirect Networking: For a given residue
on RBD, the sum of all interactions between the RBD residue and all other residues on
RBD which are directly networked to an antibody/nanobody paratope. Total Networking:
For a given residue on RBD, the sum of direct and indirect paratope networking scores.
Note that for all networking metrics, scores are normalized to the highest networking
score within each RBD-mAb complex. The following structures were analyzed: 6XC7,
6XDG, 6ZER, 7B30, 7BEL, 7BWJ, 7BYR, 7BZ5, 7C01, 7C8V, 7C8W, 7CAH, 7CDI,
7CDJ, 7CH4, 7CH5, 7CHH, 7DET, 7DPM, 7EY5, 7EZV, 7JMO, 7JMW, 7JVA, 7JVB,
7JWO0, 7JX3, 7K43, 7K45, 7TK8S, 7K8U, 7K8V, 7TK8W, 7K8Z, 7K90, 7K9Z, TKMG,

7TKMG, 7KMH, 7KMI, 7KZB, 7L7E, 7LD1, 7LM8, 7TMKM, 7MZK, 7RAL.

AAl Interaction Matrix, Clustering, and Visualization: mAb-epitope clustering: Direct,
Indirect, and Total networking scores for each residue across all mAb and nanobody
complexes were plotted using clustermap from the Seaborn statistical data visualization
package [Waskom 2021]. AAIl networks were visualized using NetworkX [Hagberg

2008].

Omicron RBD-RBD Interface Analysis: A homology model of the Omicron RBD
mutations was built using SWISS-Model [Waterhouse 2018] and the 6ZGI [Wrobel
2020] template. Subsequently, all side chains were repacked in PyRosetta [Chaudhury
2010] for the homology model as well as for wild-type control. Finally, the Omicron and

WT RBD-RBD interfaces were analyzed and compared using PDBePISA [Kirssinel
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2007]. Surface complementarity was computed using the InterfaceAnalzyerMoveer in

PyRosetta [Chaudhury 2010]. Interfaces visualization were generated using PyMOL

[PyMOL].

Supplementary Figures

(O Sites directly networked to S309
() Sites indirectly networked to S309

Q Sites mutated on Omicron
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G339D + S373P + N440K + G446S
— 3-fold neut. knockdown (Cathcart et al., 2021)

G339D + S373P + N440K + G446S
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R346 is directly
networked to S309
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networked to other sites
S309 interacts with

Figure S1: Indirect AAl network of the S309 epitope. RBD sites that directly interact

with S309 are shown in green. RBD sites that indirectly interact with S309 are shown in

blue and purple, where purple annotates sites mutated on the Omicron variant. Residue

R346, which is mutated to S or K in certain Omicron sub-clades, is highlighted in red.

Edges between notes are weighted according to network interaction strengths, such

that the Euclidean distance between nodes maps inversely to the networking strength
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between the two sites on RBD. Adjacent node pairs are therefore more strongly

networked together than distant node pairs.

() ADG-2 critical sites

Q Sites indirectly networked to critical sites
() sites mutated on Omicron n ‘
Q Critical & Omicron mutated \ /

Figure S2: Indirect AAI network of the ADG-2 critical binding residues. RBD sites
determined to be critical for ADG-2 binding [Rappazzo 2021] are shown in green or
orange. RBD sites that indirectly interact with ADG-2 via the four critical sites are shown
in blue and purple, where purple annotates sites mutated on the Omicron variant. Site

505 is shown as orange as it is both directly and indirectly networked to ADG-2. Edges
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between notes are weighted according to network interaction strengths, such that tightly

clustered nodes with short edges between them are strongly networked.

23


https://doi.org/10.1101/2021.12.06.471499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471499; this version posted December 10, 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-NC-ND 4.0 International license.

References

Barnes CO, Jette CA, Abernathy ME, Dam KA, Esswein SR, Gristick HB, Malyutin AG,
Sharaf NG, Huey-Tubman KE, Lee YE, et al. SARS-CoV-2 neutralizing antibody
structures inform therapeutic strategies. Nature. 2020 Dec;588(7839):682-687. doi:
10.1038/s41586-020-2852-1. Epub 2020 Oct 12. PMID: 33045718; PMCID:
PMC8092461.

Berger |, Schaffitzel C. The SARS-CoV-2 spike protein: balancing stability and
infectivity. Cell Res. 2020 Dec;30(12):1059-1060. doi: 10.1038/s41422-020-00430-4.
PMID: 33139926; PMCID: PMC7604330.

Cathcart AL, Havenar-Daughton C, Lempp FA, 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 2021.03.09.434607; doi:
https://doi.org/10.1101/2021.03.09.434607

Cevik M, Grubaugh ND, Ilwasaki A, Openshaw P. COVID-19 vaccines: Keeping pace
with SARS-CoV-2 variants. Cell. 2021 Sep 30;184(20):5077-5081. doi:
10.1016/j.cell.2021.09.010. Epub 2021 Sep 17. PMID: 34534444; PMCID:
PMC8445744.

Chaudhury S, Lyskov S, Gray JJ. PyRosetta: a script-based interface for implementing
molecular modeling algorithms using Rosetta. Bioinformatics. 2010 Mar 1;26(5):689-91.
doi: 10.1093/bioinformatics/btq007. Epub 2010 Jan 7. PMID: 20061306; PMCID:
PMC2828115.

Cheng L, Song S, Fan Q, Shen S, Wang H, Zhou B, Ge X, Ju B, Zhang Z. Cross-
neutralization of SARS-CoV-2 Kappa and Delta variants by inactivated vaccine-elicited
serum and monoclonal antibodies. Cell Discov. 2021 Nov 23;7(1):112. doi:
10.1038/s41421-021-00347-1. PMID: 34811350; PMCID: PMC8608826.

Greaney AJ, Starr TN, Barnes CO, Weisblum Y, Schmidt F, Caskey M, Gaebler C, Cho
A, Agudelo M, Finkin S, et al Mapping mutations to the SARS-CoV-2 RBD that escape
binding by different classes of antibodies. Nat Commun. 2021 Jul 7;12(1):4196. doi:
10.1038/s41467-021-24435-8. PMID: 34234131; PMCID: PMC8263750.

Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, Sagulenko P,
Bedford T, Neher RA. Nextstrain: real-time tracking of pathogen evolution.
Bioinformatics. 2018 Dec 1;34(23):4121-4123. doi: 10.1093/bioinformatics/bty407.
PMID: 29790939; PMCID: PMC6247931.

Aric A. Hagberg, Daniel A. Schult and Pieter J. Swart, “Exploring network structure,
dynamics, and function using NetworkX”, in Proceedings of the 7th Python in Science
Conference (SciPy2008), Gael Varoquaux, Travis Vaught, and Jarrod Millman (Eds),
(Pasadena, CA USA), pp. 11-15, Aug 2008

24


https://doi.org/10.1101/2021.12.06.471499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471499; this version posted December 10, 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-NC-ND 4.0 International license.

Hastie KM, Li H, Bedinger D, Schendel SL, Dennison SM, Li K, Rayaprolu V, Yu X,
Mann C, Zandonatti M, et al. Defining variant-resistant epitopes targeted by SARS-CoV-
2 antibodies: A global consortium study. Science. 2021 Oct 22;374(6566):472-478. doi:
10.1126/science.abh2315. Epub 2021 Sep 23. PMID: 34554826.

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, Subbarao K,
Kent SJ, Triccas JA, Davenport MP. Neutralizing antibody levels are highly predictive of
immune protection from symptomatic SARS-CoV-2 infection. Nat Med. 2021
Jul;27(7):1205-1211. doi: 10.1038/s41591-021-01377-8. Epub 2021 May 17. PMID:
34002089.

Krissinel E, Henrick K. Inference of macromolecular assemblies from crystalline state. J
Mol Biol. 2007 Sep 21;372(3):774-97. doi: 10.1016/j.jmb.2007.05.022. Epub 2007 May
13. PMID: 17681537.

Ku Z, Xie X, Davidson E, Ye X, Su H, Menachery VD, Li Y, Yuan Z, Zhang X, Muruato
AE, et al. Molecular determinants and mechanism for antibody cocktail preventing
SARS-CoV-2 escape. Nat Commun. 2021 Jan 20;12(1):469. doi: 10.1038/s41467-020-
20789-7. Erratum in: Nat Commun. 2021 Jul 1;12(1):4177. PMID: 33473140; PMCID:
PMC78176609.

Liu Y, Liu J, Johnson BA, Xia H, Ku Z, Schindewolf C, Widen SG, An Z, Weaver SC,
Menachery VD, et al. Delta spike P681R mutation enhances SARS-CoV-2 fithess over
Alpha variant. bioRxiv [Preprint]. 2021 Sep 5:2021.08.12.456173. doi:
10.1101/2021.08.12.456173. PMID: 34462752; PMCID: PMC8404900.

Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, Ku Z, An Z, Scharton D, Schindewolf
C, et al. The N501Y spike substitution enhances SARS-CoV-2 transmission. bioRxiv
[Preprint]. 2021 Mar 9:2021.03.08.434499. doi: 10.1101/2021.03.08.434499. Update in:
Nature. 2021 Nov 24;: PMID: 33758836; PMCID: PMC7986995.

Miller, N. L., Clark, T., Raman, R., & Sasisekharan, R. (2021). An Antigenic Space
Framework for Understanding Antibody Escape of SARS-CoV-2 Variants. Viruses,
13(10), 2009. https://doi.org/10.3390/v13102009

Muecksch F, Weisblum Y, Barnes CO, Schmidt F, Schaefer-Babajew D, Wang Z, C
Lorenzi JC, Flyak Al, DelLaitsch AT, Huey-Tubman KE, et al. Affinity maturation of
SARS-CoV-2 neutralizing antibodies confers potency, breadth, and resilience to viral
escape mutations. Immunity. 2021 Aug 10;54(8):1853-1868.e7. doi:
10.1016/j.immuni.2021.07.008. Epub 2021 Jul 30. PMID: 34331873; PMCID:
PMC8323339.

Rappazzo CG, Tse LV, Kaku CI, Wrapp D, Sakharkar M, Huang D, Deveau LM,

Yockachonis TJ, Herbert AS, Battles MB, et al. Broad and potent activity against SARS-
like viruses by an engineered human monoclonal antibody. Science. 2021 Feb

25


https://doi.org/10.1101/2021.12.06.471499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471499; this version posted December 10, 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-NC-ND 4.0 International license.

19;371(6531):823-829. doi: 10.1126/science.abf4830. Epub 2021 Jan 25. PMID:
33495307; PMCID: PMC7963221.

Regeneron Evaluating REGEN-COV® and Next Generation Antibodies against New
Omicron COVID-19 Variant. 11/30/2021. https://newsroom.regeneron.com/static-
files/969bdb0b-53f5-46¢7-94fb-7473ee7f5be3

Pulliam, J.R.C., van Schalkwyk, C., Govender, N., von Gottberg, A., Cohen, C.,
Groome, M.J., Dushoff, J., Mlisana, K., Moultrie, H. Increased risk of SARS-CoV-2
reinfection associated with emergence of the Omicron variant in South Africa. (2021).
medRxiv 2021.11.11.21266068; doi: https://doi.org/10.1101/2021.11.11.21266068

PyMOL. The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.

Schmidt F, Weisblum Y, Rutkowska M, Poston D, DaSilva J, Zhang F, Bednarski E,
Cho A, Schaefer-Babajew DJ, Gaebler C, et al. High genetic barrier to SARS-CoV-2
polyclonal neutralizing antibody escape. Nature. 2021 Sep 20. doi: 10.1038/s41586-
021-04005-0. Epub ahead of print. PMID: 34544114.

Shu Y, McCauley J. GISAID: Global initiative on sharing all influenza data - from vision
to reality. Euro Surveill. 2017 Mar 30;22(13):30494. doi: 10.2807/1560-
7917.ES.2017.22.13.30494. PMID: 28382917; PMCID: PMC5388101.

Sotrovimab EUA Fact Sheet. FACT SHEET FOR HEALTHCARE PROVIDERS
EMERGENCY USE AUTHORIZATION (EUA) OF SOTROVIMAB. Revised 11/2021.
U.S. Food and Drug Administration. https://www.fda.gov/media/149534/download

Soundararajan, V., Zheng, S., Patel, N., Warnock, K., Raman, R., Wilson, I. A,,
Raguram, S., Sasisekharan, V., & Sasisekharan, R. (2011). Networks link antigenic and
receptor-binding sites of influenza hemagglutinin: mechanistic insight into fitter strain
propagation. Scientific reports, 1, 200. https://doi.org/10.1038/srep00200

Starr TN, Czudnochowski N, Liu Z, Zatta F, Park YJ, Addetia A, Pinto D, Beltramello M,
Hernandez P, Greaney AJ, et al. SARS-CoV-2 RBD antibodies that maximize breadth
and resistance to escape. Nature. 2021 Sep;597(7874):97-102. doi: 10.1038/s41586-
021-03807-6. Epub 2021 Jul 14. PMID: 34261126.

Wang Z, Muecksch F, Schaefer-Babajew D, Finkin S, Viant C, Gaebler C, Hoffmann
HH, Barnes CO, Cipolla M, Ramos V, et al. Naturally enhanced neutralizing breadth
against SARS-CoV-2 one year after infection. Nature. 2021 Jul;595(7867):426-431. doi:
10.1038/541586-021-03696-9. Epub 2021 Jun 14. PMID: 34126625; PMCID:
PMC8277577.

Waskom, M. L., (2021). seaborn: statistical data visualization. Journal of Open Source
Software, 6(60), 3021, https://doi.org/10.21105/joss.03021

26


https://doi.org/10.1101/2021.12.06.471499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471499; this version posted December 10, 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-NC-ND 4.0 International license.

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, Heer FT, de
Beer TAP, Rempfer C, Bordoli L, Lepore R, Schwede T. SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic Acids Res. 2018 Jul
2;46(W1):W296-W303. doi: 10.1093/nar/gky427. PMID: 29788355; PMCID:
PMC6030848.

Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P, Oosthuysen B,
Lambson BE, de Oliveira T, Vermeulen M, van der Berg K, et al. SARS-CoV-2 501Y.V2
escapes neutralization by South African COVID-19 donor plasma. Nat Med. 2021
Apr;27(4):622-625. doi: 10.1038/s41591-021-01285-x. Epub 2021 Mar 2. PMID:
33654292.

Wrobel AG, Benton DJ, Xu P, et al. SARS-CoV-2 and bat RaTG13 spike glycoprotein
structures inform on virus evolution and furin-cleavage effects [published correction
appears in Nat Struct Mol Biol. 2020 Oct;27(10):1001]. Nat Struct Mol Biol.
2020;27(8):763-767. doi:10.1038/s41594-020-0468-7

Zahradnik J, Marciano S, Shemesh M, Zoler E, Harari D, Chiaravalli J, Meyer B, Rudich
Y, Li C, Marton |, et al. SARS-CoV-2 variant prediction and antiviral drug design are
enabled by RBD in vitro evolution. Nat Microbiol. 2021 Sep;6(9):1188-1198. doi:
10.1038/s41564-021-00954-4. Epub 2021 Aug 16. PMID: 34400835.

Yuan M, Huang D, Lee CD, Wu NC, Jackson AM, Zhu X, Liu H, Peng L, van Gils MJ,
Sanders RW, et al Structural and functional ramifications of antigenic drift in recent
SARS-CoV-2 variants. Science. 2021 Aug 13;373(6556):818-823. doi:
10.1126/science.abh1139. Epub 2021 May 20. PMID: 34016740; PMCID:
PMC8284396.

Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y, Duyvesteyn
HME, Tuekprakhon A, Nutalai R, et al. Evidence of escape of SARS-CoV-2 variant
B.1.351 from natural and vaccine-induced sera. Cell. 2021 Apr 29;184(9):2348-2361.€6.
doi: 10.1016/j.cell.2021.02.037. Epub 2021 Feb 23. PMID: 33730597; PMCID:
PMC79012609.

27


https://doi.org/10.1101/2021.12.06.471499
http://creativecommons.org/licenses/by-nc-nd/4.0/

