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Immune evasion of SARS-CoV-2 variants of
concern is driven by low affinity to neutralizing
antibodies†

Matheus V. F. Ferraz, ‡ab Emerson G. Moreira, ‡ab Danilo F. Coêlho, ‡ab

Gabriel L. Wallau ‡a and Roberto D. Lins ‡*a

SARS-CoV-2 VOC immune evasion is mainly due to lower cross-

reactivity from previously elicited class I/II neutralizing antibodies,

while increased affinity to hACE2 plays a minor role. The affinity

between antibodies and VOCs is impacted by remodeling of the

electrostatic surface potential of the Spike RBDs. The P.3 variant is a

putative VOC.

The COVID-19 pandemic has dramatically impacted the world
population since 2019 and currently accounts for more than
2 million deaths.1 The genome evolution of its etiological
agent, the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has been closely monitored since the rapid
sharing of the first genomic sequences in December 2019.2

SARS-CoV-2 shows a relatively low mutation rate compared to
other RNA viruses, and hence few genomic sites accumulated
mutations and were fixed until the second quarter of 2020.
However, a substantially different scenario emerged between
September–December 2020 with the detection of independent
variants of concern (VOC) from different lineages, including
B.1.1.7,3 B.1.351,4 and P.1,5 bearing multiple amino acid repla-
cements (K417T, E484K, and N501Y) and indels in the Spike
protein,4 which some researchers hypothesized to have
occurred due to a ‘‘global shift in the SARS-CoV-2 selective
landscape’’.6 Although large-scale immunological studies are
not available so far, the main hypothesis to explain such a
global shift takes into account the rising population immunity,
which would naturally select escape mutants with a higher
fitness compared to previous circulating lineages. To support
this hypothesis, some evidence could be mentioned, such as
the increasing number of reinfection cases with VOCs and

variants of interest (VOI) carrying some of the same amino
acid mutation (E484K),7 the continuous emergence of new VOIs
carrying E484K and N501Y during the first months of 20218

and the recurrent emergence of some of those Spike amino
acid changes in SARS-CoV-2 experimental evolution settings
challenged with monoclonal and polyclonal antibodies.

To enter the host cell, SARS-CoV-2 makes use of the glyco-
protein Spike (S). Protein S is a homotrimer and each monomer
has two subunits, S1 and S2. The S1 subunit contains the
receptor-binding domain (RBD), which binds to the human
receptor angiotensin-converting enzyme 2 (hACE2), thus allow-
ing the fusion of membranes and entry into the cell. Among the
29 SARS-CoV-2 encoded proteins, the S protein has been
investigated more thoroughly due to its key role in hACE2
binding, and because the RBD region is one of the main targets
of neutralizing antibodies (nAbs) produced from the human
immunological response against SARS-CoV-2. By deep muta-
tional scanning of the RBD region, it has been identified that
most amino acid changes are deleterious for hACE2 binding,
whereas a few marginally enhance the affinity to hACE2,9

including some that have been detected in VOCs, such as
N501Y in the more transmissible and mortal B.1.1.7 lineage.
On the other hand, amino acid changes such as K417N, E484K,
and N501Y found in VOCs P.1 and B.1.3514 have been shown
to increase viral fitness by lowering the effectiveness of neu-
tralizing monoclonal and/or polyclonal antibodies.8 Therefore,
the emergence and spread of more fit VOC lineages may be
driven by a mechanism other than the often-proposed affinity
increase between hACE2 and SARS-CoV-2 Spike protein.

Despite the extensive description of mutations occurring in
the SARS-CoV-2 RBD, little is known about their impact on
receptor recognition, namely hACE2. In this regard, Starr et al.9

have systematically measured the impact of every amino acid in
the RBD, by replacing the 20 amino acids in each position,
towards hACE2 binding affinity, expressed as the Dlog(KD), in
which KD represents the dissociation constant. Changes in KD

upon single-point mutations were obtained from a deep
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mutational scanning library using the yeast-surface display
technique. We have converted the Dlog(KD) into the change in
the mutational Gibbs free energy of binding DDG for all sites of
interaction between SARS-CoV-2 RBD and hACE2 (more details
in ESI†) and observed that whereas most of the single muta-
tions on the RBD tend to be deleterious (i.e., DDG 4 0), none of
the mutations would dramatically enhance the affinity for the
hACE2 (Fig. S1, ESI†). Since the wild-type (WT) RBD (from
L strain reference genome) binds to the hACE2 in the nano-
molar range, variations in the KD on the order of 1E + 1,
resulting in approximately 0.5–1.5 kcal mol�1, do not have
the potential to significantly impact the binding affinity. How-
ever, it is important to stress that deep mutational scanning
binding DDG values were reported for single mutations only
and the novel SARS-CoV-2 VOCs often involve more than one
mutation on the RBD.

Aiming to investigate whether multiple mutations could
lead to a significant increase in affinity to hACE2, variation in
binding free energy calculations were performed between the
RBDs of selected VOCs and hACE2. For 4 out of 7 lineages
evaluated, the binding DDG values fell within the mean abso-
lute error (MAE) associated with the method used, (ca.�1.7
REU, by comparing it to a dataset of more than 4000 mutations
from the deep mutational scanning; see the methodology
section of the ESI†), whereas the remaining values were positive
(i.e., indicating unfavourable binding), but only slightly to the
error limit (Fig. 1B). This finding is in agreement with the data
derived from the above discussed deep mutational scanning
experiments9 and bio-layer interfeometry assays,10 where all
measurements have shown KD values for different RBDs to
hACE2 within 10�8 to 10�9 M. Therefore, assumptions that
higher transmissibility is mainly associated with mutations in
the RBD that leads to an enhanced affinity to hACE2 must be
revisited, as both experiments and calculations do not show
substantial evidence corroborating this hypothesis.

On the other hand, a plethora of studies has demonstrated
antibody evasion for some of the novel VOCs.11,12 However,
data correlating immune evasion of SARS-CoV-2 VOCs with
binding free energies are currently not available. In order to
evaluate the thermodynamics contribution of such low cross-
reactivity, we calculated the variation in binding free energy
values for a selected set of SARS-CoV-2 VOC RBDs complexed to
21 known nAbs for which atomic coordinates were made
publicly available (Table S2, ESI†). These nAbs bind to two
distinct regions of the viral RBD. As shown in Fig. 1A, all nAbs
block the RBD access to hACE2; however, classes I and II have a
higher spatial overlap with the hACE2 binding site compared to
classes III and IV.13 The variations in binding free energies are
shown in Fig. 1B. The data suggest that binding is highly
compromised between most nAbs elicited against RBD of
previous circulating non-VOC lineages when compared to VOCs
RBD, with the only exception being lineage B.1.429. It is
important to note that this variant was identified in Portugal
and California (USA)14 at a similar time frame as VOCs B.1.1.7,
B.1.351, and P.1, but it has not spread and increased in
frequency significantly as the other recognized VOCs did.

Interestingly, the calculated variations in binding free energies
are able to capture the trend, i.e., variants that emerged and
rapidly reached higher frequencies outcompeting other circu-
lating lineages (VOCs) by having a larger number of nAbs that
would not bind to the VOCs. Our calculations also corroborate
with available experimental data for nAbs in our dataset. nAbs
STE90-C1115 and C10213 were verified to continue to bind to
RBD containing the E484K mutation (lineage P.2). The calcu-
lated DDG for these nAbs against P.2 are within the MAE
(Table S2, ESI†). On the other hand, nAb 15033 moderately

Fig. 1 (A) Cartoon representation of the SARS-CoV-2 RBD (gray) bound
to hACE2 (green) and representative nAbs from classes I and II (blue) and III
and IV (red); (B) calculated relative binding free energies of RBDs com-
plexed to hACE2 and nAbs (RBD from L strain lineage is taken as
reference); (C) map of frequency of contacts of each interface residue of
RBD interacting with antibodies from our dataset, shown as a heatmap.
Each residue in the RBDs makes at least a single contact (defined as any
residue in the RBD interacting within a cutoff distance of 4 Å from the
respective nAb). Data for nAb classes I and II are shown on top, whereas
classes III and IV are shown on the bottom of the panel. (D) Native ionic
and hydrogen bond interactions between the RBD residues K417 and N501
from the L strain lineage (blue) and nAb class I and II (heavy chain shown in
gray and light chain shown in green). (E) Loss of interactions between nAbs
class I and II upon RBD mutations K417T/N and N501Y, responsible for a
large positive DDG variation and loss of cross reactivity with nAbs (protein
backbone is represented in cartoon and selected atoms in licorice; carbon
atoms are shown in the same colour of their respective chain, oxygen
atoms in red and nitrogen atoms in blue; hydrogen atoms were omitted for
clarity). (F) Electrostatic surface potential of SARS-CoV-2 RBD reference
and selected variants.
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loses its neutralization power against a pseudo-virus containing
the E484K mutation,16 a finding supported by a positive DDG
variation above the MAE (Table S2, ESI†). As for nAb BD-629, a
neutralization assay was performed with the pseudo-virus con-
taining the L452R mutation,17 which corresponds to lineage
B.1.429. It showed that even after the mutation, nAb continues
to neutralize the virus, which is also corroborated by our
calculations (Table S2, ESI†). It has been also shown that the
single mutation N501Y (B.1.1.7) has no impact on the nAb
LY-CoV555, while the single mutation E484K (P.2) and the
multiple mutations of VOC B.1.351 induce a 1000-fold decrease
in neutralization power of the nAb.18 Our data show that the
DDG of LY-CoV555 for B.1.1.7 is within the MAE, while for P.2
and B.1.351, the DDG values are highly positive (Table S2, ESI†),
suggesting low affinity and in accordance with the experimental
findings. Moreover, our data also suggest that variants B.1.526
and P.2 would have a limited spread as a large number of
nAbs are still capable of binding to their RBD and, hence
neutralizing it. Conversely, most of the tested nAbs are expected
not to bind efficiently to P.3 RBD, a recently reported lineage
detected in the Philippines,19 similar to recognized VOCs
B.1.1.7, B.1.351 and P.1, suggesting that this variant is a
putative VOC with a high spreading potential in a population
with medium to high community immunity against previous
circulating lineages due to immune evasion. Another important
trend observed in our data is that lineages B.1.1.7, B.1.351 and
P.1, which comprise three VOC lineages, have DDG greatly
positive against the majority of class I and II nAbs, regardless
of the variations for class III and IV nAbs. On the other hand,
the DDG values for lineages P.2, B.1.526 and B.1.429 against
nAbs classes I and II fall within the SEM of the method. Even
though the DDG values for nAbs classes III and IV are highly
positive for these latter lineages, they do not become a VOC,
being classified only as VOI. This finding suggests that a new
lineage is a putative new VOC when its set of mutations leads to
immune evasion for most classes I and II nAbs.

To investigate the changes that occur in the interface of
interaction between RBD and nAbs, we constructed maps of
contact frequency for each RBD interface residue with different
classes of nAbs (Fig. 1C). It is worth noting that contacts do not
represent the strength of interactions, as unfavourable contacts
are also listed. Therefore, we have also been able to identify key
antigen–antibody interactions (Fig. S1D and E, ESI†). For class I
and II nAbs, native residues K417 and N501 are the ones with
the highest frequency of contacts. The K417 residue is impor-
tant due to the ionic interactions and hydrogen bonds with the
nAbs that break when the mutation occurs, while the N501Y
change involves the breakdown of the hydrogen bond and the
introduction of a bulky residue (Fig. 1D and E). Due to the high
frequency of contacts, these changes will impact the binding
with most nAbs classes I and II, leading to the immunological
evasion of VOCs containing these mutations, including the
putative VOC P.3. On the other hand, these residues do not
have significant contact frequency with nAbs classes III and IV.
Residues S477 and E484 have a moderate frequency of contact
with nAbs I and II so that the impact of mutations in these

positions on evasion is likely less pronounced. In fact, the
E484K mutation alone is not sufficient to classify the P.2 strain
as a VOC. In contrast, whereas residue S477 has no impact on
the interaction of RBD with nAbs classes III and IV, residue
E484 has a high frequency of contact with these nAbs, being
involved in ionic interactions that are lost in the mutation and
resulting in high DDG values of VOIs P.2 and B.1.426 (see ESI†).
Based on our data, the L452 residue is not expected to impact
immune evasion due to its low frequency of contact with nAbs
class I and II. This observation may explains the fact that
lineage B.1.429 has not become a VOC. This residue is impor-
tant for the recognition of class III and IV nAbs.

Structural analyses revealed that different mechanisms
(e.g., loss/change of specific interactions, conformational
changes, the introduction of steric clashes) are responsible
for lowering the affinity between VOC’s RBDs with previously-
elicited antibodies. However, it is noteworthy that mutations in
VOCs often involve changes in residue charge and/or polarity at
the binding interface. As charge distribution on the protein
surface is well-known to electrostatically modulate molecular
recognition and ligand association,20,21 the impact of such
mutations warrants investigation. Therefore, to further gain
insight into the molecular mechanism behind low nAbs cross-
reactivity to the VOCs RBD, we have calculated the electrostatic
potential of each RBD and plotted it onto their molecular
surface (Fig. 1F). The surface charge profile of lineage B.1.429
is remarkably similar to the reference (L strain) lineage, sug-
gesting that the existing nAbs are able to bind to its RBD. In
contrast, significant changes in surface charge profile can be
seen for the higher spreading variants, especially B.1.351 and
P.1. Therefore, in addition to loss/change of specific interac-
tions discussed in the map of contacts, change in global
electrostatics will affect overall charge complementary between
current nAbs and VOCs RBD.

In this study, levering structural data and computer modelling
techniques, we investigated the variation in the binding free-
energy (DDG) profile of VOC and VOI SARS-CoV-2 lineages with
hACE2 and with a dataset of known human nAbs. Our results
show only a marginal impact of VOC RBD amino acid changes to
hACE2 affinity. This finding, which contrasts to the mechanism
that has been proposed earlier,22 finds support in recent experi-
mental data. On the other hand, we found that VOC RBDs have a
significant unfavorable DDG to nAbs classes I and II, and that the
energy variation can be related to: (i) changes in residues with a
higher frequency of contact with nAbs and involved in important
interactions; and (ii) changes in the electrostatic potential surface
profiles, hence identifying the molecular and thermodynamical
components behind SARS-CoV-2 antibody evasion. In addition,
our data suggest that close attention should be given to lineage
P.3, as it likely holds high spreading potential in a human
population with rising immunity. In summary, the current
observed higher transmission of SARS-CoV-2 VOCs is likely to
be associated with varying degrees of neutralizing antibody recog-
nition failure in individuals previously exposed to SARS-CoV-2
non-VOC variants. These results have key implications on (i) the
basic understanding of VOC emergence and maintenance; (ii) the
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rational design of antibody-based therapeutics; (iii) vaccine effi-
cacy and updates; and (iv) may be exploited to rapidly triage newly
reported lineages.
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