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ABSTRACT

The newly emerging variants of SARS-CoV-2 from South Africa (B.1.351/501Y.V2) and Brazil (P.1/501Y.V3)
have led to a higher infection rate and reinfection of COVID-19 patients. We found that the mutations
K417N, E484K, and N501Y within the receptor-binding domains (RBDs) of the virus could confer ~2-fold
higher binding affinity to the human receptor, angiotensin converting enzyme 2 (ACE2), compared to the
wildtype RBD. The mutated version of RBD also completely abolishes the binding of bamlanivimab,
a therapeutic antibody, in vitro. Detailed analysis shows that the ~10-fold gain of binding affinity between
ACE2 and Y501-RBD, which also exits in the high contagious variant B.1.1.7/501Y.V1 from the United
Kingdom, is compromised by additional introduction of the K417/N/T mutation. Mutation of E484K leads
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to the loss of bamlanivimab binding to RBD, although this mutation does not affect the binding between

RBD and ACE2.

Introduction

The SARS-CoV-2 virus has infected over one hundred million
people (COVID-19 patients) and caused more than
two million deaths to date." The number of affected people
continues to grow rapidly, emphasizing the need for rapid use
of effective vaccines. Although two Spike mRNA-based vac-
cines (Pfizer-BioNTech and MODERNA COVID-19 vaccines)
have been granted emergency use authorization in the United
States,” the increasing number of Spike variants that have
appeared around the world has raised concerns about the
continued efficacy of the vaccines.* It has been reported that
~90% of broadly neutralizing anti-SARS-CoV-2 antibodies
from COVID-19 patients engage the receptor-binding domain
(RBD) of the virus Spike protein.” Monoclonal antibodies
specifically targeting the native form of the Spike developed
by Regeneron and Eli Lilly have been authorized for emergency
use by the Food and Drug Administration.®”

An N501Y variant of SARS-CoV-2 (B.1.1.7, 20I/501Y.V1)
that first emerged in the United Kingdom is now spreading to
the rest of the world, and it appears to be much more con-
tagious than the original virus.* We found that this N501Y
single mutation confers an ~10-fold increase in affinity
between RBD and ACE2.'° However, this mutation does not
affect its binding to the therapeutic antibody bamlanivimab. "'
We concluded that the increase in high binding affinity may
account for the high infection rate of the United Kingdom
variant, while both vaccines and bamlanivimab should retain
their ability to combat this newly emerging variant.'"” However,

this same N501Y mutation is also found in a variant (B.1.351,
20 H/501Y.V2) with mutations of K417N, E484K, and N501Y
from South Africa and a variant (P1, 20 J/501Y.V3) with
K417T, E484K, and N501Y from Brazil with additional muta-
tions within the RBD.* The two additional mutations, K417N/
T and E484K, are also critical residues involved in the interac-
tions between RBD and ACE2, as well as bamlanivimab. It has
been reported that a COVID-19 patient was infected a second
time by the new variant from Brazil.!! This information raises
substantial concerns as to whether current vaccines and ther-
apeutic antibodies will remain effective. Here, we address the
basis of how these two additional mutations at K417 and E484
from both the South African and Brazilian variants affect the
binding of RBD to ACE2 and bamlanivimab.

Results

In February 2021, we reported that N501Y-RBD (N501 mutated
to Y501) derived from the United Kingdom variant has an ~10-
fold increased binding affinity (0.566 nM) toward ACE2 com-
pared to the wildtype (5.768 nM).'® Another early report based
on deep mutational scanning of RBD of SARS-COV-2 also
found that the mutation of N501 to Y/F501 enhances the binding
of RBD to ACE2, suggesting that aromatic rings of both Y and
F could account for the increase in binding affinity,'* consistent
with our analysis.'” It was reported that both the South African
variant and the Brazilian variant are also as highly contagious as
the United Kingdom variant."
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In this study, our goal was to determine whether these two
additional mutations within the RBD region affect the binding
affinity between RBD and ACE2 and could account for the high
infection rate. On the basis of Y501-RBD, two additional muta-
tions, K417N and E484K existing in the South African variant,
were introduced and expressed in 293 F cells as previously
reported.'’ Purified protein N417/K484/Y501-RBD was sub-
jected to binding assays to ACE2 on a Biacore machine. The
binding affinity (2.935 nM) between N417/K484/Y501-RBD
and ACE2 is much lower than that of Y501-RBD and ACE2
(0.566 nM), although still ~2-fold higher than that between
wildtype RBD (N501-RBD) and ACE2 (5.768 nM) (Figure 1
(a)). Nevertheless, this ~2-fold binding affinity increase may
partially account for the higher infectious rate presenting in
South Africa and Brazil.

Understanding how these two additional mutations weaken
the association between RBD and ACE2 is of great interest. To
investigate the contribution of each additional mutation to the
binding affinity, we carried out the following experiments.
First, we introduced only the E484K mutation into the existing
N501Y-RBD to generate a double mutation of RBD (484 K/
501Y-RBD), which exist in both the South African and
Brazilian variants, and expressed it in 293 F cells. Again,
purified protein was subjected to surface plasmon resonance
(SPR) binding assays to examine binding affinity between

484 K/501Y-RBD and ACE2. As this E484K mutation incor-
porates the positively charged residue lysine in the place of the
negatively charged residue glutamic acid, we expected a drastic
drop of binding affinity between 484 K/501Y-RBD and ACE2.
To our surprise, the binding affinity between this double muta-
tion version of RBD (K484/Y501-RBD) and ACE2 is 0.654 nM
(Figure 1(b)), an affinity that is similar to that of Y501-RBD
and ACE2 at 0.566 nM, as we previously reported.'® This result
suggests the mutation does not affect the binding between RBD
and ACE2.

To verify this conclusion, we explored the detailed interac-
tions of K484/Y501-RBD and ACE2 and carried out molecular
docking based on the published complex structure of RBD and
ACE2.'* As shown in Figure 1(d), there could be a weak salt
bridge (4.4 A, longer than 4.0 A) formed between E484 of RBD
and K31 from ACE2. After conversion of E484 to K484, this
weak salt bridge is gone (Figure 1(e)), although this interaction
is too weak to have obvious impact on the receptor binding.
We then proceeded to introduce another mutation, K417N
within the South African variant, on the basis of 501Y-RBD.
As before, a double mutation version with K417N and N501Y
protein (N417/Y501-RBD) was produced and binding to ACE2
was assessed by SPR. Confirming our expectation, this addi-
tional mutation of K to N drastically reduced the binding
affinity (2.924 nM) between N417/Y501-RBD and ACE2
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Figure 1. The affinity measurement and structural modeling between the mutated RBDs and ACE2. (a) The Binding of N417/K484/Y501-RBD and ACE2. (b) The binding
of K484/Y501-RBD and ACE2. (c) The binding of N417/Y501-RBD and ACE2. (d) The model of interactions between E484-RBD and ACE2. (e) The model of interactions
between K484-RBD and ACE2. (f) The model of interactions between K417-RBD and ACE2. (g) The model of interactions between N417-RBD and ACE2.



compared to 0.566 nM for the Y501-RBD to ACE2 interaction
(Figure 1(c)). Again, we did molecular docking analysis of this
mutation. The original salt bridge formed between K417 of
RBD and D30 of ACE2 was lost in the new interaction, but was
replaced by a new weaker hydrogen bond (Figure 1(f) and (g)).

Overall, the changes of affinity with each mutation could be
interpreted by the structural modeling data. We conclude that
the three mutations of RBD from the South African variant
lead to an ~2-fold increase of binding affinity between the
original RBD and ACE2, which may account for the higher
infection rate of the South African variant over the original
virus. However, the affinity to ACE2 of this new variant is
decreased by a factor of fivefold compared to the United
Kingdom variant.'” We demonstrated here how each indivi-
dual muation contributes to the change of ACE2 binding
affinity either by enhancing or reducing it.

Several monoclonal antibodies targeting SARS-CoV-2 have
been granted emergency authorization as treatments for
COVID-19 patients.””® Most importantly, all these therapeutic
antibodies are RBD specific. We investigated the binding of the
mutant RBD with the therapeutic antibodies to verify the
efficacy of these antibodies. The binding assays between three
versions of RBD proteins with different mutation combination
and bamlanivimab were generated by applying them to
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immobilized antibodies on the Biacore Chip (Figure 2). To
our surprise, the interaction between the mutant RBD contain-
ing three mutations, N417/K484/Y501-RBD, and bamlanivi-
mab, was completely abolished (Figure 2(a)). However, the
binding between N417/Y501-RBD and antibody remains the
same as those between wildtype N501-RBD or mutated Y501-
RBD and the antibody with binding affinities of 0.976 nM
(Figure 2(b)), 0.874 nM and 0.801 nM, respectively.'
Furthermore, when the E484K mutation is introduced, the
binding between K484/Y501-RBD and the antibody is comple-
tely abolished (Figure 2(a) and (c)).

The structure of the entire Spike protein and bamlanivimab
has been reported."”” We used the available complex structure
to analyze how this critical E484K mutation causes a loss of
binding. The structure showed that E484 of RBD forms three
salt bridges with variable heavy chain R50 (VH R50) and
variable light-chain R96 (VL R96) of bamlanivimab (LY-
CoV555) (Figure 2(d)). Our prediction shows that the conver-
sion of E484 of RBD to K484 leads to the loss of three salt
bridges, as well as the formation of a new repulsive charge-
charge interaction brought in from both positively charged
sidechains of Lys and Arg (Figure 2(e)). This easily can explain
the dramatic drop or loss of binding between RBD and the
therapeutic antibody. Our binding data and structural analysis
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Figure 2. The affinity measurement and structural modeling between the mutated RBDs and the therapeutic antibody, bamlanivimab. (a) The binding between N417/
K484/Y501-RBD and bamlanivimab. (b) The binding between N417/Y501-RBD and bamlanivimab. (c) The binding between K484/Y501-RBD and bamlanivimab. (d) The
model of interactions between E484-RBD and bamlanivimab. (e) The model of interactions between K484-RBD and bamlanivimab. VH, variable heavy chain. VL, variable

light chain.
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suggests that bamlanivimab (LY-CoV555) completely loses its
efficacy in COVID-19 patients infected with the South African
and Brazilian variants.

Discussion

During 2020 and 2021, the COVID-19 pandemic has had
disastrous effects worldwide, and there are still limited means
to contain it. The mutation rate of the virus is low, but muta-
tions in critical sites still could threaten the efficacy of vaccines
and therapeutic neutralizing antibodies. We found that a single
mutation, N501Y, found in the United Kingdom variant, con-
ferred an ~10-fold higher binding affinity of the RBD of the
SARS-CoV-2 Spike protein to ACE2, the receptor from human
host, compared to that of wildtype RBD and ACE2.'" This
dramatic increase of binding affinity could account for the
much higher infection rate of this variant. Interestingly, this
mutation was also found in both the South African variant
(B.1.351/501Y.V2) and the Brazilian variant (P1/501Y.V3), and
therefore, it may partially explain why these two variants are
also more contagious than the wildtype."”> To our surprise, the
additional K417N mutation within RBD region of the Spike
from the South African variant lowers the binding affinity of
this RBD (417 N/484 K/501Y-RBD) to ACE2 almost fivefold,
although it remains ~ 2-fold higher than that of wildtype to
ACE2. Due the high similarity between the South African
variant (417 N/484 K/501Y-RBD) and the Brazilian variant
(417 T/484 K/501Y-RBD), we believe that the latter should
have similar binding affinity to ACE2 as that of the South
African variant, loss of salt bridge and consequently decrease
in the interaction between RBD and ACE2. Interestingly,
detailed analysis showed that introduction of the E484K muta-
tion alone within RBD (K484/Y5010-RBD) does not affect the
binding affinity to ACE2, while a single mutation of K417N in
the South African variant confers a dramatic drop of the bind-
ing affinity. The introduction of K417T existing from the
Brazilian variant should lead to the similar drop due to the
loss of potential salt bridges.

On the other hand, although the E484K mutation does
not affect the binding between RBD and ACE2, it comple-
tely abolishes the binding of RBD to bamlanivimab. This
in vitro data may indicate that this antibody will not effec-
tively treat COVID-19 patients with either the South
African variant or the Brazilian variant. Another alarming
signal is that the area around E484 on RBD is a hot spot
for broadly neutralizing antibodies, and several other
authorized therapeutic antibodies also target this region
(data not shown). This may also explain why the Brazilian
variant could re-infect COVID-19 patients."’

Many researchers are currently focused to the efficacy of
broadly neutralizing antibodies generated by COVID-19
patients and vaccines. As demonstrated by Sette and
colleagues,'® the T cell arm of adaptive immunity plays
a similar critical, if not the more important role, in com-
batting the virus. While B cells use strictly 3-dimentional
(3D) epitopes from the virus, helper T cells and cytotoxic
T cells use linear epitopes in their fight against the virus.
Thus, T cells, with their completely different protection
mechanism through conserved linear antigens derived

from SARS-CoV-2, could be effective against newly emer-
ging and slowly evolved SARS-CoV-2 variants, making the
loss of eflicacy of antibodies a less frightening prospect. In
this regard, vaccines that provide a large group of T cell
antigens of the entire virus, rather than just the Spike
protein, e.g., inactivated virus vaccines, should not be for-
gotten. Overall, we believe that broad vaccinations with
mRNA-based vaccines or others will build-up herd immu-
nity to beat SARS-CoV-2.

This study shows the danger of mutations within RBD
from the aspect of efficacy of therapeutic antibodies. These
therapeutic antibodies were derived from a few conserved 3D
epitopes of the virus, mostly from the RBD domain. We
showed previously that higher concentrations of the anti-
body may be needed to treat COVID-19 patients infected
with the United Kingdom variant compared to patients with
wildtype virus, even though N501Y mutation does not affect
the binding of bamlanivimab.'® However, these additional
mutations within the RBD regions, such as E484K besides
N501Y within both the South African and Brazilian variants,
cause complete loss of efficacy of bamlanivimab. We
acknowledge that our in vitro data requires further verifica-
tion in vivo. Besides bamlanivimab, E484K mutation has
been reported to escape the recognition of more monoclonal
antibodies targeting RBD region.'” The extent of escape
should correlate with how much E484 contributes to the
RBD and antibody interaction, as E484K mutation would
not only lose the negatively charged glutamic acid side
chain, but add positively charged lysine side chain. From
our perspective, therapeutic antibodies to treat COVID-19
patients should be adjusted for the new emerging variants
accordingly.

Materials and Methods
SARS-CoV-2 spike RBD mutation and expression

SARS-CoV-2 RBD (319-541aa) was cloned to pPCDNA3.1 vec-
tor with a 6-histidine tag at the C-terminal. Y501 mutation was
created by quick change mutagenesis and verified by DNA
sequencing. N417 or K484 was mutated on the Y501-RBD
backbone by the same method to create RBD with double
mutation sites. The triple mutation RBD was created in the
same manner. All the mutations were verified by DNA sequen-
cing. The mutated RBD was transiently expressed in 293 F cell
line by transfection. The supernatant was used for RBD pur-
ification by passing through a nickel column. The eluted RBD
was further purified by Superdex-200 Gel-filtration size
column.

Biacore affinity measurement of mutant RBD binding to
ACE2

Affinity measurements were carried out with Biacore T200.
Biotinylated BirA tag-ACE2 (1-615) was used to coat the
Strepavidin chip.' Mutant RBD was injected at different
concentrations. The affinity was calculated by the BIA eva-
luation software.



Biacore affinity measurement of mutant RBD binding to
bamlanivimab

Affinity measurement was carried out with Biacore T200.
Bamlanivimab was coated on the CM5 chip by the amine
coupling method.'® Mutant RBD was injected at different con-
centrations. The bound RBD was eluted with 10 mM glycine pH
1.7. The affinity was calculated by the BIA evaluation software.

Protein docking and binding affinity prediction for
mutants

Protein docking studies were performed by HADDock 2.2
server.'® The crystal structure of SARS-CoV-2 RBD bound
with ACE2 (PDB code: 6M0]) was selected for docking.
Two different mutant (N501Y_K417N and N501Y_E484)
structures were prepared by Coot software.'” One of the
conformations from alternative residues in the structure
was deleted manually to meet the docking server criteria.
The major contact residues in 6MO0] (hydrogen bond and
salt bridge) were selected as restrain residues for docking
(Q24, E35, E37, D38, Y41, Q42 and Y83 for ACE2 protein;
N487, Q493, Y449, and Y505 for RBD protein). The best
model from the docking was selected for the next analysis.
All protein structural figure prepared by PyMOL. The
binding affinity prediction for each of mutants was did
by BeAtMuSiC server.*
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