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Abstract

The pandemic caused by SARS-CoV-2 has cost millions of lives and tremendous social/financial
loss. The virus continues to evolve and mutate. In particular, the recent emerged of the “UK”,
“South Africa” and Delta variants show higher infectivity and spreading speed. Thus the
relationship between the mutations of certain amino acids and the spreading speed of the virus is
a problem of great importance. In this respect, understanding the mutational mechanism is crucial
for surveillance and prediction of future mutations as well as antibody/vaccine development. In
this work, we used a coarse-grained model ( that was used previously in predicting the importance
of mutations of N501) in calculating the free energy change of various types of single site or
combined sites mutations. This was done for the UK mutant, the South African mutant and the
Delta mutant. We investigated the underlying mechanisms of the binding affinity changes for
mutations at different spike protein domains of SARS-CoV-2 and provided the energy basis for
the resistance of the E484 mutant to the antibody m396. Other potential mutation sites were also
predicted. Furthermore, the /n-silico predictions were assessed by functional experiments. The
results establish that the faster spreading of recently observed mutants is strongly correlated with
the binding affinity enhancement between virus and human receptor as well as with the reduction
of the binding to the m396 antibody. Significantly, the current approach offers a way for predicting
new variants and to assess the effectiveness of different antibodies towards such variants.
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SARS-CoV-2 variants are ralated to their binding
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Introduction

The spreading of the novel coronavirus (SARS-CoV-2) outbreak has cost > 4 million

lives and immeasurable financial loss up to July 16th 2021, according to World Health
Organization (WHO)?. To fight the pandemic, extensive efforts have been put into

the structure determination, mechanism study, and drug/antibody/vaccine design2-12,
However, the SARS-CoV-2 continues to evolve and mutate, bringing essential impact

on the spreading speed, the fatality rate, and the relative population of mutants3-19,
Moreover, such mutations would in turn reduce the recognition of virus by human antibody-
mediated vaccines. This would lead to ineffectiveness of vaccines or suppress diagnostic
detection0-26_ 1t is crucial to understand the structural/energy basis of the mechanism of the
mutational effects and to provide reliable predictions in order to facilitate the development
of cures such as antibodies and vaccines.

Previous works have suggested that the affinity of the binding the spike protein (in the
following text “spike” is referred to the spike domain of SARS-CoV-2 virus) to the ACE2
receptor correlates with the spreading speed?’, the infectivity2®, and the population of the
mutantsl’. Our work in June 2020 predicted that certain mutations of the spike protein

at N501 might lead to stronger binding of ACE2, ahead of the appearance on December
182020 of the “UK™ mutant (SARS-CoV-2 VOC 202012/01) that was found to contains the
N501Y substitution?9. This mutant has spread across the United Kingdom with increased
transmissibility3° . Another “South Africa” variant (501Y.V2) that was reported by national
authorities in South Africa on 18 December contains three substitutions: K417N, E484K,
and N501Y32, This variant spread extremely fast and displaced other lineages circulating

in South Africa. During early 2021, the Delta variant (B.1.617.2) exploded in India and
rapidly spread to other continents of the world. It was proposed that the dominance of the
Delta variant in India is a result of evasion of antibodies, increased activity32, and increased
transmissibility33.

The spread of the variants challenges the scientific community to find ways to predict
the effects of different mutations on the virus binding to the receptor and the binding
of the antibodies to the virus. Arguably one of the earliest attempt to address this issue
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computationally has been our work that predicted some residues with significant mutational
effects and in particular the N501 residue whose mutations appeared in several of the

new variants29. Subsequent experimental alanine scanning plus computational study led to
interesting retinal enhancement in the binding of the spike to the receptor34. The work
provided (despite the limitation of the energy calculations used) an important prove of
principle, but was not used in exploring the evolution of variants.

Another interesting computational study was reported by Zimmerman et al. who run a very
massive simulations observing a large conformational change landscape3®. However this
study has not provided a way to obtain mutational free energies. Another long simulation
was reported by Sztain et al. who simulated the glycan gate controls opening of the spike3.
Furthermore, this approach did not provide binding free energies. It is also obvious that the
two studies mentioned above cannot provide fast estimates of mutational effects.

Another interesting approach was reported by Hie et al. and Maher et al. used machine
learning to assess mutational effects3’~38, However, the free energy changes of new variants
were not assessed. It is also important to mention directed evolution study by Higuchi and
his coworkers that engineered an ACE2 construct to bind and neutralize SARS-Cov-2 at an
EC50 of 100-fold below wild-type ACE2, overcoming mutational escape3®.

Of particular interest are recent studies that analyzed the structural effects of mutations
contributed to the understanding of the corresponding biological implications and provided
clear information on some mutational induced structural variations#®-42, However, despite
the clear importance of these works they do not provide the crucial estimates of the changes
in binding energies.

It is also important to mention experimental studies that detected large conformational
changes with several different structures of the free spike region#3. It was also concluded
that the binding process involves at least one step. The observation of conformational
changes is clearly important and should be taken into account in some way. However,
starting from the structure of the bound complex reduces the uncertainties associated with
conformational changes including those induced by mutations (see below). Basically, studies
of binding energies should use mutated structure if it is available, but use the structure if the
mutated structure is not available (see below).

Regardless of the advances discussed above, none of the mentioned works analyzed
energetics of the key new variants considering both the spike binding to the receptor and the
binding to antibodies.

The challenge that we like to address in this work is to explore the energetics of the different
variants by an approach that can be used in relatively fast screening.

To better explore the energy/structural basis of the three variants we used here the same
coarse-grained (CG) model*4—46 as in the previous work?? to systemically investigate the
binding free energy changes upon mutations of the individual or combination of amino acid
substitutions for the ACE2-spike complex or for the m396(antibody)-spike complex. The
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overlapped structures of ACE2-Spike complex and m396-Spike complex are shown in Fig.
1, only part of ACE2-Spike binding interface is covered by m396 antibody.

The binding free energy change for the ACE2-spike complex is defined here as follows:

AAGbinding = AGbindingm“m,,, - AGbindingWT = (GACEZ—:pikemum,,, - G&plkemumm - GACEZ)

- (GACEZ—xpikeWT - G.vpikew-r - GACEZ) = (GACEZ—xpikemuram - GACEZ—xpikeVVr) Eq.1

+ (Goitewr — Gopitonuan) = AG, + AG,

where AG, indicates how the ACE2-spike complex is stabilized after mutation while AG,
shows how spike protein is destabilized, respectively. For the human antibody m396 and the
spike protein complex we use the same definition of AG, and AG, (see methods).

At this point it might be useful to comment about mutational induced structural changes.
Actually we have considered the effects of large structural changes on binding very early
(e.g. Refs?7: 48, In these works, we pointed out that while it is possible to include the
structural reorganization in the calculations at great expense it is likely to add to the
instability of the calculations and many times we do not have information of the relevant
structural changes. Thus it is very useful to incorporate the effect of the structural change
implicitly be increasing the effective dielectric constant. This philosophy is used here. In
fact, when we and other who are dealing with fast screening of mutational effects believe
that the best option is to use the original wild-type structure as the first order approximation
in predicting mutational effects.

Results and Discussion

Our main results for the binding free energy change following different types of mutations
are shown in Fig. 2, considering individual substitutions and combinations. The “UK”
variant contains 23 substitutions3 and a part of them is considered in this work. Each
mutant with a single substituted site from the “UK” variant shows an enhancement of the
binding affinity (d144 to D1118H, see Fig. 2). In particular, D614G (Fig. 2A) and the
“South Africa” (Fig. 2C) mutants demonstrated the largest binding affinity increase. On the
other hand, some of the mutants show a weakening of binding energy (positive red bar in
Fig. 2) for the m396-spike complex, indicating potential reduction in the effectiveness of

the antibody. For single substitution, the E484K mutant shows the largest weakening of
binding between m396 and spike protein. The trend is consistent with the recent observations
of antibody/vaccine resistance on E484K20-22 These calculations validate that the binding
energy change is an effective approach for predicting mutational effects. From the UK

and Delta results (Fig. 2A and 2B) we noticed that the individual substitutions lead to

mixed binding effects of m396-spike complex, but when mutating all sites together the
destabilization effect of the m396-spike complex is apparent (the red bar with star sign).
This indicates that the targeting of antibodies on the SARS-CoV-2 variants is highly specific;
multiple substituted residues would intensively break the “look and key” interactions
between the old antibodies and spike protein.

Although the trend in the calculated binding free energies is nicely correlated with the
overall observed mutational effects, it is important to examine the effects of structural
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variations. Here we focus on the three substituted sites of the “South Africa” variant (Fig.
3A-3C) to explore the structural/energetic basis.

The K417N mutant has been found to have a AAG,;,4,, OF —4.1kcal/mol, which can be

further decomposed into AG, = — 1.3kcal/mol and AG, = — 2.8kcal/mol(AG,, AG, are defined
in Eq. 1 and shown in Table S1). The result indicates that both the ACE2-spike complex
stabilization and the spike protein destabilization contribute to the overall mutational effect.
We further decomposed the CG energy into individual terms (Table S1) and found that

the electrostatic term dominates for both AG, and AG,. This finding is consistent with the
idea that the electrostatic interaction plays dominant role in determining the free energy
profile of biophysical systems2?: 44.49-53 On the other hand, it is important to note that we
should take into account the change of the overall electrostatic energy, in contrast of just
considering several “key interactions” between the substituted site and nearby residues as
has been assumed by some researchers®*-57. This point is supported by the results reported
in Table S2 and Fig. S2 which show the distance changes of the nearest charged residues
for K417N in either the ACE2-spike, separate spike protein, or the m396-spike systems.
The change in the distances between the nearest charged residues is mainly a relaxation in
response to the change of charge and cannot account for the sign and the magnitude of AG,
and AG, (Table S1), which is determined by the electrostatic energy change. This conclusion
is also true for other mutants.

The E484K mutant shows capability of escaping antibodies produced by vaccination

21,26 This mutation was originally observed in the “South Africa” variant but has also
been recently identified in the United Kingdom. Remarkably, this antibody resistance
effect is also reproduced by our calculations. The AAG,,..., for the m396-spike after
mutation is 11.8kcal/mol, which indicates a strong resistance to the antibody binding and
hence neutralization. Further decomposition of the energy shows a AG, = 12.9kcal/mol and
AG, = — 1.1kcal/mol. Although this is clearly an overestimate it indicates that a major
contribution comes from the destabilization of the m396-spike complex. Similarly, the
electrostatic term plays a dominating role (Table S1). Structurally, the binding interface

of the m396-spike complex contains uncovered E484 (Fig. 3D), in contrast to the ACE2-
spike interface where the two residues are fully covered. The differences in binding patters
between the ACE2-spike and the m396-spike systems has led to opposite sign of the AG, and
AAG,, fOr the E484K mutants.

In the case of the N501Y mutant, the substitution of Asparagine by Tyrosine has introduced
hydrophobicity and led to intrinsic changes to the spike protein structure. As shown in
Table S3, the N501Y mutation resulted in large RMSD change, 0.126A of non-RBD (RBD:
the receptor binding domain) domain after mutation, in contrast to 0.0005A for K417N and
0.0007A for E484K. This indicates that the interactions near the N501 site plays a key role

in determining the local structural stability. With AG, = — 7.1kcal/mol and AG, = 1.7kcal/mol
for N501Y we find that the negative AAG,;...,, mainly comes from the stabilization of the
ACE2-spike complex. We note that Table S1 shows a major contribution to AG,, which is
again the electrostatic term.
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Another important mutant is D614G. This variant has showed higher infectivity, spreading,
and fatality ratel4. It was first detected at a significant level in March 2020 and then spread
globally in April 2020. The mechanism behind the larger AAG,,..., Of D614G is different
compared to the other mutants discussed above since D614 is not located in the RBD

but at the SD2 domain (Fig. 3E). Recent work>8 suggests that D614 might be essential

for the interaction with and stabilization of fusion peptide (FP), and mutation of D614 to
Glycine could disrupt the interaction and potentially lead to activation of FP and decrease

in the barrier of structural change from pre- to fusion prone-open state. However, our

result does not support such a hypothesis. The deeply increased AAG,,u( — 11.4kcal/mol)

of D614G comes from both ACE2-spike stabilization (AG, = — 1.6kcal/mol) and spike
protein destabilization (AG, = — 9.8kcal/mol). On one hand, our result shows that the D614G
mutation reduces the nearby interactions but it does not always destabilize the structure. The
free energy change is positive for the separate spike protein, but negative for the ACE2-spike
complex. Overall, the large negative AAG,,...,; Suggests the faster spreading, infectivity, and
enhanced furin cleavage efficiency of D614G mutant could still be a result of the increased
binding affinity but not of the local interaction disruption. Very recently, the enhanced
ACE2-spike binding affinity and increased entry efficiency of the D614G mutant is validated
by functional experiments®®. We propose that once the spike protein binds the receptor, it
will eventually undergo a structural change that will lead to spike protein unpacking. The
barrier of the structure transformation process after binding may not be a dominant factor
for the whole infection process (not the rate-determining step). In contrast, the receptor
binding process and the binding affinity might play a much more essential role. However,
this hypothesis needs to be validated by construction of the complete free energy landscape
of the activation and binding process, which will be conducted in a subsequent study.

The current results show: 1. mutational stabilization/destabilization effects for ACE2-spike
complex or separate spike protein should be discussed individually; 2. The underlying
mechanism behind mutational effects should not be accounted just by distance analysis of
several nearby interacting residues.

We noticed that mutations of the three residues (K417N, E484K, N501Y) of the “South
Africa” variant result in AAGy,..., (Fig. 2) is not simply a linear addition of the individual
ones. It is reasonable to deduce that there is a synergistic effect between the three
substitutions. It is worth noting here that for the AG, of the South Africa mutant and the
AG, of the D614G mutant, the hydrophobic energy terms became the largest contribution.

lll. Experimental Assessment of previous predictions

The RBD domain is an important drug/vaccine/antibody target. Semiquantitative prediction
of potential mutation sites at RBD domain would provide tremendous help to the mutation
surveillance and antibody design process. An example is provided by our early predicted

of the importance of mutations at the N501 site2®. Other than N501, we calculated the
AAGy,.q., TOr another 4 sites at RBD: N439, F486, Q493, and Q498. These are the important
substitutions for SARS-CoV-2 spike compared to SARS-CoV at the RBD?% 60, The results
show that the binding energy of F486L, Q493N, and Q498Y has been enhanced by -1.7,
-4.4, and —3.2kcal/mol, respectively. This suggests they should be potential mutation sites
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for the future variants. Another issue is the possibility of large conformational changes that
would be reflected in a reduction of the predicted changes in binding free energy. To explore
the above issues, it is important to have experimentally determined mutational effects our

in silico predictions, we performed mutational and functional experiments to examine our
binding free energy calculation. All plasmids used for protein expression were confirmed by
Sanger sequencing. The S protein RBD WT and mutants were expressed in the Sf9 insect
cells using the Bac-to-Bac baculovirus expression system. As shown in Fig. S4A, B and

C, there has been some protein impurity (higher than 35kDa) in S RBD WT and mutants
(around 28kDa) after NI-NTA resin purification. Therefore, size exclusion chromatography
was used for protein purification. The size exclusion chromatography results also indicated
that protein impurity (higher than 35kDa) exist in samples (Fig. S5.A, C-E). The peak of

S protein WT and mutants’ elution (16 mL-21 mL) from size exclusion chromatography
were collected for SDS-PAGE. The result shows that most of the protein impurity was
removed by size exclusion chromatography (Fig. S4D). Then Biolayer interferometry assay
was used to detect the binding affinity of S protein to ACE2 61. As shown in Fig. 4, Fig.

5 and Table S4, the order of the binding affinity of S protein to ACE2 is Q493N (K,

= 5.86nM) > E484K(K, = 9.49nM) > F486L(K, = 12.24nM) > WT(K, = 17.48nM) > Q498Y(K,.
= 20.68nM)

The magnitude of differences between the K, values are relatively small and it is more
appropriate to understand them qualitatively. The experimental results show an increase

of binding affinity of these residues and has a similar trend to that found in the

calculations except for Q498Y. However, the calculations drastically overestimated the
observed magnitudes. A scatter plot of experimental vs. computed AAG,,,.... Values are given
in Fig. S6. The data points are colored based on the data source (black for simulated results
and red for experimental ones). This indicates that the dielectric compensation effect is
underestimated in our calculations. A simple example is the E484K mutant. As we found
very early52 that mutations to Lys results in major compensation of the expected electrostatic
effect since the Lys residues finds way to increase its solvation by going to water . To
compare the influence of different experimental structures in modeling, we calculated the
mutational effects of N501Y mutant with two experimental structures (Fig. S3). It is clear
the discrepancy of crystal structure does not alter the sign of AAG, .

IV. Concluding remarks

Following our early predictions of sites that can lead to mutations of SARS-CoV-2 (that
include the N501 mutation) we now use the same approach for a more systematic analysis
of the energetics of the binding of the spike protein of recently emerged mutants to the
receptor. We also explored the change in binding of the spike protein to the m396 antibody.
Encouragingly, our results appeared to be consistent with the observed behavior in terms of
the binding to the receptor and the effectiveness of the antibody. Although the calculated
results are correlated with the observed results, they clearly overestimate these results. This
discrepancy is likely to reflect the neglect of significant structural changes that should

be represented implicitly by increasing the effective dielectric constant (see above). More
accurate approaches such as the Protein Dipole Langevin Dipole method in the linear
response approximation, with a scaled non electrostatic term (PDLD/S-LRA/B)82 can be
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used for further improvements. . At any rate, the calculated trend is quite reasonable,
showing that the newly appeared key variants have stronger binding to the receptor and
weaker binding to the m396 antibody. Considering the speed of our CG method we can
use it for screening of possible new mutation sites and for exploring the effectiveness of
available new antibodies.

V. Method

Modeling the complex structures

By using Modeler®4, we utilized recently published high resolution cryo-EM structures to
perform homology modeling to get the atomic coordinates for ACE2, spike protein, m396,
ACE2-spike, and m396-spike complexes. The SARS-CoV-2 crystal structure is from PDB
data bank with PDB ID 6VSB2’. However, this structure lacks part of the loop in the
receptor binding domain (RBD). In this case, we used RBD structure (PDB 1D 6M0J)55

to compensate the missing part. For m396-spike protein structure, we used the m396-SARS-
CoV (PDB ID: 2DD8)%6 as the template. After getting the complex structures, we trim them
into single ACE2, m396, and spike proteins.

The coarse-grained (CG) potential surface

Next we converted the all-atom (AA) structures into CG representation and perform

extensive relaxation on the structures before energy evaluation. The potential surface was
evaluated by our constantly developing CG model. The CG model focuses on the precise
treatment of the electrostatic interactions. The total CG energy has the following terms?*®:

AGfald = AG,un + AG, + AGuinmsiae = CIAG:,[ZL: + CzAG;?u + C3AGZ?; + AG:;: Eq. 2
+ AGL + AGE: + MG, i+ DG ¢
where the terms on the right are the side chain van der Waals energy, main chain solvation
energy, main chain hydrogen bond energy, side chain electrostatic energy, side chain polar
energy, side chain hydrophobic energy, main chain/side chain electrostatic energy, and

main chain/side chain van der Waals energy, respectively. The c1, c2, and c3 are scaling
coefficients, same as in previous work they taking values of 0.10, 0.25, and 0.15.

Before energy evaluation we used a Monte Carlo Proton Transfer (MCPT) method® to
determine the charge states of residues in each system. During MCPT, protons are “jumped”
between ionizable residues and a standard Metropolis criterion is utilized to calculate the
acceptance probability. After obtaining the optimized charge distribution we evaluated the
free energy of each structure and hence the binding free energies. All relative calculations
were performed using the Molaris-XG package®’68.

Binding free energy change calculation

The binding energy for the ACE2-spike protein and m396-spike protein are defined as
follows:

For the ACE2-virus complexes:

JAm Chem Soc. Author manuscript; available in PMC 2023 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bai et al.

AGbinding = GACEZ%pike - GACEZ - prike

For the m396-virus complexes:

AGbimling = Gm3‘)6—sp:ke - Gm396 - Gvirus

For the mutated binding free energy change of ACE2-spike protein:

AAGI)indmg = AGI)indmgmumm - AGbimiingW = (GACE2<vpikem“m,,, - vaikemumm -

- (GACEzfsp[keuq" = Uspikeyr — ACEZ) = (GACEZasprkemumm = YAcE2-spikeyr.

+ (Gsplkewr - G&p'kemumm) =AG, + AG,

For the mutated binding free energy change of m396-spike protein:

AAGbmding = AGbmdingmumm - AGbmdingW = (Gm39t‘r:p1ke,,,um,,/ - G

spikemutant
- (Gm396—5pikeurr - GApikeuq‘ - sz%) = (Gm396—xpikemumm - Gm396—5pikeuq‘

+ (G‘F“‘EWT - Gfﬁikemuranr) = AGI + AGZ

S protein RBD expression and purification

Page 9

Eq. 3
Eq. 4

GACEZ)
Eq. 5

- Gm396)
Eq. 6

The mutant genes coding for S protein RBD were amplified by overlap Polymerase Chain
Reaction (PCR) from pFastBac S protein RBD Wild Type (S protein RBD WT) using
specific primers (Genewiz, Suzhou, China) (Table S5). The coding sequence of S protein
RBD mutants (E484K, F486L, Q493N, Q498Y) were cloned into pFastBac with an N-

terminal GP67 signal peptide and a C-terminal 8x His tag.

S protein RBDWT and mutants were expressed in Sf9 insect cells using the Bac-to-Bac
baculovirus expression system. Cell cultures were grown in SIM SF Expression Medium
(Sino Biological Inc., MSF1, Beijing, China) to a density of 3 x 10° cells /mL and then
infected with baculovirus by Cellfectin™ 11 Reagent (Life Technologies, Gaithersburg, MD,
USA). Sixty hours after infection, the supernatant was collected by centrifugation at 5000 x g
for 20min. For the purification of WT S protein RBD and its mutants, the supernatant was
transferred to large beaker and treated with Tris (pHS.0, final concentration 5mM), NiCl, (final
concentration 1mM), CaCl, (final concentration 5mM) and stirred at room temperature for 1h.
Supernatant was collected by centrifugation at 5000x g for 15min and then incubated for 2h
at 4,C with pre-equilibrated Nickel-NTA resin. After incubation, the Nickel-NTA resin was
spun down at 2000xg for 10min, poured into a glass column, and washed with 50mL wash
buffer (20 mM HEPES pH 7.5, 500 mMNaCl, 20mM imidazole). The S protein RBD WT

and mutants were eluted with elution buffer (20 mM HEPES pH 7.5, 100mMNaCl, 250mM
imidazole) and further applied to Superdex-200 (10/300 GL) column with AKTA FPLC. The
proteins were concentrated using a 10 kDa molecular weight cutoff Millipore concentrator

and fast-frozen by liquid nitrogen and stored at —80-C until further use.
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S protein RBD /ACE2 binding

The binding of S protein and ACE2 was detected by biolayer interferometry. Biotinylation
labeling of ACE2 protein (biotinylation ratio of Biotin:ACE2=2:1). Biotin-tagged ACE2 (15
ug/ml) was immobilized to a Streptavidin (SA) sensortip (Gator Bio) using an GatorPrime
(Gator Bio) . The sensortip was then dipped into WT, E484K, F486L, Q493N, Q498Y

(100 nM, 50 nM, 25nM, 12.5nM, 6.25nM) t0 measure association before being dipped into

the well containing only running buffer composed of PBS ( 10mM PH 7.4) , 0.02% Tween
20, 0.2% bovine serum albumin to measure dissociation. Data were reference subtracted and
fit to a 1:1 binding model using Gator Data Analysis Software v1.7.2.0129 (Gator Bio).
Equilibrium dissociation constants (K,) were obtained from k/ ko
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Fig. 1. The overlap of ACE2-Spike complex and m396-Spike complex.
The ACE2 of the ACE2-Spike complex is shown in orange. The m396 of the m396-Spike

complex is shown in magenta. The Spike protein is shown in cyan.
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Fig. 2. The calculated CG binding energy differences between the ACE2-spike/m396-spike
mutants and the wild-type.

(A) part of the amino acid substitutions of the UK variant, (d144, N501Y, A570D, D614G,
P681H, T7161, S982A, D1118H), the star designates a mutation of all the 8 sites together.
(B) amino acid substitutions of the Delta variant (d157-158, L452R, T478K, D614G,
P481R, D950N), the star designates a mutation of all the 6 sites together. (C) amino acid
substitutions of the Africa variant (K417N, E484K, N501Y), the star designates a mutation
of all the 3 sites together. Error bars represent standard error.
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Fig. 3. The CG representation of the position and environment of key residues of “South Africa”
variant.

(A) K417 in ACE2-spike complex. (B) E484 in ACE2-spike complex, (C) N501 in ACE2-
spike complex, (D) K417 and E484 in m396-spike complex, (E) D614 in SD2 domain.
Yellow: “South Arica” relevant residues; Blue: positively charged residues; Red: negatively
charged residues; Gray: hydrophobic residues; Orange: ACE2 receptor; Magenta: m396
antibody; Cyan: SARS-CoV-2 spike protein.
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Fig. 4. S protein WT and mutants bind to ACE2.
A Bio-Layer Interferometry (BLI) sensorgram is shown, displaying the binding between

ACE2 and S protein RBD (WT and different mutants). The data are shown as blue lines and
the best fit of the data to a 1:1 binding model is shown in red.
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Fig. 5. K, values of S protein W'T and mutants.
Equilibrium dissociation constants (K,) were obtained from k,./k,, (Table S4). The data are

shown as mean + S.E.M, based on five separate experiments.
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