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Abstract

Variants of concern of the SARS‐CoV‐2 virus with an asparagine‐to‐tyrosine sub-

stitution at position 501 (N501Y) in the receptor‐binding domain (RBD) show

enhanced infectivity compared to wild‐type, resulting in an altered pandemic si-

tuation in affected areas. These SARS‐Cov‐2 variants comprise the two Alpha

variants (B.1.1.7, United Kingdom and B.1.1.7 with the additional E484K muta-

tion), the Beta variant (B.1.351, South Africa), and the Gamma variant (P.1, Brazil).

Understanding the binding modalities between these viral variants and the host cell

receptor ACE2 allows to depict changes, but also common motifs of virus–host cell
interaction. The trimeric spike protein expressed at the viral surface contains the

RBD that forms the molecular interface with ACE2. All the above‐mentioned

variants carry between one and three amino acid exchanges within the interface‐
forming region of the RBD, thereby altering the binding interface with ACE2.

Using molecular dynamics (MD) simulations and decomposition of intermolecular

contacts between the RBD and ACE2, we identified phenylalanine 486, glutamine

498, threonine 500, and tyrosine 505 as important interface‐forming residues across

viral variants. However, especially the N501Y exchange increased contact forma-

tion for this residue and also induced some local conformational changes.
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Comparing here, the in silico generated B.1.1.7 RBD–ACE2 complex with the now

available experimentally solved structure reveals very similar behavior during MD

simulation. We demonstrate, how computational methods can help to identify

differences in conformation as well as contact formation for newly emerging viral

variants. Altogether, we provide extensive data on all N501Y expressing SARS‐CoV‐
2 variants of concern with respect to their interaction with ACE2 and how this

induces reshaping of the RBD–ACE2 interface.
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1 | INTRODUCTION

The COVID‐19 pandemic caused by the SARS‐CoV‐2
virus is having a major impact on human lives worldwide
(World Health Organization https://covid19.who.int).1

For cellular infection, the virus engages the cell surface
protein angiotensin‐converting enzyme 2 (ACE2) via its
trimeric spike protein.2,3 Within the spike protein, the
receptor‐binding domain (RBD) interacts with ACE24,5

(Figure 1A), mediating the binding of the virus to the
host cell surface. Priming at the S2’ cleavage site within
the spike protein by the serine protease TMPRSS2 re-
leases the fusion peptide from the protein backbone.2,6,7

After insertion of the fusion peptide into the host cell
membrane and the activation of a conformational switch
leading to dissociation of the spike protein's S1 and S2
domains,1,8,9 the virus and host cell membrane come
close and fuse.2,10 To allow the two membranes to con-
verge, all noncleaved subunits of the spike protein must
dissociate from the ACE2 receptors, to avoid steric hin-
drance.5,11,12 Thus, optimized binding efficiency between
the RBD and ACE2 is important for viral entry.11 In
several viral variants that showed superior infectivity
over the wild‐type (wt) SARS‐CoV‐2 virus, amino acid
exchanges at the interface of the RBD and ACE2 have
been reported (Centers for Disease Control and Preven-
tion (https://www.cdc.gov/coronavirus/2019-ncov/more/
science-and-research/scientific-brief-emerging-variants.
html); World Health Organization). In this study, we
examined the RBDs of the two Alpha variants B.1.1.7 and
B.1.1.7 + E484K (both originated in the United King-
dom), the Beta variant B.1.351 (South Africa), and the
Gamma variant P.1 (Brazil) in complex with ACE2 using
molecular dynamics (MD) simulations. For better dis-
tinguishability between the two Alpha variants, we will
use the Pango nomenclature (https://cov-lineages.org13)
for the variants investigated in this study.

The B.1.1.7 variant accommodates an N501Y ex-
change within the RBD–ACE2 interface, which was
previously linked to increased binding to ACE2. For
the RBD–ACE2 complex an experimentally solved
structure is reported.3 Moreover, the spike protein
holds additional amino acid exchanges that influence
the spike protein conformation.14–16 Within the
B.1.1.7 + E484K variant an additional glutamate‐to‐
lysine exchange at position 484 is observed (Centers
for Disease Control and Prevention). The B.1.351 and
P.1 variants carry both mutations (N501Y and E484K)
and have additional exchanges at amino acid position
417: in B.1.351, the lysine at position 417 is exchanged
for an asparagine (K417N) and in P.1 for a threonine
(K417T) (Centers for Disease Control and Preven-
tion). Notably, the exchange of glutamate for lysine at
position 484 is associated with a reduced efficacy for
certain vaccines.17,18

Here, we demonstrate that progressive viral var-
iants occur with altered patterns of contacts to the
human receptor ACE2. Additionally, we show how
computational decomposition of the RBD–ACE2 in-
terface can identify residues on the RBD that are
critical for virus–host interactions across different
SARS‐CoV‐2 variants. Analyses of contacts between
the RBD residues and ACE2 reveal changes in the
contact formation pattern that induce a conforma-
tional rearrangement of glutamine 498 that is induced
by tyrosine 501 in all investigated variants of con-
cerns. The other two sites of mutation at position 484
and 417 influence salt bridge formation and thus
change local electrostatic interaction (Figure 1B).
Using the experimentally solved structure of the
B.1.1.7 RBD with ACE2 (PDB ID code: 7MJN19), we
could also verify our findings and demonstrate the
feasibility of MD simulations to track mutation‐
induced changes on the structural level.

1864 | SOCHER ET AL.

https://covid19.who.int
https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://cov-lineages.org


2 | MATERIALS AND METHODS

2.1 | Generation of the starting
structures

To investigate the interface between the RBD of the spike
protein and ACE2, the respective wt start structure was
taken from the Protein Data Bank (PDB; http://www.
rcsb.org/pdb/ PDB ID code: 7KMB.3 To also generate the
starting structures for the MD simulations of the different
spike variants, the amino acid substitutions (B.1.1.7:
N501Y; B.1.1.7 + E484K: E484K and N501Y; B.1.351:
K417N, E484K, and N501Y; P.1: K417T, E484K, and
N501Y) were introduced with Swiss‐PdbViewer 4.1.0.
While we conducted this study, the RBD–ACE2 complex
structure with the N501Y mutation (B.1.1.7 variant) was

released in the Protein Data Bank with the PDB ID code
7MJN.19 We used this solved structure for verification of
our modeled B.1.1.7 variant.

2.2 | Molecular dynamics simulations

Molecular dynamics simulations were performed using
version 20 of the Amber Molecular Dynamics software
package (ambermd.org)20 and the ff14SB force field.21

Using the Amber Tool LEaP, all systems were electrically
neutralized with Na+ ions and solvated with TIP3P22

water molecules. The RBD complexed with ACE2 was
solvated in a water box with the shape of a truncated
octahedron and a distance of at least 25 Å from the
borders to the solute.

FIGURE 1 Decomposition of contacts. (A) Structural representation of the trimeric spike protein as expressed on the viral membrane
(gray) with exposed receptor‐binding domain (RBD). The host cell receptor angiotensin‐converting enzyme 2 (ACE2) is displayed in
aquamarine (PDB ID code: 7KMS3). (B) Close up from the interface between the RBD and ACE2. Amino acids mutated in viral variants are
depicted with their residues in orange. (C) Heat map of RBD expressed residues important for contacts with ACE2. (D) Wild‐type (wt) RBD
in complex with ACE2 (aquamarine). All residues within a maximum distance of 8 Å to ACE2 are displayed according to their number of
contacts with different colors and sphere radii. (E) View on the interface formed by the wt RBD with residues displayed in different colors
and sphere diameters according to their contact numbers (color code as in C). Especially lysine 417 (Lys417), glutamate 484 (Glu484),
phenylalanine 486 (Phe486), tyrosine 489 (Tyr498), glutamine 498 (Gln498), threonine 500 (Thr500), asparagine 501 (Asn501), and tyrosine
505 (Tyr505) were of interest. (F) View on the interface formed by the RBD of the B.1.1.7 variant with ACE2. Note that residue 501 is
mutated to tyrosine (Tyr501; red) in this variant. (G) View on the interface formed by the RBD of the B.1.1.7 + E484K variant with ACE2.
Note the additional change of residue 484 from glutamate to lysine (Lys484; red) compared to wt and B.1.1.7. (H) View on the interface
formed by the RBD of the B.1.351 variant with ACE2. This variant carries the tyrosine at position 501, the lysine at position 484, and an
additional exchange from lysine to asparagine at position 417 (Asn417; red). (I) View on the interface formed by the RBD of the P.1 variant
with ACE2. Besides a tyrosine at position 501 and a lysine at position 484 this variant carries a lysine to threonine exchange at position 417
(Thr417; red)
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The simulations followed a previously applied
protocol.23 First, minimization was carried out in three
consecutive steps to optimize the geometry of the initial
structures. In the first step of the minimization, the water
molecules were minimized, while all other atoms were
restrained at the initial positions with a constant force of
10 kcal mol−1 Å−2. In the second step, additional relaxa-
tion of the sodium ions and the hydrogen atoms of the
protein was allowed, while the remaining protein was
restrained with 10 kcal mol−1 Å−2. In the last step, no
restraints were used, so the entire protein, ions, and
water molecules were minimized. All three minimization
parts started with 2500 steps using the steepest descent
algorithm, followed by 2500 steps of a conjugate gradient
minimization. After minimization, the systems were
equilibrated in two successive steps. In the first step, the
temperature was increased from 10 to 310 K within 0.1 ns
and the protein was restrained with a constant force of
5 kcal mol−1 Å−2. In the second step (0.4 ns length), only
the Cα atoms of the protein were restrained with a
constant force of 5 kcal mol−1 Å−2. In both equilibration
steps, the time step was 2 fs. Minimization and equili-
bration were carried out on CPUs, while the subsequent
production runs were performed using pmemd.CUDA on
Nvidia A100 GPUs.24–26 Subsequent 500 ns long produc-
tion runs were performed without any restraints and at
310 K (regulated by a Berendsen thermostat.27 Further-
more, the constant pressure periodic boundary condi-
tions with an average pressure of 1 bar and isotropic
position scaling were used. For bonds involving hydro-
gen, the SHAKE algorithm28 was applied in the equili-
bration and production phases. To accelerate the
production phase of the MD simulations, hydrogen mass
repartitioning29 was used in combination with a time
step of 4 fs. For all different spike protein variants in
complex with ACE2, the MD simulations were per-
formed four times.

Trajectory analysis (analysis of root‐mean‐square
fluctuations (RMSF), analysis of contacts (always with
distance criterion of ≤5 Å between any pair of atoms;
total fraction of contacts for residue pairs), measurement
of interatomic distances, calculation of linear interaction
energy (LIE; electrostatic interactions) was performed
using the Amber tool cpptraj.30 The in silico alanine scan
was done by the program foldx 5,31 specifically by its
PSSM algorithm. The depicted ΔΔG values describe the
loss or gain in energy from the interaction between the
SARS‐CoV‐2 spike RBD and ACE2 as a result of a mu-
tation to alanine. Positive values are indicating a desta-
bilization of the interface upon the alanine mutation,
which vice versa implies that the original residue acted
more stabilizing.

2.3 | Statistics and display

Statistical analyses were performed with GraphPad Prism
(version 8.0.0 for Windows; GraphPad Software, www.
graphpad.com) and statistical tests were applied as in-
dicated below the figure. Plots were created in GraphPad
and Gnuplot (version 5.2). All structure images were
made with UCSF Chimera 1.15.32

3 | RESULTS AND DISCUSSION

3.1 | Mutations reorganize contact
formation pattern between RBD and ACE2

To calculate contact formation between the cell surface re-
ceptor ACE2 and different RBD variants, the structure of the
wt RBD and ACE2 complex (PDB ID code: 7KMB3) was
used as starting point. Variant‐specific amino acid substitu-
tions were introduced in the RBD sequence before applying
MD simulations: B.1.1.7 (N501Y), B.1.1.7+E484K (N501Y,
E484K), B.1.351 (N501Y, E484K, K417N), and P.1 (N501Y,
E484K, K417T). After four independent simulation runs for
500 ns, we decomposed the number of contacts per residue
for residues expressed on the RBD within the interface with
ACE2 (all distances below 5Å counted as contact;
Figure S1A). We found many amino acids with unchanged
contacts and also some with a very high number of contacts
that showed no difference (Figure S1A). These include for
example phenylalanine 486, tyrosine 489, threonine 500, and
tyrosine 505 and were also identified by other groups be-
fore.33 Taking a closer look at the positions that carry mu-
tations, intriguing differences in contact formation could be
observed. While a reduction was seen for changes at position
417, where a lysine is exchanged to an asparagine (B.1.351)
or a threonine (P.1), increased number of contacts were
detected for E484K and N501Y mutations (Figure 1C). The
increase in contacts at position 501 when tyrosine is present
might also explain an overall stronger interaction as deduced
from experimental data.34–37 Interestingly, we also identified
changes in contact formation for residues that were not
mutated but reported with constantly lower contact numbers
in all N501Y carrying variants (Figure 1C). These include
glycine 496 and glutamine 498 (Figure 1C). As expected
those residues within close proximity of ACE2 form a large
number of contacts (Figure 1D). However, differences can be
found in individual side‐by‐side comparisons of the different
variants (Figure 1E–I). Our analysis indicates a rearrange-
ment of contacts between the RBD and ACE2 with a distinct
increase in contact formation for individual RBD residues
and a loss of contacts for others. Thus, this reshaping of the
contacts seems to induce a stronger interaction between the
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RBD and ACE2. Gain and loss of contacts seem to happen in
a balanced matter as the need for dissociation is also a
driving force for viral evolution.38,39 To mirror and re-
capitulate the increase in interaction energy, we performed
in silico alanine scans for position 501 in wt and B.1.1.7
RBD–ACE2 complexes. These two variants were chosen, to
directly compare the effect of the N501Y exchange and ex-
clude influences caused by additional mutations within the
RBD. Calculation of the ΔΔG value showed a stronger
contribution to binding energy for tyrosine at position 501
when compared to asparagine (Figure S1B) and thus fits well
to experimental data.34–37 We also analyzed the RMSF values
for the RBD residues and found no significant changes for
any of the variants analyzed (Figure S1C).

3.2 | The N501Y mutation induces a
local conformational rearrangement

To understand the increased number of contacts formed by
tyrosine 501 when compared to asparagine 501, we looked at
neighboring amino acids at the interaction interface of the
RBD and ACE2 (Figure 2A). Bulk comparison of the as-
paragine (wt) or a tyrosine (all analyzed variants) at position
501 shows a significant increase in the number of contacts
per frame for tyrosine (Figure 2B). Further decomposition of
the contacts to individual residues expressed on ACE2 shows
an increase in contacts with residues tyrosine 41 and lysine
353 for a tyrosine residue at RBD position 501 (Figure 2C).
The increase in contacts with tyrosine 41 might also induce
π‐electron stacking and might be responsible for the overall
increase in interaction energy as speculated before.40 Im-
portantly, free energy calculations such as MM/GBSA might
not pick up this increased binding energy and erroneously
come up with reduced interaction energies.

Our contact analysis also revealed a reduced number of
contacts for glutamine 498, which is in close proximity to
residue 501 (Figure 2A). Here, bulk analysis of wt against
tyrosine expressing variants showed a reduction of contacts
for glutamine 498 by more than half (Figure 2D). To further
detect changes on the individual amino acid level, we also
decomposed the interaction regime of glutamine 498 and
identified reduced interaction with the ACE2 residues as-
partate 38, tyrosine 41, and lysine 353. We suggest two rea-
sons that might explain the reduction in contact formation.
First, the bulkier tyrosine side chain expels glutamine 498
from the interaction interface and second, a tyrosine at po-
sition 501 claims especially tyrosine 41 and lysine 353 as
interaction partners for itself. As we are well aware that the
modeled start conformation might introduce a certain
amount of uncertainty, when introducing amino acid ex-
changes, we also made use of the experimentally solved
structure of the B.1.1.7 RBD in complex with ACE2 (PDB ID

code: 7MJN19). Using this experimentally determined com-
plex structure as starting model, we also performed four
independent MD simulation runs of 500 ns and compared
the results to our data based on the wt structure with
“modeled” amino acid exchanges. First of all, we compared
the experimentally solved structure with the B.1.1.7 variant
(PDB ID code: 7MJN19) to this here in silico generated
B.1.1.7 structure. They both show a very good overall over-
lay, especially for glutamine 498 and tyrosine 501
(Figure S2A). In all other analyses, the experimentally solved
B.1.1.7 structure (PDB ID code: 7MJN19) and our in silico
derived model behaved nearly identical. They showed the
same number of contacts formed by tyrosine 501
(Figure S2B,C) and for contacts formed by glutamine 498
(Figure S2D,E). Thus, we conclude that the in silico pro-
duced models are very close to the experimentally derived
structure in terms of contact formation properties and might
be helpful tools to gain fast insight into property changes
induced by newly emerging mutations at the RBD–ACE2
interface.

3.3 | The E484K mutation induces salt
bridge formation with the ACE2
glutamate 75

In the decomposed contact analyses, we also identified an
increased number of contacts to ACE2 for the residue at
position 484 after insertion of a lysine for the glutamate
(E484K, Figure 1C). The same was confirmed in our bulk
analysis when we compared variants with a glutamate (wt,
B.1.1.7) to those with a lysine (B.1.1.7 + E484K, B.1.351,
P.1) at position 484 and further identified increased con-
tact formation for lysine (Figure 3A). Decomposition of
the interactome to individual residues showed an in-
creased contact formation with glutamate 75 from ACE2
(Figure 3B). This glutamate 75 is expressed on a neigh-
boring helix of ACE2 and is at a good distance for salt
bridge formation (Figure 3C,D). To further capitalize on
this point, we analyzed the distance between the nitrogen
atom in zeta position of lysine 484 (RBD) as well as the
carbon atom in delta position of glutamate 75 (ACE2) and
found both in a salt bridge favored distance below 4Å in a
considerably amount of the simulation time (example
shown in Figure 3D). We also used the LIE values for the
electrostatic interaction of residue 484 with ACE2 and
compared them in a bulk approach for variants with a
glutamate to those with a lysine and found a significant
increase (Figure 3E). From these results, we conclude that
an additional salt bridge can be formed between lysine 484
from the RBD and glutamate 75 from ACE2. This might
stabilize the loop that holds residue 484 and increase the
local stability.
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3.4 | The K417N/T mutation destroys a
salt bridge between the RBD and aspartate
30 of ACE2

For residue 417 we found a strong decrease in contact
formation in variants where lysine was exchanged to

asparagine (B.1.351) or threonine (P.1). Bulk analysis
showed that all other variants showed a comparable
number of contacts per frame (Figure 4A). Decom-
position of the interactions to individual residues re-
vealed that contacts with aspartate 30 expressed on
ACE2 are lost (Figure 4B). Both residues are in close

FIGURE 2 Contact formation around residue 501. (A) Left panel: Structural representation of an asparagine 501 expressing wild‐type
(wt) receptor‐binding domain (RBD, gray) in complex with angiotensin‐converting enzyme 2 (ACE2) (aquamarine). The ACE2 residues
aspartate 38 (Asp38), tyrosine 41 (Tyr41), glutamine 42 (Gln42), leucine 45 (Leu45), and lysine 353 (Lys353) were potential interactors for
glutamine 498 (Gln498). Gln498 was in close proximity of RBD asparagine 501. The right panel shows a structural representation of a
tyrosine 501 expressing variant of the RBD in complex with ACE2. ACE2 residues tyrosine 41 (Tyr41), glutamine 42 (Gln42), and leucine 45
(Leu45) present potential interactors for glutamine 498 (Gln498). The bulky tyrosine 501 seemed to partially exclude glutamine 498 from the
RBD‐ACE2 interface. (B) Number of contacts per frame formed by residue 501 comparing asparagine (wt) and tyrosine (all others)
expressing variants in bulk analysis. Different colors represent the different variants and statistical analysis was performed using unpaired
Student's t test with ****p< .0001. (C) Decomposition of residue 501 contacts to residues expressed on ACE2. All variants expressing a
tyrosine at position 501 show significantly increased contact formation with tyrosine 41 (Tyr41) and lysine 353 (Lys353) when compared to
wt. Statistical analysis was performed using two‐way analysis of variance (ANOVA) (n= 4, differences assumed significant for **p< .01 and
****p< .0001, lowest significance in group is shown in graph, individual values can be found in Table S1). (D) Bulk analysis for all contacts
formed by glutamine 498 (Gln498) shows significantly lower numbers for variants expressing a tyrosine at position 501. Different colors
represent the different variants and statistical analysis was performed using an unpaired Student's t test with ****p< .0001.
(E) Decomposition of the interaction of glutamine 498 with residues expressed on ACE2. Significant reduction in contact number is seen for
aspartate 38 (Asp38), tyrosine 41 (Tyr41), and lysine 353 (Lys353). Statistical analysis was performed using two‐way ANOVA (n= 4,
differences assumed significant for *p< .05 and **p< .01, lowest significance in group is shown in graph, individual values can be found in
Table S1)
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proximity (Figure 4C) and distance plotting between
the nitrogen atom in zeta position from lysine and the
carbon atom in gamma position from aspartate showed
both in a salt bridge favored distance of 4 Å or below
for variants that express a lysine at position 417
(Figure 4D, example shown for wt). In line with con-
tact and distance plots, we also found the electrostatic
part of the LIE measured between residue 417 and
ACE2 drastically reduced when lysine was exchanged
for an asparagine or threonine (Figure 4E). Thereby,
we conclude that loss of lysine at position 417 also
abrogates salt bridge formation at this position. Inter-
estingly, the K417N/T mutation is only seen in variants
that also carry the E484K mutation (e.g., www.rki.de).
Thus, the salt bridge formed by lysine 484 and gluta-
mate 75 might compensate for the loss of the salt

bridge formed by lysine 417 and aspartate 30. A driving
force for selection of this variant might be the in-
creased expression of the RBD, that was measured in a
yeast system when lysine 417 was exchanged.36

4 | CONCLUSIONS

Newly emerging viral variants of SARS‐CoV‐2 often dom-
inate the pandemic before experimental structural data is
available, to determine effects on conformation and/or in-
teraction with ACE2. Thus, MD simulation holds great po-
tential to assist in the curation of such data and thereby help
to identify key changes in conformation and structural dy-
namics. Using the experimentally solved structure of the
B.1.1.7 RBD in complex with ACE2 (PDB ID code: 7MJN) to

FIGURE 3 The E484K mutation leads to a new salt bridge with glutamate 75 from angiotensin‐converting enzyme 2 (ACE2). (A)
Average number of contacts per frame for residue 484 to ACE2. The number is significantly higher for variants that express a lysine
(B.1.1.7 + E484K: green, B.1.351: yellow, and P.1: red) compared to those expressing glutamate (wild‐type (wt): blue, and B.1.1.7: orange;
Student's two‐tailed t test; **p< .01). (B) Decomposition of contacts for residue 484 (glutamate or lysine) with glutamate 75 (Glu75) or
leucine 79 (Leu79) expressed on ACE2. (C) Structural representation of lysine 484 (Lys484) as expressed on the RBD of B.1.1.7 + E484K,
B.1.351 and P.1, and glutamate 75 (Glu75) expressed on ACE2. (D) Exemplary distance plot for the zeta‐N‐atom of lysine 484 of
B.1.1.7 + E484K to the delta‐C‐atom of glutamate 75 expressed on ACE2. (E) Electrostatic linear interaction energy compared between
variants that express a lysine (B.1.1.7 + E484K: green, B.1.351: yellow, and P.1: red) or a glutamate (wt: blue and B.1.1.7: orange) at position
484 (Student's two‐tailed t test; ****p< .0001)
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validate our simulated data, we showed the reliability of
computational approaches. Thus, we believe that MD si-
mulation holds the potential (especially with continuously
increasing computer power) to follow structural changes in
“real‐time” and identify common trends among emerging
viral variants. Here, we show that all variants that carry the
N501Y mutation reshape the pattern of contacts with ACE2.
Here, decomposition of the contacts to individual amino
acids highlighted the importance of single amino acids (and
their exchange) for interface formation. Together, the N501Y
carrying variants demonstrate higher binding efficacy with a
few changes in contact formation, which leads to a stronger
interaction with ACE2. Future studies will show how all

these variants of concern (carrying the N501Y mutation)
compare to the Delta variant of SARS‐CoV‐2. Interestingly,
this variant does not carry the N501Y mutation but dom-
inates the pandemic. Our results and data from other groups
indicate that MD simulation is a powerful tool to evaluate
the consequences of individual amino acid exchanges on the
interaction energies between the RBD and ACE2 and
beyond.42,43
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FIGURE 4 Exchange of lysine 417 to asparagine or threonine abrogates salt bridge formation. (A) Average number of contacts per frame for
residue 417 to angiotensin‐converting enzyme 2 (ACE2). In variants that express a lysine at this position (wild‐type (wt): blue, B.1.1.7: orange and
B.1.1.7+E484K: green) this number is significantly higher when compared to variants with an asparagine (B.1.351: yellow) or threonine (P.1: red;
one‐way analysis of variance [ANOVA]; n=4 or 12; ****p< .0001). (B) Decomposition of the contact formation of residue 417 shows significantly
reduced contacts with aspartate 30 (Asp30) expressed on ACE2 in variants that express an asparagine (B.1.351) or a threonine (P.1). Statistical
analysis was performed using two‐way ANOVA (n=4, differences assumed significant for ****p< .0001). (C) Structural representation of the salt
bridge formed by lysine 417 from the receptor‐binding domain (RBD) (Lys417) and aspartate 30 from ACE2 (Asp30). (D) Exemplary distance plot for
a simulation from the wt RBD with ACE2 over time, for lysine 417 and aspartate 30. The gray line indicates a distance of 4Å. (E) Electrostatic linear
interaction energy compared between RBD variants with a lysine (wt: blue, B.1.1.7: orange and B.1.1.7+E484K: green) or asparagine/threonine
(B.1.351: yellow and P.1: red; Student's two‐tailed t test; ****p< .0001)
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