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Abstract 25 

SARS-CoV-2, the virus which causes the COVID-19 pandemic, changes frequently through the appear-26 

ance of mutations constantly leading to new variants. However, only few variants evolve as dominating 27 

and will be considered as “Variants of Concern” (VOCs) by the world health organization (WHO). At the 28 

end of 2020 the alpha (B.1.1.7) variant appeared in the United Kingdom and dominated the pandemic 29 

situation until mid of 2021 when it was substituted by the delta variant (B.1.617.2) that first appeared 30 

in India as predominant variant. At the end of 2021, SARS-CoV-2 omicron (B.1.1.529) evolved as the 31 

dominating variant. Here, we use in silico modeling and molecular dynamics (MD) simulations of the 32 

receptor-binding domain of the viral spike protein and the host cell surface receptor ACE2 to analyze 33 

and compare the interaction pattern between the wild type, delta and omicron variants. We identified 34 

residue 493 in delta (glutamine) and omicron (arginine) with altered binding properties towards ACE2. 35 

Introduction 36 

The COVID-19 pandemic caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-37 

CoV-2) is driven by newly emerging variants that arise from the original virus. Although most of the 38 

genetic changes have little to no impact on the virus’ properties, some virus variants arise with higher 39 

transmissibility and/or increased virulence. These variants are classified as “Variants of Concern” (VOC) 40 

by the WHO. In January 2022, the WHO listed five VOCs labeled with Greek letters1: (1) the alpha var-41 

iant (Pango lineage: B.1.1.7) that emerged in the United Kingdom, (2) the beta variant (Pango lineage: 42 

B.1.351) from South Africa, (3) the gamma variant (Pango lineage: P.1) from Brazil, (4) the delta variant 43 

(Pango lineage: B.1.617.2) first detected in India and the omicron variant (Pango lineage: B.1.1.529) 44 

first identified in South Africa in November 20212. 45 

All these VOCs listed by the WHO acquired some distinctive mutations (Fig. 1a lists the mutations of 46 

the predominant delta and omicron variants) in the trimeric spike glycoprotein of SARS-CoV-2, which 47 

specifically binds with its receptor-binding domain (RBD) to the host cell receptor angiotensin-convert-48 

ing enzyme 2 (ACE2)3-5. This binding step is crucial for viral entry into a host cell to initiate infection 49 

(Fig. 1b)6,7. Therefore, understanding the interaction of the virus with ACE2 at the cell surface is fun-50 

damentally important in the fight against SARS-CoV-2. The protein structure of the RBD of the wild 51 

type spike protein in complex with ACE2 is known (e.g. PDB ID code: 7KMB8) and allows characteriza-52 

tion of receptor binding at the atomic level, greatly improving our understanding of host-pathogen 53 

interactions at this site. By introducing the observed mutations into the wild type RBD–ACE2 complex 54 

structure with in silico modeling and subsequently conducting molecular dynamics (MD) simulations 55 

of these RBD–ACE2 complexes, the influence of specific mutations in the RBD on binding towards the 56 

human receptor can be strongly enhanced9-11. Experimentally determined protein structures provide 57 

the basis for MD simulations, which can add information on the protein dynamics, the flexibility and 58 

residue interactions that would be difficult to access with experimental methods. Additionally, MD 59 

simulations can today often be performed and analyzed much faster than experimentally determined 60 

structures can be obtained and therefore it can serve as a predictive tool. 61 

The mentioned alpha, beta, gamma and omicron variants harbor as common feature all a substitution 62 

of asparagine-to-tyrosine at position 501 (N501Y) in the RBD, which is not present in the delta variant12. 63 

In addition to the N510Y mutation, omicron carries 14 other mutations within the RBD (Fig. 1a). A 64 

considerable number of them can be found at the direct binding interface with ACE2 (Fig. 1b). In con-65 

trast to omicron, the delta variant has a characteristic leucine-to-arginine substitution at position 452 66 

(L452R), which was also earlier detected in the related kappa variant (B.1.617.1) and in an unrelated 67 

lineage in the United States of America (epsilon variant: B.1.427/B.1.429). For variants carrying this 68 

L452R mutation, stronger affinity of the spike protein for the ACE2 receptor was described13,14. The 69 
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delta and omicron variants share a common T478K mutation and for delta reduced affinity of neutral-70 

izing antibodies at this position was shown15-17. In omicron many of the mutations found at the RBD 71 

are located within epitopes recognized by neutralizing antibodies. An exemplary array of such neutral-72 

izing antibodies is shown in Supplementary Fig. 1 and experimental data suggests reduced binding of 73 

antibodies from patient sera18,19. Of note, especially antibodies binding at the RBD at the site of contact 74 

formation with ACE2 show high neutralization properties20. 75 

The present study compares the original wild type (wt), the delta variant and the similar variants epsi-76 

lon and kappa with the omicron variant. We identify residue 493 within the RBD as a major difference 77 

between all three variants. In wt and delta residue 493 is a glutamine (Gln493) and we show that the 78 

delta variant amino acid exchange L452R induces a rearrangement in all three L452R carrying variants 79 

(epsilon, delta and kappa) that increase the number of contacts and the number of hydrogen bonds 80 

with ACE2 for Gln493. The omicron variant expresses an arginine at position 493 and this arginine 81 

forms very stable salt bridges with residues glutamate 35 (Glu35) and aspartate 38 (Asp38) of the host 82 

cell receptor ACE2. In previous reports21 an exchange from glutamine to lysine was reported at position 83 

493 and we can show, that the omicron variants with Q493R or Q493K show very similar changes in 84 

contact formation with ACE2. However, for Q493R we also identified salt bridge formation with aspar-85 

tate 30 (Asp30) that was not observed for the Q493K mutation. Additionally, omicron also carries an 86 

amino acid exchange from lysine 417 to asparagine (K417N). The same mutation was already observed 87 

in the beta variant, while in the gamma variant lysine 417 is mutated to a threonine (K417T). In wild 88 

type, Lysine 417 forms a very stable salt bridge with aspartate 30 from the ACE2 receptor and we could 89 

show that exchange to asparagine or threonine largely disrupts binding at this position9. 90 

Here, we show that major changes in interaction with ACE2 occur at positions 417, 493, 501 and at 91 

position 505 where a tyrosine is mutated to a histidine (Y505H). We also show, that many of the re-92 

maining amino acid exchanges occurring at the interface to ACE2 do not largely influence binding to 93 

ACE2, but rather change epitopes for neutralizing antibodies20, which might explain the reduced neu-94 

tralization capacity identified for serum samples from vaccinated patients18. 95 

Results 96 

The contact analyses and electrostatic potential of the viral receptor-binding domain 97 

The SARS-CoV-2 delta and omicron variants have both acquired a threonine-to-leucine (T478K) substi-98 

tution in the RBD. The delta variant carries an additional leucine-to-arginine (L452R) substitution in the 99 

RBD and the omicron variant has, in addition to this T478K mutation, 14 other mutations within the 100 

RBD (Fig. 1a). In order to compare individual virus variants, we performed four independent MD sim-101 

ulation runs over 500 ns for every variant’s RBD in complex with ACE2. Subsequently, we analyzed the 102 

overall intermolecular contacts formed between the human ACE2 and the viral RBD of the wild type 103 

and the delta and omicron variants. We found a reduced number of contacts between the RBD and 104 

ACE2 for the omicron variant, while the number of contacts for the delta variant was not markedly 105 

changed (Fig. 1c). Then, we assigned the individual number of contacts to all RBD amino acids within 106 

8 Å distance to ACE2 and found marked differences for residues 493, 501 and 505 (Fig. 1d, Supplemen-107 

tary Fig. 1a). Wild type and delta variant express an asparagine at position 501, whereas the omicron 108 

variant harbors a tyrosine (N501Y) at this position. The functional consequences of this N501Y muta-109 

tion were already described22 and a cryo-electron microscopy structure carrying this N501Y exchange 110 

in complex with ACE2 was also experimentally solved (PDB ID code: 7MJN23). In the omicron variant, 111 

the tyrosine at position 505 (wt and delta variant) is mutated to histidine and we identified a reduced 112 

number of contacts to ACE2 for histidine at this position (Fig. 1d, Supplementary Fig. 2a and Supple-113 

mentary Fig. 2b). In detail, residue 505 interacts with the carbon atoms of the side chain of lysine 353 114 

on ACE2 (Supplementary Fig. 2c). Here a pi-electron ring system (as for tyrosine expressing variants) 115 
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might have more contacts than the inserted histidine in omicron. For the epsilon (B.1.427/B.1.429) and 116 

kappa (B.1.617.1) variant, we also performed contact analyses and found no marked differences on 117 

the individual amino acid level (Supplementary Fig. 2d). As the omicron variant shows a considerable 118 

number of positively charged amino acids at sites of mutation, we analyzed the electrostatic potential 119 

at the RBD-ACE2 interface and found increased electro positivity in the delta variant (L452R and T478K) 120 

and even more pronounced in the omicron variant (T478K, Q493R, Q498R and Y505H; Fig. 1e). How-121 

ever, the omicron variant also loses a positively charged amino acid at the interaction interface at 122 

position 417 (K417N; Fig. 1b, Fig. 1e). 123 

 124 

 125 

Figure 1: Number of contacts and electrostatic potential. a, Amino acid exchanges at distinct positions in the 126 
delta and omicron variants. b, Structural representation of the SARS-CoV-2 spike protein on the viral membrane 127 
with the inset showing all residues mutated in delta (B.1.617.2, green) or omicron (B.1.1.529, orange). c, Number 128 
of contacts between the RBD and ACE2 for wt, delta and omicron. d, Structural representation of the interface 129 
of the RBD with ACE2 according to the number of contacts in color code. Residues with a green label are mutated 130 
in the delta variant and residues with an orange label are mutated in omicron. e, Surface representation of the 131 
interface formed by the RBD with ACE2. Surface coloring according to the electrostatic potential of the underlying 132 
residues with 0.64 eV in blue and -0.80 eV in red. 133 



 
 

5 
 

The interaction between residue 493 and ACE2 is altered in delta and omicron variant 134 

As numerous positively charged amino acids appear at the interaction interface, we also analyzed the 135 

linear electrostatic interaction energy to identify newly formed or resolved intermolecular salt bridges. 136 

Largest differences between wt, delta and omicron were found at positions 417 and 493 (Fig. 2a, Sup-137 

plementary Fig. 3). Analyzing the electrostatic potential at the interaction interface on ACE2 revealed 138 

aspartate 30, glutamate 35 and aspartate 38 as potential interaction partners for these two residues. 139 

For other variants that exchanged lysine 417 to asparagine or threonine, we already identified a 140 

strongly reduced electrostatic interaction energy with aspartate 309. Thus it was not very surprising 141 

that we found the same reduction for the omicron variant (Fig. 2c) and a salt bridge in wt (Fig. 2d) that 142 

also remains stable over time (Fig. 2e). Next, we analyzed contact formation for residue 493 (Fig. 2f). 143 

We found that wt and delta (both with Gln493) behave similar, but that omicron shows some major 144 

differences. The delta variant shows a small increase in contact formation with lysine 31 and glutamate 145 

35(Fig. 2f). In contrast, omicron changes its interaction profile completely. For one MD simulation run 146 

we identified interaction with aspartate 30 (Asp30) and in three runs increased interaction with gluta-147 

mate 35 (Glu35) and with aspartate 38 (Asp38). Additionally, the interaction with lysine 31 (Lys31) is 148 

reduced in all four simulation runs of the omicron variant (Fig. 2f) probably due to electrostatic repul-149 

sion between the positively charged arginine 493 and the also positively charged lysine 31. 150 

 151 
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 152 

Figure 2: Linear electrostatic interaction shows two major changes in omicron. a, Structural representation of 153 
the RBD interface with ACE2 with residues shown as spheres with their size and color according to their electro-154 
static interaction. b, Surface representation of the binding interface of ACE2 with the RBD. Surface color is labeled 155 
according to the partial charge of the underlying residues with the three negatively charged residues aspartate 156 
30 (Asp30), glutamate 35 (Glu35) and aspartate 38 (Asp38). c, Linear electrostatic binding energy of residue 417 157 
in wt (blue), delta (green) and omicron (orange; **** p<0.0001 one-way ANOVA). d, Structural representation 158 
of the salt bridge formed by lysine 417 (Lys417) from the RBD and aspartate 30 (Asp30) from ACE2 in the wt 159 
complex. e, Time resolved distance plot of the distance between side chain atoms of Lys417 and Asp30 in the wt 160 
complex. f, Number of contacts per frame formed by residue 493 with interacting ACE2 residues. 161 

 162 

The delta variant shows increased hydrogen bond formation with ACE2 163 

To analyze changes in the delta variant, we pooled it with four individual MD simulation runs of the 164 

epsilon and four runs of the kappa variant (all these variants carry the L452R mutation) and compared 165 
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it to twelve 500 ns long simulation runs of the wt RBD-ACE2 complex (eight of them were already de-166 

scribed earlier9,10). Within the neighboring beta sheet of glutamine 493, the L452R exchange can be 167 

found (Fig. 3a, b), thereby changing the structural environment of glutamine 493. We found that the 168 

number of intermolecular contacts between glutamine 493 and the human receptor ACE2 increases in 169 

the different L452R variants compared to wild type RBD–ACE2 complexes (Fig. 3c). Decomposed on 170 

the individual amino acid level, although not significant, we identified the ACE2 residues glutamate 35 171 

and to a minor extend lysine 31 with an increased number of contacts to glutamine 493 (Fig. 3d,e). 172 

Contact formation between glutamine 493 and histidine 34 of ACE2 was unchanged, however (Fig. 173 

3d,e). As glutamine residues engage in hydrogen bonds, we also analyzed the number of intermolecu-174 

lar hydrogen bonds of glutamine 493 with ACE2 and found a significant increase for variants that ex-175 

press the L452R mutation (Fig. 3f). Detailed analysis showed an increased occurrence of hydrogen 176 

bonds with lysine 31 and with glutamate 35 (Fig. 3g). The structural representation illustrates that the 177 

side chain oxygen atom of glutamine 493 forms a hydrogen bond with the side chain of lysine 31 from 178 

ACE2 while one of the hydrogens of the amino group forms hydrogen bonds with the oxygen atoms of 179 

the carboxyl group of glutamate 35 (Fig. 3h). A detailed root-mean-square fluctuation (RMSF) analysis 180 

(Supplementary Fig. 4a) showed a reduced flexibility for the entire glutamine 493 (Supplementary Fig. 181 

4b) and especially for side chain atoms of the amino group (NE2, HE21 and HE22; Supplementary Fig. 182 

4b) in the different L452R variants compared to wild type RBD–ACE2 complexes. This reduced flexibility 183 

of glutamine’s side chain atoms can be observed due to the stronger hydrogen bond network of glu-184 

tamine 493 with ACE2, which stabilizes the side chain position. Histidine 34 does not form hydrogen 185 

bonds with glutamine 493, but forms a hydrogen bond with tyrosine 453 (Supplementary Fig. 4c,d). 186 

Together, we can conclude that the delta variant shows an increase in contacts and consequently in 187 

hydrogen bond formation of glutamine 493 with ACE2 and that this might contribute to an increased 188 

binding. 189 

 190 
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 191 

Figure 3: Hydrogen bond rearrangement in delta. a, Structural representation of the glutamine 493 (Gln493) 192 
and leucine 452 (Leu452) as expressed on two neighboring β-strands forming a small 2-stranded antiparallel β-193 
sheet (yellow) in wt. b, As in figure panel a, but with residue 452 exchanged to arginine (Arg452, green) as ex-194 
pressed on delta (medium green), epsilon (light green) and kappa (dark green) variants. c, Combined analysis of 195 
wt and three variants that carry the leucine 452 arginine (L452R) exchange with regard to the number of contacts 196 
formed by glutamine 493 (Gln493) with ACE2 (* p<0.05, two-tailed Student’s T-test). d, Residue specific analysis 197 
of the number of contacts between wt and L452R expressing variants (one-way ANOVA). e, Structural represen-198 
tation of glutamine 493 (Gln493) expressed on the RBD and its interaction partners from ACE2 lysine 31 (Lys31), 199 
histidine 34 (His34) and glutamate 35 (Glu35). f, Number of hydrogen bonds formed by glutamine 493 (Gln493) 200 
per frame comparing wt and L452R expressing variants (* p<0.05, two-tailed Student’s T-test).g, Hydrogen bond 201 
formation between glutamine 493 (Gln493) from the RBD and lysine 31 (Lys31) and glutamate 35 (Glu35, both 202 
ACE2). h, Structural representation of the hydrogen bonds formed between glutamine 493 (Gln493, RBD) and 203 
lysine 31 (Lys31, ACE2) and glutamate 35 (Glu35, ACE2). 204 

 205 
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The omicron variant forms two new stable salt bridges with ACE2 residues 206 

As described above (Fig. 2f), we identified an entirely altered interaction pattern for arginine at posi-207 

tion 493. The number of contacts with glutamate 35 increased and contacts with aspartate 38 were 208 

newly formed and not present in residues expressing a glutamine at position 493 (Fig. 2f). For three of 209 

our MD simulations, these two newly formed salt bridges can also be appreciated in time course dis-210 

tance plots of arginine 493 with aspartate 30, glutamate 35 and aspartate 38 (Fig. 4a; Supplementary 211 

Fig. 5a). However, one of our MD simulation runs showed a different picture and we found a stable 212 

intermolecular salt bridge between arginine 493 and aspartate 30 on ACE2 (Fig. 4b). Analyzing the 213 

average distances to favored residues on ACE2 within single runs provided insight into the stability of 214 

the individual salt bridges (Fig. 4c). Especially interactions between arginine 493 and aspartate 30 and 215 

glutamate 35 show low standard deviations with average distances below 5 Å, thus strongly supporting 216 

ionic interaction. Analysis of the linear electrostatic interaction energy at position 493 showed a strong 217 

increase for omicron when compared to wt and delta (Fig. 4d). Thus, we can now postulate two differ-218 

ent interactions with ACE2 for arginine at position 493 in the omicron variant. In the first mode, it 219 

forms salt bridges with glutamate 35 and aspartate 38 (Fig. 4e) and in the second mode it forms a salt 220 

bridge with aspartate 30 (Fig. 4f). Within the same simulation run, where we identified a stable salt 221 

bridge between arginine 493 and aspartate 30 from ACE2, we also identified a stable salt bridge be-222 

tween arginine 498 (only present in omicron) and aspartate 38 (Fig. 4f, Supplementary Fig. 5b). To-223 

gether, omicron carrying an arginine at position 493 (Q493R) shows a higher flexibility in contact for-224 

mation than wt or delta in the same region. As there was a sequence conflict at position 493 at the 225 

beginning, we also simulated the RBD-ACE2 complex with a lysine at this position 493. All runs showed 226 

stable salt bridges between lysine 493 and glutamate 35 (Supplementary Fig. 6a,b) and aspartate 38 227 

(Supplementary Fig. 6c,d) of ACE2. A lysine side chain at this position might be too short to interact 228 

with aspartate 30 (Supplementary Fig. 6e). The increase in linear electrostatic interaction energy, how-229 

ever, remains the similar (Supplementary Fig. 6f). One selection advantage of the omicron over the 230 

omicron+Q493K variant might be the more flexible interaction regime at this position. 231 

 232 
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 233 

Figure 4: Newly formed salt bridges in omicron between arginine 493 and negatively charged residues on ACE2. 234 
a, Representative distance plots of arginine 493 (RBD, omicron) and aspartate 30 (Asp30), glutamate 35 (Glu35) 235 
and aspartate 38 (Asp38) (all three on ACE2). b, Distance plots of a different MD simulation run than shown in 236 
figure panel a between the same residues. c, Average distance with standard deviation error bars shown for four 237 
individual 500 ns runs for residues arginine 493 (RBD, omicron) and aspartate 30 (Asp30), glutamate 35 (Glu35) 238 
and aspartate 38 (Asp38). d, Linear electrostatic interaction energy for residue 493 analyzed for wt (blue), delta 239 
(green) and omicron (orange; **** p<0.0001, one-way ANOVA). e, Structural representation of the two newly 240 
formed salt bridges between arginine 493 (Arg493) on the RBD and glutamate 35 (Glu35) and aspartate 38 241 
(Asp38) both expressed on ACE2. f, Structural representation of salt bridges formed between Arg493 (RBD) and 242 
Asp30 (ACE) and Arg498 (RBD) and Asp38 (ACE2). 243 
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Discussion 244 

The appearance of a L452R exchange within the RBD of the SARS-CoV-2 spike protein rendered the 245 

affected variants to former “Variants under Investigation” (epsilon, kappa) or current “Variant of Con-246 

cern” (delta variant)1. The delta variant dominated the pandemic worldwide from mid-2021. All three 247 

variants carry additional amino acid exchanges within the other parts of the spike protein, including 248 

the D614G variant that we identified as a potential molecular switch to liberate the fusion peptide10. 249 

Here we show, that the L452R mutation induces an increased number of hydrogen bonds formed by 250 

glutamine 493 between the RDB (delta variant) and ACE2. This increase, might induce a stronger inter-251 

action between both and support increased viral infectivity. Comparing the omicron variant to wt and 252 

delta reveals major differences in RBD-ACE2 interaction. As in the alpha variant, omicron carries a 253 

N501Y mutation and, as the beta variant, carries the K417N mutation. The N501Y mutation apparently 254 

increases the binding energy between RBD and ACE2 and the K417N mutation reduces it22. Before 255 

delta dominated the pandemic starting mid-2021, the alpha variant outcompeted the wt SARS-CoV-2 256 

variant end of 2020/beginning of 2021. Parallel with the alpha variant, the beta and gamma variants 257 

appeared both with exchanges for lysine at position 417 that induced a loss of the salt bridge at this 258 

position9. In omicron this salt bridge is also lost. However, through the exchange of glutamine 493 to 259 

an arginine (Q493R), two additional salt bridges are formed (either by arginine 493 itself or by arginine 260 

498) and a strong increase in linear electrostatic interaction energy can be observed. The variability in 261 

salt bridge formation at positions 493 and 498 might increase the probability for RBD-ACE2 interaction 262 

and thereby increase infectivity. As a side note, we could also show that a lysine at this position has a 263 

less flexible interaction pattern. Overall, three mutations within the RBD of omicron can be attributed 264 

to direct changes in interaction with ACE2 and these are K417N, Q493R and N501Y. With the exchange 265 

of tyrosine 505 to histidine, a reduced number of contacts is associated. However, the effect of this 266 

exchange cannot be fully judged. When comparing the delta and omicron variant to wt an additional 267 

trend becomes evident. Amino acid exchanges within the RBD render it more electropositive. Delta is 268 

more positive than wt and omicron more positive than delta. This might enable a better passive adhe-269 

sion to the negatively charged glycolcalyx and here especially to heparin sulfate, which is a critical 270 

factor for SARS-CoV-2 binding24-26. Thus, we can identify amino acid exchanges which (i) influence di-271 

rect interaction with ACE2, (ii) change epitopes of neutralizing antibodies and/or (iii) change the elec-272 

trostatic surface potential. In omicron, five of the fifteen mutations within the RBD insert positively 273 

charged amino acids (N440K, T478K, Q493R, Q498R and Y505H) and only one is lost (K417N). All of 274 

these six positions are within epitope regions for neutralizing antibodies20. In conclusion, omicron 275 

started to dominate the pandemic at the end of 2021 with patient numbers rising steeply in affected 276 

areas. MD simulation and structural analysis of the RBD-ACE2 complex shows clear differences of omi-277 

cron to the delta variant. Omicron has progressed in terms of ACE2 binding, in terms of immune escape 278 

and presents a more positively charged interface area. 279 

 280 

Methods 281 

Generation of the starting structures 282 

To investigate the interface between the RBD of the spike protein and ACE2, the respective wild type 283 

start structure was taken from the PDB database (PDB ID code: 7KMB (10.1016/j.chom.2020.11.004)). 284 

To also generate the starting structures for the MD simulations of the different SARS-CoV-2 variants, 285 

the amino acid substitutions (epsilon spike variant (B.1.427/B.1.429): L452R; delta variant (B.1.617.2): 286 

L452R and T478K; kappa variant (B.1.617.1): L452R and E484Q, omicron variant (B.1.1.529): G339D, 287 

S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, 288 

Y505H and for an omicron variant with a lysine at position 493: G339D, S371L, S373P, S375F, K417N, 289 
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N440K, G446S, S477N, T478K, E484A, Q493K, G496S, Q498R, N501Y, Y505H) were introduced with 290 

Swiss-PdbViewer 4.1.027 (http://www.expasy.org/spdbv/). 291 

For the electrostatic analyses of the protein surface, “PQR” output files were generated by using charge 292 

parameters assigned with the APBS-PDB2PQR software suite28 (https://server.poissonboltz-293 

mann.org/). 294 

Molecular dynamics simulations 295 

Molecular dynamics simulations were performed exactly as described before9,10. By using version 20 296 

of the Amber Molecular Dynamics software package (ambermd.org)29, the ff14SB force field30 and the 297 

Amber Tool LEaP, all systems were electrically neutralized with Na+ ions and solvated with TIP3P31 wa-298 

ter molecules. The receptor-binding domain complexed with ACE2 was solvated in a water box with 299 

the shape of a truncated octahedron and a distance of at least 25 Å from the borders to the solute. 300 

Minimization was carried out in three consecutive parts to optimize the geometry of the initial struc-301 

tures. In the first minimization part, all water molecules were minimized, while all other atoms were 302 

restrained at the initial positions by using a constant force of 10 kcal·mol–1·Å–2. During the second part, 303 

additional relaxation of the sodium ions and the hydrogen atoms of the protein was allowed, while the 304 

remaining protein was restrained with 10 kcal·mol–1·Å–2. In the third part, the entire protein, ions, and 305 

water molecules were minimized without any restraints. All three minimization parts started with 2500 306 

steps using the steepest descent algorithm, followed by 2500 steps of a conjugate gradient minimiza-307 

tion. After minimization, the systems were equilibrated in two successive steps. In the first step, the 308 

temperature was increased from 10 to 310 K within 0.1 ns and the protein was restrained with a con-309 

stant force of 5 kcal·mol–1·Å–2. In the second step (0.4 ns length), only the Cα atoms of the protein were 310 

restrained with a constant force of 5 kcal·mol–1·Å–2. In both equilibration steps, the time step was 2 fs. 311 

Minimization and equilibration were carried out on CPUs, while the subsequent production runs were 312 

performed using pmemd.CUDA on Nvidia A100 GPUs32-34. Subsequent 500 ns long production runs 313 

were performed without any restraints and at 310 K (regulated by a Berendsen thermostat35). Further-314 

more, the constant pressure periodic boundary conditions with an average pressure of 1 bar and iso-315 

tropic position scaling were used. For bonds involving hydrogen, the SHAKE algorithm36 was applied in 316 

the equilibration and production phases. To accelerate the production phase of the MD simulations, 317 

hydrogen mass repartitioning (HMR)37 was used in combination with a time step of 4 fs. For statistical 318 

analyses, four independent 500 ns long MD simulation runs were performed for the epsilon, delta, 319 

kappa and omicron spike protein RBD variants in complex with ACE2. For the wild type RBD in complex 320 

with ACE216 independent 500 ns long MD simulation runs were used (eight completely new MD sim-321 

ulations and in addition also eight MD simulation runs conducted for two earlier studies9,10 were re-322 

evaluated). 323 

Trajectory analysis (analysis of root-mean-square fluctuations (RMSF), analysis of contacts (always with 324 

distance criterion of ≤5 Å between any pair of atoms; total fraction of contacts for residue pairs), meas-325 

urement of interatomic distances, calculation of electrostatic linear interaction energy and hydrogen 326 

bond analyses were performed using the Amber tool cpptraj38. 327 

Statistics and display 328 

Statistical analyses were performed with GraphPad Prism (version 9.2.0 for Windows, GraphPad Soft-329 

ware, San Diego, California USA, www.graphpad.com) and statistical tests were applied as indicated 330 

below the figure. Plots were created in GraphPad and all structure images were made with UCSF Chi-331 

mera 1.1539. 332 

 333 
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Supplementary Figures 431 

Figure S1: 432 

 433 

Figure S1: Neutralizing antibodies from class 1, class 2 and class 340 interact with residues in wild type spike 434 
protein which are mutated in the RBD of the delta and/or the omicron variant. a, RBD shown in grey with 435 
residues forming the interaction interface with ACE2 highlighted in aquamarine. The colored spheres represent 436 
the center of the binding site of the seven exemplarily selected neutralizing antibodies. b, As in figure panel a 437 
but structure was rotated to show from a different view. c, Detailed structural representation of RBD interface 438 
residues in wild type and the interacting residues of the neutralizing antibodies C102 (PDB ID code: 7K8M)40, 439 
C135 (PDB ID code:7K8Z)40 , COVOX-253 (PDB ID code:7BEN)17, REGN10933 (PDB ID code: 6XDG)41, C121 (PDB ID 440 
code: 7K8Y)40, C119 (PDB ID code: 7K8W)40 and REGN10987 (PDB ID code: 6XDG)41 (colors were used as in a). 441 
Exemplary structural illustrations are shown only for RBD residues mutated in the delta and/or omicron variants. 442 
Dashed lines indicate intermolecular hydrogen bonds or as in the case of Lys417 intermolecular cation-pi inter-443 
actions. 444 

 445 

 446 

 447 
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 448 

Figure S2: 449 

 450 

Figure S2: a, Number of contacts for all residues of the RBD within 8 Å distance to ACE2 for wt, delta and omicron 451 
variants. b, Number of contacts for residue 505 (tyrosine for wt and delta, histidine for omicron) formed with 452 
ACE2. c, Structural representation of tyrosine 501 (Tyr501) and histidine 505 (His505) expressed on the RBD or 453 
omicron and lysine 353 expressed on ACE2. d, Structural representation of number of contacts formed by the 454 
epsilon (B.1.427/B.1.429) variant and the kappa (B.1.617.1) variant. Residues are shown in different color and 455 
sphere size. 456 
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Figure S3: 457 

 458 

Figure S3: Linear electrostatic interaction energy for individual RBD residues expressed on the RBD–ACE2 inter-459 
face (within 8 Å distance from ACE2). 460 

  461 
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Figure S4: 462 

 463 

Figure S4: a, Pooled comparison of the RMSF (root mean square fluctuation) values for glutamine 493 comparing 464 
wt and L452R expressing variants. b, Detailed RMSF analysis of the side chain atoms of glutamine 493 comparing 465 
wt and L452R expressing variants (epsilon: light green, delta: medium green, kappa: dark green). c, Hydrogen 466 
bond occurrence between tyrosine 453 (Tyr453, RBD) and histidine 34 (His34, ACE2). d, Structural representation 467 
of the hydrogen bond formed between tyrosine 453 (Tyr453, RBD with L452R) and histidine 34 (His34, ACE2). 468 

 469 

 470 

 471 

 472 

 473 
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Figure S5: 481 

 482 

Figure S5: a, Time resolved distance plots of for individual MD simulation runs with distances plotted between 483 
arginine 493 (Arg493) expressed on the RBD and aspartate 30 (Asp30), glutamate 35 (Glu35) and aspartate 38 484 
(Asp38, all expressed on ACE2). b, time resolved distance plot from run 3 (a) for arginine 498 (Arg498) expressed 485 
on the RBD and aspartate 38 (Asp38) expressed on ACE2. 486 

 487 

 488 

 489 
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Figure S6: 490 

 491 

Figure S6: a, Representative distance plot of lysine 493 (RBD, omicron) and glutamate 35 (ACE2). b, Average 492 
distance with standard deviation error bars shown for four individual 500 ns runs for residues lysine 493 (RBD, 493 
omicron) and glutamate 35 (ACE2). c, Representative distance plot for lysine 493 (RBD, omicron) and aspartate 494 
38 (ACE2). d, Average distance with standard deviation error bars shown for four individual 500 ns runs for resi-495 
dues lysine 493 (RBD, omicron) and aspartate 38 (ACE2). e, Structural representation of the two newly formed 496 
salt bridges between lysine 493 (Lys493) on the RBD and glutamate 35 (Glu35) and aspartate 38 (Asp38) both 497 
expressed on ACE2. f, Linear interaction energy for residue 493 analyzed for wt (blue), delta (green) and omicron 498 
(orange; **** p<0.0001, one-way ANOVA). 499 

 500 


