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Abstract 

The spike protein plays an important role in the infection of SARS-CoV-2 to human 

cells, and the binding affinity of receptor binding domain (RBD) to angiotensin-

converting enzyme 2 (ACE2) is of special interest. In this report, we present a series of 

interaction analyses for the RBD - ACE2 complex (PDB ID: 6M0J) and mutated 

complexes of UK (B.1.1.7 lineage), South Africa (B1.351) and Brazil (B1.1.248) types, 

based on the fragment molecular orbital (FMO) calculations. The effects of mutations are 

investigated in terms of inter-fragment interaction energies (IFIEs), indicating the higher 

affinities of RBD variants with ACE2. 

  



Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus 

responsible for the 2019 coronavirus disease (COVID-19) first reported at Wuhan, China 

in December 2019. The issue of COVID-19 pandemic with devastating effects is still far 

from convergence or termination. The World Health Organization (WHO) Situation 

Report1 has reported the worldwide severe situations of cases and deaths continuously. 

Since SARS-CoV-2 is the first virus that human beings have faced, the lack of 

immunological experiences leads to a vulnerability to viral infection of COVID-19. In 

fact, SARS-CoV-2 is highly contagious with the number of regenerations (R0 estimates2,3) 

varying between about 2 and 5. 

SARS-CoV-2 has frequent mutations as influenza virus because of RNA virus. In 

particular, when mutations take place at the spike protein which commits the infection to 

human cell, such variants (or new lineages) may have higher infectious ability and 

escaping mechanism from neutralizing antibodies and vaccines. This concern has already 

been real, and several variants have been the main cause of epidemics.4 The mutation of 

Asp614Gly (or D614G) in the spike protein was found in April 2020, and this variant has 

spread over the world; several researches were reported on the enhanced replication and 

reproduction.5-8 In addition to the Asp614Gly mutation, variants with mutations at the 

receptor binding domain (RBD) (corresponding to Thr333-Pro527)9,10 have been 



identified since the latter half of 2020. RBD plays a central role in infection to human 

cells through the binding with the angiotensin-converting enzyme 2 (ACE2), and thus 

such variants have become the critical concern from a viewpoint of increased infectious 

power. Currently, the following three variants have attracted attentions. The UK variant 

(B.1.1.7 lineage) has Asn501Tyr (N501Y) mutation in RBD. Besides this mutation, the 

South Africa variant (B.1.351) and Brazil variant (B.1.1.248) take the mutation of 

Glu484Lys (E484K) in common, and the former and the latter have additional mutations 

of Lys417Asn (K417N) and Lys417Thr (K417T), respectively.11 Several reports12-15 

pointed out enhanced contagious power and relatively high escaping ability from 

neutralizing antibodies or vaccines in these variants. 

The fragment molecular orbital (FMO) method16-20 is of ab initio (or non-empirical) 

type and has been applied to various biochemical systems.21-28 In Refs. 24-27, the 

influenza virus hemagglutinin (HA) was analyzed in terms of inter-fragment interaction 

energies (IFIEs)19-21 among amino acid residues in HA and antibody as well as sugar 

moieties, and potentially mutable residues could be identified. As FMO applications to 

SARS-CoV-2 related proteins, two complexes of 3CL main protease (Mpro) - N3 

inhibiror,29-31 and RNA-dependent RNA polymerase - remdesivir32 as well as spike 

protein33-36 have been investigated by using sets of IFIE and related quantities. Here, we 



report a series of interaction analyses for complexes formed between ACE2 and RBD 

with mutations11 (UK variant, South Africa variant and Brazil variant), based on the FMO 

calculations at up to the third-order Møller-Plesset perturbation (MP3) level.37 Mutual 

differences among RBD variants in interactions with ACE2 is a main interest of the 

present report. 

The preparation of protein structures and the scheme of FMO calculations are 

summarized as follows. Residue-specific mutations were introduced to the 6M0J (PDB 

ID)10 structure formed between ACE2 and Wuhan type RBD. With the MOE software,38 

the positions of hydrogen atoms were optimized with molecular mechanics (MM) with 

the AMBER10:EHT force field.39 The total number of residues in 6M0J was 784, and all 

80 water molecules in the original record were retained; no water molecule was observed 

in the RBD - ACE2 interfacial region. The respective pointwise mutations for amino acid 

residues were made with MOE for the three variants of UK (B.1.1.7 lineage), South Africa 

(B.1.351), and Brazil (B.1.1.248).11 For these naively mutated structures, an MM based 

optimization (AMBER10:EHT) was done on the mutated points without a tether mask. 

Then, full optimizations with a tether=1.0 condition were performed for the RBD side; 

this protocol was applied to the mutation-less Wuhan structure as well; the final structure 

set was slightly different from that used in Ref. 33. Fig. 1 illustrates the interfacial regions 



of processed structures, where the mutated residues in RBD such as Asn501Tyr and 

Lys417Asn are labeled with red font. From this figure, changes due to the mutations are 

expectable because of alternations of both electrostatic and dispersion type interactions 

between RBD and ACE2. The mutation of Lys417 committing the salt-bridge formation 

with Asp30 in ACE2 should be of special interest.40 

The ABINIT-MP program18,20 was used for two-body FMO calculations of MP2 

(second-order MP perturbation)41-43 and MP3.37 A partially renormalized MP2 (PR-

MP2)44 was used to make overestimations in interaction energies by MP2. The energy 

corrections by these correlated treatments are usually used as the “DI” term indicating 

“dispersion” in the energy decomposition analysis of IFIE termed as PIEDA45,46; “ES” 

(electrostatic), “EX” (Pauli exclusion repulsion)”, and “CT” (charge transfer plus mix 

effects) are evaluated at the Hartree-Fock (HF) level. It should be noted that the electron 

correlation can introduce not only the attractive interaction of dispersion type but also the 

energy lowering through reductions of excess ionic characters in the HF description. For 

a further separation of “DI” term, the local response dispersion (LRD)47 calculation was 

employed as a so-called “HF+D” approach of FMO.48 LRD could estimate stabilization 

energies of pure dispersion type through the higher-order multipole expansions of density. 

A “DI” term would be considered as a sum of “LRD” and “Erest.” (related with reductions 



of excess iconicity or electron localization). As shown in Refs. 33 and 49, the MP2.5 

scaling (in which the MP3 incremental correlation energy is halved and added to the MP2 

energy)50 could work better than does the straight MP3 in evaluating interaction energies 

comparable to those obtained by the costly but reliable coupled cluster singles and 

doubles with perturbative triples (CCSD(T)).51 MP2.5 was thus adopted as our best-effort 

recipe. The 6-31G*52 and cc-pVDZ53 basis sets were used, where the latter could be more 

flexible in the description of electronic structures. The number of fragments including 

water molecules was 864 throughout the four RBD - ACE2 models (Wuhan, UK, South 

Africa and Brazil). All the FMO calculations were performed by the massively parallel 

computing resource of supercomputer Fugaku as in the case of previous study.33 A typical 

timing was 4.5 h for a single FMO-MP3/cc-pVDZ job with 384 nodes (or 1 rack) of 

Fugaku. 

Below we give the results and discussion. The numerical results obtained at the 

respective correlation levels with 6-31G* and cc-pVDZ basis sets are given in Fig. S1 

and Table S1 of Electronic Supporting Information (ESI). For a simplicity of main text, 

the following presentation and discussion are based on the values evaluated by the 

MP2.5/cc-pVDZ method. Fig. 2 indicates the total IFIE values of RBD - ACE2 

interactions. As can be seen from this figure, the UK variant has a slightly larger value of 



-928.6 kcal/mol than -909.5 kcal/mol of the original Wuhan case (1.03 times larger), and 

the South Africa and Braizl variants provide sizable larger values of -1108.4 kcal/mol and 

-1106.8 kcal/mol, respectively (1.23 times). In Ref. 34, a similar increment of about 10 

kcal/mol for RBD - ACE2 interaction energy was estimated for the UK variant relative to 

Wuhan. 

The results of differences in IFIE (IFIE) for interfacial residues (summed up counter 

residues in RBD or ACE2) are plotted for the three variants in Fig. S2 of ESI, where the 

values of original Wuhan are used as a reference set. Positive and negative values of 

IFIE correspond to destabilizations and stabilizations, respectively, due to the mutations. 

For the UK variant, Tyr501 (after the mutation) in RBD shows -35.3 kcal/mol, and Tyr41 

and Lys353 in ACE2 have small negative values. Similar stabilizations for Tyr501 are 

found for both South Africa and Brazil variants. There are considerable destabilizations 

(about 300 kcal/mol) by Lys417Asn (South Africa) and Lys417Thr (Brazil). This loss of 

electrostatic stabilizations is overcompensated with -446.4 kcal/mol (South Africa) by the 

Glu484Lys mutation; the charge situation is reversed. Asp30 in ACE2 is destabilized 

because of the lack of salt-bridge with Lys417.33,40 It is also notable that Glu35 and Glu75 

in ACE2 are rather stabilized. In other words, the role of Lys417 in Wuhan RBD is 

replaced by Lys484 in the South Africa and Brazil variants. 



Next, the results of pairs of residue in RBD and residue in ACE2 are focused on. Fig. 

3 shows the IFIEs (whose absolute values are larger than 10 kcal/mol) of these inter-

residue pairs for the three mutants. In this figure, the label “A” corresponds to the zone 

related with the residue 417 (Lys, Asn, or Thr). Similarly, the labels “B” and “C” correlate 

with the zones around residue 484 (Glu or Lys) and residue 501 (Asn or Tyr), respectively. 

About zone A, the UK variant has almost the same values as in the original Wuhan, 

indicating the importance of the salt-bridge (-126.9 kcal/mol) between Lys417 and Asp30. 

Note that Lys417 is also crucial in interacting with the B38 Fab antibody.33,54 It is 

noteworthy that there are electrostatic repulsions with Lys31 and His34 in ACE2. In the 

South Africa and Brazil variants, these repulsions are gone because of the replacement of 

Lys417, contributing to the gross increment of IFIE (indicated in Fig. 2) relative to the 

UK variant (and also non-mutated Wuhan). 

The Glu484Lys mutation (South Africa and Brazil) in zone B (see Fig.3 again) changes 

the situation from attraction (-76.8 kcal/mol) to repulsion (36.3 kcal/mol (South Africa)) 

with Lys31 in ACE2 but provides a sizable stabilization with Glu75 in ACE2. Namely, 

the role of Glu484 - Lys31 pair is replaced by the Lys484 - Glu75 pair in the South Africa 

and Brazil mutants. The stabilization is mainly attributed to the electrostatic (“ES”) in 

nature, as plotted in Fig. S3 of ESI of the PIEDA results; see the Glu484 - Lys31 pair in 



the windows of Wuhan and UK and also Lys484 - Glu75 pair in the windows of South 

Africa and Brazil. Because ACE2 is sizably charged in negative due to the rich presence 

of Glu (as many as 47) and Asp (similarly 33), the Glu484Lys mutation in RBD should 

increment overall attractive interactions with ACE2; refer to Fig. 2 again. 

 The Asn501Tyr mutation of zone C takes place throughout the three variants (Fig. 3), 

and notable increments in stabilization are observed for the pairs associated with Tyr41 

and Lys353. This observation is in accord with results of the UK variant in Ref. 34. The 

increased “DI” contribution (by PIEDA) is responsible to increments by the Tyr 

replacement as illustrated in Fig. S3. 

To understand the “DI” stabilization in more detail, it is divided to the components of 

“LRD” and “Erest.” as plotted in Fig. S4 of ESI. It can be seen that the balance of these 

two components differs for the respective pairs. “Erest.” dominates for the charged pair 

of Lys417 - Asp30 (salt-bridge in Wuhan and UK), to reduce the excess ionicity at the HF 

level. In contrast, the pair of charged residue and neutral residue, e.g., Tyr501 - Lys352 

(in South Africa and Brazil), has almost half each. For the neutral pair such as Tyr501 - 

Tyr41, “LRD” is leading as expected. As a whole, (pure) dispersion type interactions play 

a key role in incrementing stabilizations associated with the Asn501Tyr mutation of the 

UK, South Africa and Brazil variants. 



A recent report55 made an alert that the contagion abilities of the UK and South Africa 

variants are 9 times and 3 times large relative to the original Wuhan without mutation. 

These relations are not directly related to the relative strengths of IFIE stabilizations, 

because we used only the RBD - ACE2 complex model. Nonetheless, some more 

consideration might be useful as follows. FMO calculations have a tendency to 

overestimate IFIE values dominated by “ES” contributions even for distant pairs of both 

charged fragments, and thus a statistical screening56 or Yukawa decay factor57 have 

sometimes been employed. On the other hand, it has been known that an effective range 

of electrostatic interactions in proteins is 10 - 15 Å.58-60 We thus attempted partial 

summations of IFIE from 3 Å to 10 Å (step 1 Å) at the interfacial region, by increasing 

the residue pairs between RBD and ACE2; no decay modification was used. The resulted 

plots are given in Fig. S5 of ESI. At 5 Å, the summed values of Wuhan, UK, South Africa 

and Brazil are -412.0 kcal/mol, -424.0 kcal/mol, -312.3 kcal/mol and -339.0 kcal/mol, 

respectively. Notably, the UK variant (almost) always has larger IFIE sums relative to the 

original Wuhan, suggesting a short-range interaction assistance by Asn501Tyr. The South 

Africa and Brazil variants shows larger values after 7 Å than do the Wuhan and UK cases. 

At 10 Å, the summed values are -398.3 kcal/mol, -417.5 kcal/mol, -469.0 kcal/mol and -

439.9 kcal/mol, in the above-listed order. Such distance-dependent changes in 



stabilization situations may be attributed to the two mutations occurred at Lys417 and 

Glu484 in the South Africa and Brazil mutants. 

Furthermore, we tried a computational experiment that the mutations of Glu484Lys 

and Asn501Tyr take place under keeping Lys417 unchanged. The corresponding model 

set-up and FMO calculation were made, and the total IFIE between this mutated RBD 

and ACE2 was estimated to be -1377.1 kcal/mol. This value is 1.53 times larger than the 

original Wuhan without mutation, implying a further enhanced affinity with ACE2 

relative to the three variants investigated so far. The possibilities of various mutations 

were investigated with machine learning based cluster analyses in Ref. 61, and such an 

approach would provide potential targets to be calculated by FMO. 

In summary, a series of FMO calculations were performed for 6M0J10 derived 

complexes between ACE2 and RBD with and without mutations. The MP2.5/cc-pVDZ 

treatment estimated that the incremental factor of sum of IFIEs between RBD and ACE2 

is 1.03 for the UK variant (B.1.1.7 lineage) relative to the Wuhan case and that its factor 

is increased to 1.23 for the South African (B1.351) and Brazilian (B1.1.248) variants. 

Detailed analyses in interactions due to residue-specific mutations such as Asn501Tyr 

(N501Y) and Glu484Lys (E484K) were made as well. Our ab initio theoretical results 

were in line with experimentally known facts12-15,55 for the UK, South Africa and Brazil 



variants. We hope the FMO based analyses will provide useful insights for the nature of 

interactions associated with the spike protein (with and without mutations).33-36 
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Fig. 1. Illustrations of RBD - ACE2 interfacial region for four models (Wuhan, UK, South 

Africa and Brazil). Green and orange colors are assigned to identify RBD and ACE2, 

respectively. Residues indicated with red font correspond to mutations. Ball-and-stick 

representation is used for residues of interest. 

 

  



 

 

Fig. 2. Plots of total IFIE values RBD - ACE2 interactions evaluated by MP2.5/cc-pVDZ 

method (as a best-effort treatment) for four models (Wuhan, UK, South Africa and Brazil). 

Numerical values are found in Table S1 of ESI. 

 

  



 

 

Fig. 3. Comparative plots of IFIE values (whose absolute values are larger than 10 

kcal/mol) between RBD residues and ACE2 residues for three variants (UK, South Africa 

and Brazil). Results of Wuhan are plotted as reference guide. Numerical values are found 

in IFIE column in Tables S4 - S7 of ESI. See main texts for zones of A, B and C. 
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Fig. S1. Plots of total IFIE values of RBD - ACE2 interactions evaluated by various 

methods (see main texts). Numerical values are compiled in Table S1. Short notation of 

“S.Africa” is frequently used for South Africa variant in Fig. and Table hereafter.  

 



 

 

Fig. S2. Plots of differences in IFIE (IFIE) values for interfacial residues (summed up 

counter residues in RBD or ACE2) for three variants (UK, South Africa and Brazil). 

Numerical values of top 10 residues for simplicity are listed in Tables S2 and S3. 

 

  



 
 

Fig. S3. Plots of PIEDA values (consisting of “ES”, “EX”, “CT” and “DI”). Pairs of 

residues correspond to those in Fig. 3. Asterisk specifies cases that absolute IFIE values 

are larger than 10 kcal/mol in other models. “ES” only plot is due to Dimer-ES 

approximation.20 Numerical values are compiled in Tables S4 - S7. 

  



 

  

Fig. S4. Plots of decomposed “DI” contributions (more stable than -2 kcal/mol) appeared 

in Fig. S3. Refer to main texts for meanings of “LRD” and “Erest”. Numerical values are 

compiled in Tables S8 - S11. 

  



 

Fig. S5. Plots of partial summations IFIE from 3 Å to 10 Å (step 1 Å) at the interfacial 

region, the numbers of residue pairs between RBD and ACE2 are increased stepwise. 

Numerical values are compiled in Table S12. 

  



Table S1. Total IFIE values RBD - ACE2 interactions evaluated by various methods (see 

main texts). Unit in kcal/mol. 

  Basis HF MP2 PR-MP2 MP2.5 MP3 

Wuhan 
6-31G* -766.0 -891.6 -886.7 -879.6 -867.5 

cc-pVDZ -773.2 -914.3 -908.3 -900.5 -886.7 

UK 
6-31G* -792.3 -925.2 -920.3 -912.3 -899.3 

cc-pVDZ -794.7 -943.4 -937.1 -928.6 -913.8 

S Africa 
6-31G* -977.0 -1105.0 -1100.1 -1092.5 -1080.1 

cc-pVDZ -979.9 -1122.7 -1116.6 -1108.4 -1094.1 

Brazil 
6-31G* -976.2 -1103.8 -1098.9 -1091.4 -1079.0 

cc-pVDZ -978.7 -1121.0 -1115.0 -1106.8 -1092.6 

 

  



Table S2. Differences in IFIE (IFIE) for interfacial residues (summed up counter 

residues in ACE2) for three variants (UK, South Africa and Brazil). Values evaluated by 

MP2.5/cc-pVDZ method. Unit in kcal/mol. 

UK South Africa Brazil 

Residues ΔIFIE Residues ΔIFIE Residues ΔIFIE 

Asn(Tyr)501 -35.8 Glu(Lys)484 -446.5 Glu(Lys)484 -446.4 

Gln498 4.4 Lys(Asn)417 276.9 Lys(Thr)417 283.4 

Gln506 -2.0 Asn(Tyr)501 -35.3 Asn(Tyr)501 -35.3 

Gly502 1.6 Phe456 -6.3 Phe456 -6.4 

Phe497 1.6 Gln498 4.6 Gln498 4.6 

Tyr505 1.3 Arg403 3.6 Asp420 -3.1 

Val503 1.1 Asp420 -2.9 Gln493 -2.8 

Gly496 0.7 Gln493 -2.8 Leu455 -2.6 

Pro499 0.6 Leu455 -2.5 Gly502 2.2 

Arg403 -0.4 Tyr505 2.2 Gln506 -1.8 

 

  



Table S3. Differences in IFIE (IFIE) for interfacial residues (summed up counter 

residues in RBD) for three variants (UK, South Africa and Brazil). Values evaluated by 

MP2.5/cc-pVDZ method. Unit in kcal/mol. 

UK South Africa Brazil 

Residues ΔIFIE Residues ΔIFIE Residues ΔIFIE 

Asp355 -7.7 Glu75 -83.3 Glu75 -83.0 

Tyr41 -7.5 Asp30 63.2 Asp30 68.2 

Lys353 -7.3 Lys31 60.0 Lys31 58.7 

Arg357 6.1 Glu35 -43.8 Glu35 -43.7 

Gln42 -6.1 Lys74 24.3 Lys74 24.4 

Asp38 5.5 Lys68 23.3 Lys68 23.4 

Asp350 -2.2 Asp67 -20.7 Asp67 -20.9 

His34 -2.0 Glu110 -19.8 Glu110 -19.8 

Glu329 -1.6 Asp355 -16.3 Asp355 -17.3 

Glu57 -1.4 Lys114 15.6 Arg357 16.3 

  



Table S4. PIEDA values of original Wuhan as reference. Values evaluated by MP2.5/cc-

pVDZ method. Energy unit in kcal/mol, and distance (Dist.) unit in Å. Asterisk specifies 

cases that absolute IFIE values are larger than 10 kcal/mol in other models. 

Residue Pair 

Dist. IFIE ES EX CT DI 
(Spike RBD - ACE2) 

Lys417-Asp30 1.7 -126.9 -124.5 13.7 -10.4 -5.7 

Lys417-Lys31 5.1 28.7 28.8 0.0 0.0 -0.1 

Lys417-His34 3.4 54.5 55.0 0.0 -0.2 -0.5 

Tyr449-Asp38 1.6 -37.6 -40.6 22.2 -13.2 -5.9 

Glu484-Lys31 3.7 -67.9 -66.9 0.0 -0.6 -0.5 

Glu484-Glu75* 8.7 27.9 27.9 0.0 0.0 0.0 

Asn487-Gln24 1.9 -10.8 -13.9 12.1 -5.2 -3.9 

Asn487-Tyr83 1.7 -12.0 -15.5 12.4 -6.1 -2.8 

Gln493-Lys31 2.2 -20.0 -18.8 5.6 -2.9 -3.8 

Phe497-Lys353 2.1 -22.5 -22.6 5.3 -2.7 -2.4 

Thr500-Asp355 2.9 -13.3 -9.1 0.3 -2.9 -1.5 

Asn501-Tyr41* 3.2 -2.9 0.0 0.5 -1.4 -2.1 

Asn501-Lys353* 2.9 -3.4 -0.1 0.6 -1.6 -2.4 

Asn501-Asp355 2.7 12.7 14.9 0.7 -1.5 -1.5 

Gly502-Gly354 1.8 -12.4 -15.6 11.1 -5.7 -2.2 

Tyr505-Glu37 2.0 -21.6 -17.1 5.0 -5.3 -4.2 

 

  



Table S5. PIEDA values of UK variant. Values evaluated by MP2.5/cc-pVDZ method. 

Energy unit in kcal/mol, and distance (Dist.) unit in Å. Asterisk specifies cases that 

absolute IFIE values are larger than 10 kcal/mol in other models. 

Residue Pair 

Dist. IFIE ES EX CT DI 
(Spike RBD - ACE2) 

Lys417-Asp30 1.7 -126.9 -124.5 13.7 -10.4 -5.7 

Lys417-Lys31 5.1 28.7 28.8 0.0 0.0 -0.1 

Lys417-His34 3.4 54.5 55.1 0.0 -0.2 -0.5 

Tyr449-Asp38 1.6 -37.4 -40.0 21.3 -12.9 -5.9 

Glu484-Lys31 3.7 -68.0 -67.0 0.0 -0.6 -0.5 

Glu484-Glu75* 8.7 28.0 28.0 0.0 0.0 0.0 

Asn487-Gln24 1.9 -10.8 -13.9 12.1 -5.2 -3.9 

Asn487-Tyr83 1.7 -12.0 -15.5 12.4 -6.1 -2.8 

Gln493-Lys31 2.2 -20.1 -18.9 5.6 -3.0 -3.8 

Phe497-Lys353 2.8 -14.6 -11.8 0.6 -2.1 -1.4 

Thr500-Asp355 3.0 -13.9 -9.7 0.2 -3.0 -1.5 

Tyr501-Tyr41 2.5 -10.6 -7.4 5.2 -3.1 -5.4 

Tyr501-Lys353 1.8 -23.9 -27.0 18.9 -7.4 -8.4 

Tyr501-Asp355* 2.7 6.0 8.2 0.6 -1.3 -1.5 

Gly502-Gly354 2.0 -13.1 -13.1 7.1 -4.9 -2.1 

Tyr505-Glu37 2.0 -20.9 -16.5 4.9 -5.2 -4.1 

 

  



Table S6. PIEDA values of South Africa variant. Values evaluated by MP2.5/cc-pVDZ 

method. Energy unit in kcal/mol, and distance (Dist.) unit in Å. Asterisk specifies cases 

that absolute IFIE values are larger than 10 kcal/mol in other models. 

Residue Pair 

Dist. IFIE ES EX CT DI (Spike RBD - 

ACE2) 

Asn417-Asp30* 3.8 -7.3 -6.6 0.0 -0.4 -0.3 

Asn417-Lys31* 6.7 1.3 1.3 0.0 0.0 0.0 

Asn417-His34* 4.3 0.5 0.7 0.0 -0.1 -0.2 

Tyr449-Asp38 1.6 -37.4 -40.0 21.2 -12.8 -5.9 

Lys484-Lys31* 5.0 36.4 36.4 0.0 0.0 0.0 

Lys484-Glu75 3.0 -76.8 -72.5 0.1 -2.9 -1.5 

Asn487-Gln24 1.9 -11.5 -14.3 11.9 -5.2 -3.9 

Asn487-Tyr83 1.7 -11.5 -15.1 12.3 -6.0 -2.7 

Gln493-Lys31 2.1 -24.9 -23.8 6.5 -3.6 -4.0 

Phe497-Lys353 2.8 -14.6 -11.8 0.6 -2.1 -1.4 

Thr500-Asp355 3.0 -13.9 -9.7 0.2 -3.0 -1.5 

Tyr501-Tyr41 2.5 -10.6 -7.2 4.8 -3.0 -5.2 

Tyr501-Lys353 1.8 -23.8 -26.8 18.4 -7.2 -8.2 

Tyr501-Asp355* 2.8 6.1 8.3 0.6 -1.2 -1.5 

Gly502-Gly354 2.0 -13.0 -12.9 6.9 -4.9 -2.1 

Tyr505-Glu37 2.0 -19.9 -15.6 4.4 -4.9 -3.9 

 

  



Table S7. PIEDA values of Brazil variant. Values evaluated by MP2.5/cc-pVDZ method. 

Energy unit in kcal/mol, and distance (Dist.) unit in Å. Asterisk specifies cases that 

absolute IFIE values are larger than 10 kcal/mol in other models. 

Residue Pair 

Dist. IFIE ES EX CT DI 
(Spike RBD - ACE2) 

Thr417-Asp30* 5.5 -1.6 -1.6 0.0 0.0 0.0 

Thr417-Lys31* 7.6 0.3 0.3 0.0 0.0 0.0 

Thr417-His34* 3.7 -0.3 0.0 0.0 -0.1 -0.1 

Tyr449-Asp38 1.6 -37.3 -39.9 21.2 -12.7 -5.9 

Lys484-Lys31* 5.0 36.3 36.3 0.0 0.0 0.0 

Lys484-Glu75 3.0 -76.8 -72.5 0.1 -2.9 -1.5 

Asn487-Gln24 1.9 -11.5 -14.3 11.9 -5.2 -3.9 

Asn487-Tyr83 1.7 -11.5 -15.1 12.3 -6.0 -2.7 

Gln493-Lys31 2.1 -25.0 -24.0 6.5 -3.6 -4.0 

Phe497-Lys353 2.8 -14.7 -11.8 0.6 -2.1 -1.4 

Thr500-Asp355 3.0 -13.9 -9.7 0.2 -3.0 -1.5 

Tyr501-Tyr41 2.5 -10.6 -7.2 4.8 -3.0 -5.2 

Tyr501-Lys353 1.8 -23.9 -26.9 18.4 -7.3 -8.2 

Tyr501-Asp355* 2.8 6.1 8.2 0.6 -1.2 -1.5 

Gly502-Gly354 2.0 -12.9 -12.8 6.8 -4.9 -2.1 

Tyr505-Glu37 2.0 -20.4 -16.1 4.8 -5.0 -4.0 

 

  



Table S8. Decomposed “DI” contributions (more stable than -2 kcal/mol) of original 

Wuhan. Values evaluated by MP2.5/cc-pVDZ method. Unit in kcal/mol. 

Residue Pair 

DI LRD Erest 
(Spike RBD - ACE2) 

Lys417-Asp30 -5.7 -1.4 -4.3 

Tyr449-Asp38 -5.9 -1.8 -4.1 

Asn487-Gln24 -3.9 -2.0 -1.9 

Asn487-Tyr83 -2.8 -1.8 -1.0 

Gln493-Lys31 -3.8 -2.1 -1.6 

Phe497-Lys353 -2.4 -1.1 -1.4 

Gly502-Gly354 -2.2 -1.3 -0.9 

Tyr505-Glu37 -4.2 -2.2 -1.9 

 

  



Table S9. Decomposed “DI” contributions (more stable than -2 kcal/mol) of UK variant. 

Values evaluated by MP2.5/cc-pVDZ method. Unit in kcal/mol. 

Residue Pair 

DI LRD Erest 
(Spike RBD - ACE2) 

Lys417-Asp30 -5.7 -1.4 -4.3 

Tyr449-Asp38 -5.9 -1.8 -4.1 

Asn487-Gln24 -3.9 -2.0 -1.9 

Asn487-Tyr83 -2.8 -1.8 -1.0 

Gln493-Lys31 -3.8 -2.1 -1.6 

Tyr501-Tyr41 -5.4 -3.8 -1.6 

Tyr501-Lys353 -8.4 -4.6 -3.7 

Gly502-Gly354 -2.1 -1.3 -0.8 

Tyr505-Glu37 -4.1 -2.2 -1.9 

 

  



Table S10. Decomposed “DI” contributions (more stable than -2 kcal/mol) of South 

Africa variant. Values evaluated by MP2.5/cc-pVDZ method. Unit in kcal/mol. 

Residue Pair 

DI LRD Erest 
(Spike RBD - ACE2) 

Tyr449-Asp38 -5.9 -1.8 -4.1 

Asn487-Gln24 -3.9 -2.0 -1.9 

Asn487-Tyr83 -2.7 -1.8 -1.0 

Gln493-Lys31 -4.0 -2.1 -1.9 

Tyr501-Tyr41 -5.2 -3.7 -1.5 

Tyr501-Lys353 -8.2 -4.5 -3.7 

Gly502-Gly354 -2.1 -1.3 -0.8 

Tyr505-Glu37 -3.9 -2.2 -1.7 

 

  



Table S11. Decomposed “DI” contributions (more stable than -2 kcal/mol) of Brazil 

variant. Values evaluated by MP2.5/cc-pVDZ method. Unit in kcal/mol. 

Residue Pair 

DI LRD Erest 
(Spike RBD - ACE2) 

Tyr449-Asp38 -5.9 -1.8 -4.1 

Asn487-Gln24 -3.9 -2.0 -1.9 

Asn487-Tyr83 -2.7 -1.8 -1.0 

Gln493-Lys31 -4.0 -2.1 -1.9 

Tyr501-Tyr41 -5.2 -3.7 -1.5 

Tyr501-Lys353 -8.2 -4.5 -3.7 

Gly502-Gly354 -2.1 -1.3 -0.8 

Tyr505-Glu37 -4.0 -2.2 -1.8 

 

  



Table S12. Partial summations IFIE from 3 Å to 10 Å (step 1 Å) at the interfacial region. 

Values evaluated by MP2.5/cc-pVDZ method. Unit in kcal/mol. 

Dist.(Å) 3 4 5 6 7 8 9 10 

Wuhan  -345.4 -387.0 -412.0 -363.3 -294.9 -312.0 -325.1 -398.3 

UK -341.9 -407.9 -424.0 -377.6 -311.6 -333.1 -344.9 -417.5 

S.Africa -309.9 -365.4 -312.3 -314.8 -331.8 -382.3 -398.4 -469.0 

Brazil -307.9 -355.4 -339.0 -313.1 -325.1 -374.1 -393.2 -439.9 

 


