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Abstract

:

The public health threat from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to intensify with emerging variants of concern (VOC) aiming to render COVID-19 vaccines/infection-induced antibodies redundant. The SARS-CoV-2 spike protein is responsible for receptor binding and infection of host cells making it a legitimate antibody target. Antibodies mostly target epitopes in the receptor binding domain (RBD). Mutations occurring within epitopes influence antibody specificity and function by altering their 3D architecture. However, the mechanisms by which non-epitope mutations in the RBD influence antibody specificity and function remain a mystery. We used Protein Data Bank (PDB) deposited 3D structures for the original, Beta, Delta, BA.1, and BA.2 RBD proteins in complex with either neutralizing antibodies or Angiotensin-Converting Enzyme 2 (ACE2) to elucidate the structural and mechanistic basis for neutralizing antibody evasion driven by non-epitope amino acid substitutions in the RBD. Since the mechanism behind the extensively reported functional discrepancies between the same antibody when used individually and when used in an antibody cocktail is lacking, we explored the structural basis for this inconsistency. Finally, since SARS-CoV-2 antibodies are viral mutagens, we deciphered determinants for antibody-pressured amino acid substitutions. On the one hand, we show that non-epitope mutations in the RBD domain of SARS-CoV-2 VOC influence the formation of hydrogen bonds in the paratope-epitope interface by repositioning RBD amino-acid sidechains (AASCs). This increases the distance between complementary donor/acceptor atoms on paratope and epitope AASCs leading to weaker or the complete prevention of the formation of hydrogen bonds in the paratope-epitope interface. On the other hand, we show that SARS-CoV-2 VOC employ the same strategy to simultaneously search for complementary donor/acceptor atoms on ACE2 AASCs to form new interactions, potentially favoring increased viral transmission. Additionally, we illustrate that converting the spike protein to an RBD, a deletion mutation, also repositions epitope AASCs and that AASC interactions in the paratope-epitope interface vary when an antibody is used individually versus when utilized as a cocktail with other antibodies. Finally, we show that the process of substituting immunogenic RBD amino acids begins with the repositioning of their AASCs induced by immune/antibody pressure. We show that donor/acceptor atoms from any amino acid can determine cross-reactivity instead, provided they possess and present spatially pairing donor/acceptor atoms. By studying structural alignments for PDB deposited antibody-RBD 3D structures and relating them to published binding and neutralization profiles of the same antibodies, we demonstrate that minor structural alterations such as epitope AASC repositioning have a major impact on antibody effectiveness and, hence, should receive adequate attention given that protein structure dictates protein function.
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1. Introduction


Protein structures are determined by amino acid sequences and are considered denatured when their biological, chemical, and physical properties are altered due to distortions in their 3D native structures [1]. Distortion of protein structures can be caused by several factors including chemical denaturants, pH, force, pressure, temperature, and mutation [2]. Mutations in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have produced Alpha, Beta, Gamma, Delta, and Omicron, also known as variants of concern (VOC) since they exhibit increased capabilities for immune evasion, transmissibility, and are highly pathogenic [3]. Omicron is the predominant VOC with several subvariants including the newly reported BA.4 and BA.5 poised to supplant BA.1 and BA.2 [4]. The spike protein present on the surface of SARS-CoV-2 comprises the N-terminal S1, consisting of the N-terminal domain (NTD) and a receptor-binding domain (RBD), and the C-terminal S2 domain. While the S2 domain is responsible for viral fusion leading to host cell infection, the S1 domain through the RBD attaches the SARS-CoV-2 virus to angiotensin-converting enzyme 2 (ACE2) receptors on host cells to initiate infection [5]. Hence, COVID-19 vaccines and therapeutic antibodies are designed to target the spike protein, precisely the RBD [5,6].



Donor/acceptor atoms on original RBD and paratope/ACE2 amino-acid sidechains (AASCs) facilitate the formation of hydrogen bonds [7]. Hydrogen bonds are essential for both stabilizing the RBD-paratope/ACE2 complex and enabling antibodies/ACE2 to function effectively [8]. Replacing native amino acids with alien amino acids could result in the disruption of hydrogen bonds and abrogation of the RBD-paratope/ACE2 interaction consequently. Epitope amino acid substitutions in the RBD promote immune evasion and viral transmission [9,10]. We hypothesized that viral escape can also occur when epitope AASCs are spatially repositioned since this may disrupt hydrogen bonds. Epitope AASC repositioning can be facilitated by non-epitope mutations. However, information on the effect of non-epitope mutation-induced RBD AASC repositioning on RBD-antibody and RBD-ACE2 function remains elusive. This will require deciphering the structural basis for the increased immune evasion and strengthened ACE2 engagement by constantly emerging SARS-CoV-2 VOC. Allosteric modulation of epitope 3D structures driven by non-epitope RBD amino acid substitutions can influence antibody function [11]. However, the mechanism remains uncharacterized.



We examined several Protein Data Bank (PDB) deposited 3D structures of the original, Beta, Delta, Kappa (a variant of interest), BA1, and BA2 RBD proteins in complex with either antibodies or ACE2.




2. Materials and Methods


2.1. Acquisition of 3D Structures


To explore the role of mutation in repositioning RBD AASCs, we obtained 3D structures from the Protein Data Bank (PDB) for the original, Beta, Delta, Kappa, and Omicron (BA1 and BA2) spike or RBD proteins in complex with either SARS-CoV-2 antibodies or ACE2. To assess the generalizability of findings, we obtained PDB 3D structures of viral proteins with functions analogous to the SARS-CoV-2 spike protein which included influenza antibodies in complex with variant hemagglutinin proteins and a Zika/Dengue cross-reactive antibody in complex with either the Zika or Dengue envelope glycoproteins. We also added 3D structures of SARS-CoV-2 antibodies in complex with either the spike or RBD proteins to explore the effect of spike protein truncation on the repositioning of RBD AASCs. Since immunoglobulins are also proteins, we included PDB structures for a Fab in complex with the HIV-gp120 glycoprotein and its parent IgG to explore the generalizability of truncation-induced AASC repositioning. Since induced-fit causes paratope and epitope AASCs to reposition upon binding, we explored the structural implications of induced-fit on the same antibody when used individually or when mixed with other antibodies in antibody cocktails. To undertake this task, we acquired PDB 3D structures for the same RBD in complex with SARS-CoV-2 antibodies either individually or as antibody cocktails. To explore the generalizability of induced-fit on epitope and paratope AASC repositioning, we extended the same analysis to PDB 3D structures for Ebola antibodies in complex with the same glycoprotein protein. Table 1 summarizes the characteristics of all 3D structures included in our analysis. Several PDB-deposited 3D structures were randomly selected with a focus on those authorized for emergency use by the United States Food and Drug Administration (FDA). For illustrational purposes, the selected 3D structures were narrowed down to only include those 3D structures with hydrogen bonds in their paratope-epitope interface. The similarity between various protein amino acid sequences was validated using Yet, Another Scientific Artificial Reality Application (YASARA).




2.2. Analysis of 3D Structures


We used YASARA View [12] (http://www.yasara.org/, accessed on 25 October 2022) to display all PDB 3D structures included in the analysis. We analyzed the length of hydrogen bonds because it determines the strength of RBD-antibody/ACE interactions. To analyze the characteristics of hydrogen bonds and highlight the presence of mutation-induced AASC repositioning in the RBD-antibody/ACE2 interface, the original SARS-CoV-2 RBD was structurally aligned with the Beta, Delta, Kappa, BA.1, and BA.2 RBD proteins using MUSTANG [13]. The spike and RBD proteins belonging to the same SARS-CoV-2 variant were structurally aligned to demonstrate the effect of the truncation on the repositioning of epitope AASCs. To show epitope AASC repositioning due to induced-fit, we structurally aligned RBD proteins belonging to the same SARS-CoV-2 variant but in a complex with either a single antibody or a cocktail including the same antibody. Hydrogen bond length was determined by measuring the distance between donor/acceptor atoms on paratope AASCs and acceptor/donor atoms on epitope AASCs. Hydrogen bond distance is presented in Angstroms. To clarify and highlight hydrogen bond interactions between paratope and epitope donor/acceptor atoms, we mostly exposed AASCs for the structurally aligned proteins as described above. AASCs in the paratope-epitope interface were displayed using sticks rather than ribbons, cartoons, or surfaces to both simplify our analysis and prevent the obstruction of hydrogen bond interactions. The same analysis was employed for non-SARS-CoV-2 3D structures Table 1.




2.3. Analysis of Immune-Pressured AASCs


Prism-GraphPad was used to generate histograms depicting the repositioning of donor/acceptor atoms on epitope AASCs driven by antibody pressure. To achieve this, hydrogen bond distances determined by YASARA were converted to percentages from Angstroms using [(M − N)/M] × 100%, where M is the largest distance between the same donor/acceptor atoms on paratope AASCs for the same antibody and complementary acceptor/donor atoms on epitope AASCs for the Beta, Delta, Kappa, BA1, and BA2. Analogous to M, N is the donor/acceptor atom distance obtained between the original SARS-CoV-2 variant and the antibody.





3. Results


3.1. Mutation-Driven AASC Repositioning Influences the Formation of Hydrogen Bonds between the Paratope and RBD Complementary Donor/Acceptor Atoms


Antibody effectiveness varies across SARS-CoV-2 VOC [14,15,16,17]. The structural basis for this discrepancy remains unknown. We show that mutations in the SARS-CoV-2 VOC RBD protein cause epitope AASCs to reorient (Figure 1A–F). This increases the distance between complementary donor and acceptor atoms. Since hydrogen bonds will not form in proteins when the distance between the donor and acceptor atoms is beyond 3.5 Angstroms (Figure 1G), the increase in distance between complementary donor and acceptor atoms might result in either the weakening or disruption of hydrogen bonds in the paratope-epitope interface. We explored the generalizability of these findings to Influenza and Zika antibodies. Mutation-induced AASC repositioning on Influenza and Zika/Dengue surface variant proteins alter their interactions with respective paratope donor/acceptor atoms (Figure S1; AF4H1K1-C) and result in the disruption of hydrogen bonds (Figure S1; AF4H1K1D, F045-092D–E, and Z021D). Interestingly, we show that substituted amino acids can maintain epitope-paratope interactions if they spatially present the same donor/acceptor atoms as the wild-type amino acid (Figure S1 Z021C).



We extended the same analysis to ACE2 in complex with SARS-CoV-2 VOC RBD proteins (Figure S2). We show that interacting AASCs in the ACE2-RBD interface varied depending on the SARS-CoV-2 VOC. For example, G502 on all VOC including the original SARS-CoV-2 but not on the Beta variant interacted with ACE2. Similar observations were made by others for BA.1, BA.1.1, BA.2, and BA.3 [10]. Based on hydrogen bond distances between K353 (ACE2)-G502 (RBD) and G496 (ACE2)-G502 (RBD), it will not be unreasonable to conclude that the original, Delta, Kappa, BA.1, and BA.2 may bind ACE2 with different strengths (Figure S2). ACE2 Q42 interacts with Q498 on the original RBD, while in the Delta variant it interacts with G446. ACE2 Q42 interacts with Q498 on the original RBD while the mutant R498 in BA.1 interacts with ACE2 D38. These seemingly minor structural variations have major functional implications [10].




3.2. Truncating the Spike Protein Repositions Epitope AASCs Which Influences the Formation of Hydrogen Bonds


Structural evidence in support of functional discrepancies between the spike and RBD proteins of the same SARS-CoV-2 variant remains elusive. We structurally aligned spike and RBD proteins belonging to the same SARS-CoV-2 variant in a complex with the same SARS-CoV-2 antibody (Figure 2A–C). Interacting paratope-epitope AASCs were exposed to highlight the effects of truncating the spike protein and how this influences the formation of hydrogen bonds. We show using four different antibodies, A19-61.1, B1.182.1, BD-368, and S309, that converting the spike protein to RBD reoriented epitope AASCs in the RBD which resulted in RBD but not spike proteins forming hydrogen bonds in the paratope-epitope interface (Figure 2D). Analogous to the spike and RBD of the same SARS-CoV-2 variant, we hypothesized that truncating immunoglobulin g to form a fragment antigen binding (Fab) should exhibit similar structural distortions since antibodies are proteins. We structurally aligned the Fab and IgG variants of the same HIV antibody, b12 (Figure S3A). Paratope amino acids were flashed out to expose the structural positioning of corresponding AASCs on the Fab and its parent IgG. We show that paratope AASCs in the two antibody variants assume different spatial positions (Figure S3B–E). IgG and Fab paratope AASCs interacted with the gp120 surface differently (Figure S3F). B12 R28 and W100 were positioned away from the surface in IgG but were buried in the Fab (Figure S3F). These minor structural distortions may have severe functional repercussions for truncated variants since they do not assume their native 3D conformations [18,19,20,21].




3.3. Interactions by the Same Antibody Vary Depending on Whether They Are Used Individually or as an Antibody Cocktail


Antibody-RBD binding can use either the “lock and key” or “handshake” mechanism [22,23]. The “handshake” or “induced-fit” mechanism requires paratope and epitope AASCs to spatially readjust for optimal binding to occur. Cocktail and individual antibody-bound RBD proteins (Table 1) belonging to the same SARS-CoV-2 variant RBD were structurally aligned (Figure 3A). In Figure 3B we show that R97 on the ADZ8895 antibody interacted with S477 (RBD) when used as a cocktail but interacted with T478 (RBD) when used individually. Mixing antibody BD-368 with either antibodies BD-236, BD-604, or BD-629 resulted in three distinctive hydrogen bond interactions in their paratope-RBD interfaces (Figure 3B). For example, N487 in the BD-368/BD-236 cocktail forms two hydrogen bonds with R97 when used as a cocktail but only a single hydrogen bond when utilized individually. When the combination is changed to BD-368/BD-604 the interactions with R97 are maintained but N32 is additionally engaged. Finally, all hydrogen bonds are lost when the BD-368/BD-629 cocktail is used. This underpins the significance of minor structural perturbations in influencing the formation or disruption of optimal paratope-epitope interactions and could, potentially, result in variations in functional activity. To explore the generalizability of these observations, Ebola virus glycoproteins belonging to the same strain in a complex with either a cocktail of C13C6 and C2G4 or C13C6 and C4G7 antibodies were structurally aligned. We show that the swapping of antibody pairs resulted in the disruption of hydrogen bonds (Figure S4A–C; C13C6). We also structurally aligned RBD proteins belonging to the same SARS-CoV-2 variant in complex with either an individual ACE2 protein or a cocktail of ACE2 with S304 and S309 antibodies. We show that the amino acid D38 on ACE2 interacted with the atom NH1 of R498 on RBD when reacted individually and with the atom NH2 when used as a cocktail (Figure S4B; ACE2). We show the presence of a hydrogen bond between S19 (ACE2) and N477 (RBD) in a cocktail of ACE2, S304, and S309 but not when ACE2 was used individually (Figure S4C; ACE2). A possible explanation could be that antibodies in cocktails do not bind simultaneously to their antigens indicating that a higher affinity antibody might bind first followed by antibodies with low affinity. In this case, induced-fit may cause minor structural distortions of RBD AASCs which will subsequently influence how well the second antibody in the cocktail will interact with the epitope.




3.4. Antibody Pressure Drives the Repositioning of Epitope AASCs and Their Subsequent Substitution


Epitope characterization normally follows antibody discovery and is essential for vaccine design. Since expensive equipment is required for X-ray 3Dlography or cryo-electron microscopy, one affordable way of characterizing epitopes is through generating escape viruses. This is done by growing viruses in the presence of antibodies (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5614395/pdf/jove-126-56067.pdf, accessed on 25 October 2022) to mimic immune pressure. Although escape SARS-CoV-2 variants are generated when original viruses are exposed to antibody pressure [24], the structural mechanism leading to epitope amino acid substitutions remains uncharacterized. Since hydrogen bonds in the paratope-epitope interface are essential for binding, we measured the distance between paratope and epitope acceptor/donor atoms on complementary AASCs. We analyzed several antibodies against the original and SARS-CoV-2 VOC. The determined distances were tabulated and used to plot histograms (Figure 4). By placing SARS-CoV-2 VOC in the order in which they first appeared, we show that antibody pressure-induced AASC repositioning precedes amino acid substitution. We looked at S371, K417, N440, D442, K444, N450, K458, S477, and Q493 RBD residues. Only S371, K417, N440, S477, and Q493 were substituted following antibody pressure. Most antibodies targeted Q493 followed by N450 and S477. We show that under immune pressure SARS-CoV-2 VOC reposition donor/acceptor atoms on epitope AASCs making them inaccessible to acceptor/donor atoms on paratope AASCs which influences the formation of hydrogen bonds in the paratope-epitope interface potentially enabling SARS-CoV-2 VOC to escape immunity.



To decipher factors influencing the substitution of antibody-pressured epitope amino acids, we explored their contribution to stabilizing the SARS-CoV-2 RBD structure using hydrogen bonds (Figure S5A). We show that SARS-CoV-2 easily replaces epitope amino acids that do not participate in stabilizing the RBD structure including S477 and Q493. K417 and E484 were substituted despite their direct role in RBD stabilization. However, their replacement AASCs do not alter the RBD structure probably because donor/acceptor atoms involved in forming stabilizing hydrogen bonds are conserved (Figure S5B–F). Conservation of D442, K444, N450, and K458 amino acids across all SARS-CoV-2 VOC despite being subjected to intense immune pressure might be an indication that they might possess indispensable characteristics than just conserved donor/acceptor atoms which are crucial for stabilizing the RBD protein. Epitope AASCs are merely waved around to continuously reposition their donor/acceptor atoms instead.



The benefits of repositioning epitope AASCs are to intentionally make them collide with paratope AASCs which might prevent epitope engagement (Figure S6A–D), inhibiting induced-fit-driven binding by hooking aromatic paratope AASCs (Figure S6E), scan for proximal donor/acceptor atoms on ACE2 (Figure S6F). Additional escape mechanisms include replacing shorter with longer epitope AASCs to establish contact with donor/acceptor atoms on distant ACE2 AASCs (Figure S6G) or switching donor/acceptor atoms to abrogate binding with paratope donor/acceptor atoms (Figure S6H). Finally, we demonstrate a trend between Q24 on ACE2 and N487 from the original SARS-CoV-2 to BA.2 in the order they emerged. Mutation-induced AASC repositioning gradually reduced the distance between Q24 (ACE2) and N487 (RBD) eventually leading to the formation of a hydrogen bond in BA.2 (Figure S6I–M).





4. Discussion


Protein binding and neutralization profiles are highly dependent on their native 3D structures which are determined by amino acid sequences. While it is known that epitope amino acid substitutions influence RBD-antibody/ACE2 interactions, the role of epitope AASC repositioning induced by non-epitope mutations in promoting immune escape and ACE2 binding simultaneously remains unexplored. We show that non-epitope mutations, including truncations, and induced-fit can reposition RBD AASCs leading to the weakening, complete disruption, or establishment of new hydrogen bonds with paratope/ACE2 AASCs. Discordant epitope-paratope/ACE2 interactions facilitated by structural variations might explain inconsistencies in the effectiveness of the same antibodies/ACE2 against SARS-CoV-2 VOC and when antibodies are used in cocktails relative to individual use [10,11,14,16,25,26]. Additionally, truncation-induced structural differences might also explain discordant effectiveness reported for Fabs relative to their parent immunoglobulins [18,19,20,27] which traditionally has been explained by the difference in the number of antigen-binding sites (antibody valency) [28,29]. However, this unproven hypothesis does not explain why the same Fab binds and neutralizes some but not other subvariants of the same virus [18,19,20,27]. Another study explored the role of antibody valency in virus neutralization by comparing F(ab’)2 and Fab variants to their parent immunoglobulin. They found that while the F(ab’)2 exhibited reduced activity, the Fab completely lost activity. These researchers repeated the same experiment but this time using a different antibody and found that the Fab did not lose its binding and neutralization activity relative to the parent immunoglobulin. Therefore, they fairly concluded that antibody valency does not explain the loss of Fab activity [30]. Furthermore, if antibody valency determined antibody binding and neutralization characteristics, then decavalent immunoglobulin m would be more effective than tetravalent immunoglobulin-A which should in turn be more effective than bivalent immunoglobulin g possessing identical variable regions. However, this is not always the case given that findings are mixed [31,32], just like with Fabs and parent immunoglobulins. Based on our structural findings, we propose that whether truncated proteins/antibodies will conserve their binding and neutralization profiles will largely depend on variable region amino acid sequences, the potential for variable region AASCs to undergo induced-fit required to optimize binding, circumvent clashes with epitope AASCs or glycans [27], how severe epitope/paratope AASCs are repositioned and whether these denatured AASCs will result in clashes or in the disruption of critical paratope-epitope interactions necessary for antibodies to properly engage their respective antigens. Interestingly, b12 Fab and its parent immunoglobulin g inhibited HIV using different mechanisms of action [19] indicating that epitope AASC repositioning might not only influence antibody potency but the mechanism of inhibition potentially.



Vaccines are designed to induce antibodies with spatially positioned acceptor/donor atoms on paratope AASCs to specifically interact with corresponding donor/acceptor atoms on RBD AASCs. Since vaccine-induced antibodies have fixed structures, epitope amino acid substitutions or mutation-induced AASC repositioning in the RBD of VOC could influence the effectiveness of vaccine-elicited antibodies. The spike protein from the original SARS-CoV-2 is still used in current COVID-19 vaccines despite the emergence of VOC with different amino acid sequences and RBD 3D structures. Changes in RDB native 3D structures might explain the consistent reduction in COVID-19 vaccine-induced antibody effectiveness against continuously emerging VOC [17], underscoring the urgent need for designing and developing multi-variant COVID-19 vaccines. Variant-specific COVID-19 vaccines might not be ideal given the high SARS-CoV-2 mutation rate. The FDA recently authorized the use of updated bivalent COVID-19 vaccines containing spike proteins from the original and BA.4/5 SARS-CoV-2 variants [33], consistent with our reporting and proposals.



Waning immunity is believed to cause breakthrough infections while booster COVID-19 vaccine doses have been proposed as one way of increasing the level of waning neutralizing antibodies [34,35,36]. However, the fact that the same serum from COVID-19 vaccinated/infected individuals can be highly potent against the original or structurally similar SARS-CoV-2 D614G variant but less potent against predominant Omicron subvariants [11,37] challenges the “waning-immunity” concept. Vaccine/infection-induced antibodies are present in the serum but many of them have been rendered obsolete by structural alterations in RBD epitopes of Omicron subvariants. Therefore, booster doses from using first-generation COVID-19 vaccine formulations will likely increase the quantity and not the effectiveness of elicited antibodies since most antibodies will most likely have donor/acceptor atoms on paratope amino acids for which complementary acceptor/donor atoms on RBD amino acids are inexistent or no longer accessible because they are structurally repositioned in SARS-CoV-2 VOC including Omicron BA.2, BA.4, and BA.5. It is true that waning immunity or immune status modifies vaccine effectiveness, but they do not play a major role in driving SARS-CoV-2 breakthrough infections. Mutation-induced structural alterations in SARS-CoV-2 VOC are responsible for escaping vaccine/infection-induced immunity instead [34,38,39,40]. To prevent and control the rapid emergence, acquisition, and spread of SARS-CoV-2 VOC including the newly identified BA.4/5 subvariants, the focus must be to improve the quality and not increase the quantity of mismatched COVID-19 vaccine-induced antibodies. As of August 31, 2022, the FDA no longer recommends the use of monovalent (first-generation) but bivalent (containing both first-generation and BA.4/BA.5) COVID-19 vaccines as boosters [33], congruent with our observations and suggestions.



Furthermore, AASC repositioning has challenged the notion that amino acid conservation directly translates into maintained binding, and by extension neutralization activity. We have shown that spatially conserved donor/acceptor atoms directly translated into conserved binding and neutralization activity irrespective of the presenting amino acid. Hence, antibodies must be engineered to target conserved RBD donor/acceptor atoms to protect against current and future SARS-CoV-2 VOC. This should be extended to designing universal COVID-19 vaccines. We also showed that AASC repositioning must occur before immune-pressured epitope amino acids are eventually substituted and/or new contacts with ACE2 are established. Identifying immune-pressured AASCs and monitoring trends of donor/acceptor atoms on RBD and ACE2 AASCs will enable modeling of their immune-evasion and transmission capabilities which is essential for pandemic preparedness. Prospective mapping of escape mutations has been explored [41] concordant with our findings/proposals. AASC repositioning driven by induced-fit requires that various antibody combinations are assessed to come up with the most effective therapeutic antibody cocktails [22,23]. Our findings can be extended to the design of antibody-based diagnostic/detection kits. Upon binding, the capture antibody might induce structural changes in the protein which may influence optimal binding by the detection antibody. Our study has some limitations. We did not analyze all interactions key for binding such as salt bridges. However, our findings using hydrogen bonds can be extrapolated to salt bridges and potentially other interactions influenced by distances between complementary donor/acceptor atoms on paratope and RBD epitope AASCs. Interactions modeled by structural alignment should be interpreted with caution since binding can involve induced-fit. Nonetheless, findings obtained by structural alignment were corroborated by complete 3D structures. We did not include 3D structures for all Omicron subvariants as these were not deposited in the Protein Data Bank at the time of mining. A study published recently explored BA.2.12.1, BA.4, and BA.5 Omicron subvariants and demonstrated that these subvariants exhibited inconsistent neutralization profiles consistent with our findings [11]. Some comparisons were performed using structures that were resolved from different methods and, therefore, it is possible that differences observed using these structures might be artifacts. Nonetheless, our findings are supported by functional studies from the literature.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens11121437/s1, Figure S1. Interaction of AF4H1K1, F045-092 antibodies with variant hemagglutinin, and Z021 with envelope proteins for dengue serotype-1 (DENV-1) and Zika (ZIKV) viruses. Structural alignment of influenza H3N2 (red sticks) with H4N6 (green sticks) hemagglutinin proteins and in complex with AF4H1K1 and H3N2-A/Victoria/361/2011 (green sticks) with H3N2-A/Victoria/3/1975 (red sticks) hemagglutinin proteins in complex with F045-092, and DENV-1 (green sticks) with ZIKV (red sticks) envelope proteins in complex with Z021 (A). Comparison of the structural positioning of corresponding epitope amino acids in two different structurally aligned viral proteins (B–E). Red boxes and dotted yellow lines represent the paratope-epitope interface and hydrogen bonds, respectively. HA—hemagglutinin, E—envelope, Gly—Glycine, and Ala—Alanine. Figure S2. Interaction of ACE2 with SARS-CoV-2 variants of concern (VOC). Comparison of the structural positioning of corresponding epitope amino acids in the structurally aligned wild-type RBD protein (green sticks) with the Beta; Delta; Kappa; BA1; and BA2 RBD proteins (red sticks) (A). Distance in Angstroms between acceptor/donor atoms on ACE2 interacting amino acids and the same complementary donor/acceptor atoms on epitope representative amino acids on structurally aligned original and VOC RBD proteins (B). The dotted yellow lines and [] represent the hydrogen bonds and substituted amino acids in VOC RBD, respectively. Figure S3. The structural positioning of paratope AASCs in IgG versus Fab. Structural alignment of a b12 Fab (green sticks) with its parent IgG (red sticks) (A). Flashed out paratope amino acids in structurally aligned IgG (red sticks) with its Fab (green sticks) in complex with HIV gp120 (element sticks) (B–E). Surface (gray) representation of HIV gp120 in complex with structurally aligned b12 Fab (green sticks) and its parent IgG (red sticks) (F). Hydrogen bonds are depicted as dotted yellow lines. Figure S4. Differential binding of C13C6 and ACE2 to Ebola virus glycoprotein (EBOV GP) and RBD, respectively, when used individually or as antibody/ACE cocktails. Structural alignment of the same antigens in complex with individual antibodies/ACE2 or a cocktail of antibodies (A). Exposure of selected paratope-epitope AASCs with EBOV GP proteins presented as red and green sticks while antibodies are depicted as element, gray, and magenta sticks (B). Exposure of selected paratope-epitope AASCs with RBD proteins presented as red (antibody/ACE2 cocktail) and green (individual ACE2) sticks while antibodies/ACE2 are depicted as element, gray, and magenta sticks (C). Hydrogen bonds are presented as dotted yellow lines. Figure S5. Factors influencing the substitution of amino acids under immune pressure. Structurally aligned the original SARS-CoV-2 (element sticks) and BA.2 (gray sticks) RBD proteins highlight the crucial role of hydrogen bonds in stabilizing proteins (A). Flashed out corresponding amino acids of structurally aligned SARS-CoV-2 wild-type and BA.2 RBD proteins (element sticks) in complex with ADZ8895 (B), ACE2 protein (C), LY-CoV-1404 (D), and LY-CoV-555 (E and F) antibodies (green sticks). Hydrogen bonds are presented as dotted yellow lines. Figure S6. Mutation-driven mechanisms are used by SARS-CoV-2 VOC to escape neutralizing antibody recognition while improving ACE2 binding. Flashed out AASCs of the structurally aligned the original RBD with various VOC RBD proteins (green and red sticks) complexed with antibodies S309 (A–E) and C102 (F) (element sticks) and ACE2 (G) (gray sticks). Replacement of donor/acceptor atoms on structurally aligned the original and Kappa epitope AASCs presented as element sticks in complex with an LY-CoV-555 antibody (H). Qualitative and quantitative SARS-CoV-2 (N487) in complex with ACE2 (Q24) are presented as green/red and element sticks (I–L) and Table (M). Hydrogen bonds are presented as dotted yellow lines. WT–wild-type.





Author Contributions


M.M.M. conceptualized, obtained, and analyzed 3D structures, and drafted the first manuscript; M.B., A.A.R. and P.A.M. reviewed and supervised the study. All authors read the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Medical Research Council (NMRC) grant number COVID-19RF-007. R.A.A. was supported by the Kazan Federal University Strategic Academic Leadership Program (PRIORITY-2030).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eckersall, P.D. Proteins, Proteomics, and the Dysproteinemias. 2008. Available online: www.ebi.uniprot.org (accessed on 25 October 2022).

	



Narayan, A.; Bhattacharjee, K.; Naganathan, A.N. Thermally versus Chemically Denatured Protein States. Biochemistry 2019, 58, 2519–2523. [Google Scholar] [CrossRef]

	



Gobeil, S.M.-C.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Stalls, V.; Kopp, M.F.; Manne, K.; Saunders, K.; Edwards, R.J.; et al. Effect of natural mutations of SARS-CoV-2 on spike structure, conformation and antigenicity. Science 2021, 373, eabi6226. [Google Scholar] [CrossRef]

	



Tegally, H.; Moir, M.; Everatt, J.; Giovanetti, M.; Scheepers, C.; Wilkinson, E.; Subruamoney, K.; Makatini, Z.; Moyo, S.; Amoako, D.G.; et al. Emergence of SARS-CoV-2 Omicron lineages BA.4 and BA.5 in South Africa. Nat. Med. 2022, 28, 1785–1790. [Google Scholar]

	



Jiang, S.; Hillyer, C.; Du, L. Neutralizing Antibodies against SARS-CoV-2 and Other Human Coronaviruses. Trends Immunol. 2020, 41, 355–359. [Google Scholar]

	



Huang, H.Y.; Liao, H.Y.; Chen, X.; Wang, S.W.; Cheng, C.W.; Shahed-Al-Mahmud, M.; Liu, Y.M.; Mohapatra, A.; Chen, T.H.; Lo, J.M.; et al. Vaccination with SARS-CoV-2 spike protein lacking glycan shields elicits enhanced protective responses in animal models. Sci. Transl. Med. 2022, 14, 639. [Google Scholar]

	



McRee, D.E. 3—Computational Techniques. In Practical Protein Crystallography, 2nd ed.; McRee, D.E., Ed.; Academic Press: San Diego, CA, USA, 1999; pp. 91–269. [Google Scholar]

	



Xu, D.; Tsai, C.J.; Nussinov, R. Hydrogen bonds and salt bridges across protein-protein interfaces. Protein Eng. 1997, 10, 999–1012. [Google Scholar]

	



Harvey, W.T.; Carabelli, A.; Jackson, B.; Gupta, R.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.; Peacock, S.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409–424. [Google Scholar] [CrossRef]

	



Li, L.; Liao, H.; Meng, Y.; Li, W.; Han, P.; Liu, K.; Wang, Q.; Li, D.; Zhang, Y.; Wang, L.; et al. Structural basis of human ACE2 higher binding affinity to currently circulating Omicron SARS-CoV-2 sub-variants BA.2 and BA.1.1. Cell 2022, 186, 2952–2960. [Google Scholar]

	



Cao, Y.; Yisimayi, A.; Jian, F.; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X.; et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron infection. Nature 2022, 608, 593–602. [Google Scholar] [CrossRef]

	



Krieger, E.; Vriend, G. YASARA View—Molecular graphics for all devices—From smartphones to workstations. Bioinformatics 2014, 30, 2981–2982. [Google Scholar]

	



Konagurthu, A.; Whisstock, J.; Stuckey, P.; Lesk, A. MUSTANG: A multiple structural alignment algorithm. Proteins Struct. Funct. Bioinform. 2006, 64, 559–574. [Google Scholar] [CrossRef]

	



Zhou, T.; Wang, L.; Misasi, J.; Pegu, A.; Zhang, Y.; Harris, D.R.; Olia, A.S.; Talama, C.A.; Yang, E.S.; Chen, M.; et al. Structural basis for potent antibody neutralization of SARS-CoV-2 variants including B.1.1.529. Science 2022, 376. [Google Scholar] [CrossRef]

	



VanBlargan, L.A.; Errico, J.M.; Halfmann, P.J.; Zost, S.J.; Crowe, J.E.; Purcell, L.A.; Kawaoka, Y.; Corti, D.; Fremont, D.H.; Diamond, M.S. An infectious SARS-CoV-2 B.1.1.529 Omicron virus escapes neutralization by therapeutic monoclonal antibodies. Nat. Med. 2022, 28, 490–495. [Google Scholar] [CrossRef]

	



Nabel, K.G.; Clark, S.A.; Shankar, S.; Pan, J.; Clark, L.E.; Yang, P.; Coscia, A.; Mckay, L.G.A.; Varnum, H.H.; Brusic, V.; et al. Structural basis for continued antibody evasion by the SARS-CoV-2 receptor binding domain. Science 2022, 375, 6578. [Google Scholar]

	



Bruel, T.; Hadjadj, J.; Maes, P.; Planas, D.; Seve, A.; Staropoli, I.; Guivel-Benhassine, F.; Porrot, F.; Bolland, W.-H.; Neguyen, Y.; et al. Serum neutralization of SARS-CoV-2 Omicron sublineages BA.1 and BA.2 in patients receiving monoclonal antibodies. Nat. Med. 2022, 28, 1297–1302. [Google Scholar]

	



Tortorici, M.A.; Beltramello, M.; Lempp, F.A.; Pinto, D.; Dang, H.V.; Rosen, L.E.; McCallum, M.; Bowen, J.; Minola, A.; Jaconi, S.; et al. Ultrapotent human antibodies protect against SARS-CoV-2 challenge via multiple mechanisms. Science 2020, 370, 950–957. [Google Scholar] [CrossRef]

	



McInerney, T.L.; McLain, L.; Armstrong, S.J.; Dimmock, N.J. A Human IgG1 (b12) Specific for the CD4 Binding Site of HIV-1 Neutralizes by Inhibiting the Virus Fusion Entry Process, but b12 Fab Neutralizes by Inhibiting a Postfusion Event. Virology 1997, 233, 313–326. [Google Scholar] [CrossRef]

	



Lee, P.S.; Ohshima, N.; Stanfield, R.L.; Yu, W.; Iba, Y.; Okuno, Y.; Kurosawa, Y.; Wilson, I.A. Receptor mimicry by antibody F045–092 facilitates universal binding to the H3 subtype of influenza virus. Nat. Commun. 2014, 5, 3614. [Google Scholar] [CrossRef]

	



Wu, X.; Sereno, A.J.; Huang, F.; Lewis, S.M.; Lieu, R.L.; Weldon, C.; Torres, C.; Fine, C.; Batt, M.A.; Fitchett, J.R.; et al. Fab-Based Bispecific Antibody Formats with Robust Biophysical Properties and Biological Activity; Taylor & Francis: Oxford, UK, 2015; Volume 7, pp. 470–482. [Google Scholar] [CrossRef]

	



Al Qaraghuli, M.M.; Kubiak-Ossowska, K.; Ferro, V.A.; Mulheran, P.A. Antibody-protein binding and conformational changes: Identifying allosteric signalling pathways to engineer a better effector response. Sci. Rep. 2020, 10, 13696. [Google Scholar]

	



Hammes, G.G.; Chang, Y.-C.; Oas, T.G. Conformational selection or induced fit: A flux description of reaction mechanism. Proc. Natl. Acad. Sci. USA 2009, 106, 13737–13741. [Google Scholar] [CrossRef]

	



Rockett, R.; Basile, K.; Maddocks, S.; Fong, W.; Agius, J.E.; Johnson-Mackinnon, J.; Arnott, A.; Chandra, S.; Gall, M.; Draper, J.; et al. Resistance Mutations in SARS-CoV-2 Delta Variant after Sotrovimab Use. N. Engl. J. Med. 2022, 386, 1477–1479. [Google Scholar] [CrossRef]

	



Du, S.; Cao, Y.; Zhu, Q.; Yu, P.; Qi, F.; Wang, G.; Du, X.; Bao, L.; Deng, W.; Zhu, H.; et al. Structurally Resolved SARS-CoV-2 Antibody Shows High Efficacy in Severely Infected Hamsters and Provides a Potent Cocktail Pairing Strategy. Cell 2020, 183, 1013–1023.e13. [Google Scholar]

	



Baum, A.; Fulton, B.O.; Wloga, E.; Copin, R.; Pascal, K.E.; Russo, V.; Giordano, S.; Lanza, K.; Negron, N.; Ni, M.; et al. Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational escape seen with individual antibodies. Science 2020, 369, 1014–1018. [Google Scholar] [CrossRef]

	



Lang, S.; Xie, J.; Zhu, X.; Wu, N.; Lerner, R.A.; Wilson, I.A. Antibody 27F3 Broadly Targets Influenza A Group 1 and 2 Hemagglutinins through a Further Variation in VH1-69 Antibody Orientation on the HA Stem. Cell Rep. 2017, 20, 2935–2943. [Google Scholar] [CrossRef]

	



Maun, H.R.; Vij, R.; Walters, B.T.; Morando, A.; Jackman, J.K.; Wu, P.; Estevez, A.; Chen, X.; Franke, Y.; Lipari, M.T.; et al. Bivalent antibody pliers inhibit β-tryptase by an allosteric mechanism dependent on the IgG hinge. Nat. Commun. 2020, 11, 6435. [Google Scholar] [CrossRef]

	



Yan, R.; Wang, R.; Ju, B.; Yu, J.; Zhang, Y.; Liu, N.; Wang, J.; Zhang, Q.; Chen, P.; Zhou, B.; et al. Structural basis for bivalent binding and inhibition of SARS-CoV-2 infection by human potent neutralizing antibodies. Cell Res. 2021, 31, 517–525. [Google Scholar]

	



Suryadevara, N.; Shrihari, S.; Gilchuk, P.; VanBlargan, L.A.; Binshtein, E.; Zost, S.J.; Nargi, R.S.; Sutton, R.E.; Winkler, E.S.; Chen, E.C.; et al. Neutralizing and protective human monoclonal antibodies recognizing the N-terminal domain of the SARS-CoV-2 spike protein. Cell 2021, 184, 2316–2331.e15. [Google Scholar]

	



Astronomo, R.D.; Santra, S.; Ballweber-Fleming, L.; Westerberg, K.G.; Mach, L.; Hensley-McBain, T.; Sutherland, L.; Mildenberg, B.; Morton, G.; Yates, N.L.; et al. Neutralization Takes Precedence Over IgG or IgA Isotype-related Functions in Mucosal HIV-1 Antibody-mediated Protection. eBioMedicine 2016, 14, 97–111. [Google Scholar] [CrossRef]

	



Sterlin, D.; Mathian, A.; Miyara, M.; Mohr, A.; Anna, F.; Claër, L.; Quentric, P.; Fadlallah, J.; Devilliers, H.; Ghillani, P.; et al. IgA dominates the early neutralizing antibody response to SARS-CoV-2. Sci. Transl. Med. 2021, 13, 577. [Google Scholar] [CrossRef]

	



U.S. Food and Drug Administration. Coronavirus (COVID-19) Update: FDA Authorizes Moderna, Pfizer-BioNTech Bivalent COVID-19 Vaccines for Use as a Booster Dose. Food and Drug Administration; U.S. Food and Drug Administration: Silver Spring, MD, USA, 2022. Available online: https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-pfizer-biontech-bivalent-covid-19-vaccines-use (accessed on 19 September 2022).

	



Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.; Milo, R.; et al. Protection of BNT162b2 Vaccine Booster against COVID-19 in Israel. N. Engl. J. Med. 2021, 385, 1393–1400. [Google Scholar] [CrossRef]

	



Magen, O.; Waxman, J.G.; Makov-Assif, M.; Vered, R.; Dicker, D.; Hernán, M.A.; Lipsitch, M.; Reis, B.Y.; Balicer, R.D.; Dagan, N. Fourth Dose of BNT162b2 mRNA COVID-19 Vaccine in a Nationwide Setting. N. Engl. J. Med. 2022, 386, 1603–1614. [Google Scholar] [CrossRef]

	



Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [Google Scholar] [CrossRef]

	



Tuekprakhon, A.; Nutalai, R.; Dijokaite-Guraliuc, A.; Zhou, D.; Ginn, H.M.; Selvaraj, M.; Liu, C.; Mentzer, A.J.; Supasa, P.; Duyvesteyn, H.M.E.; et al. Antibody escape of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell 2022, 185, 2422–2433. [Google Scholar]

	



Chang, M.R.; Ke, H.; Coherd, C.D.; Wang, Y.; Mashima, K.; Kastrunes, G.M.; Huang, C.Y.; Marasco, W.A. Analysis of a SARS-CoV-2 convalescent cohort identified a common strategy for escape of vaccine-induced anti-RBD antibodies by Beta and Omicron variants. EBioMedicine 2022, 80, 104025. [Google Scholar] [CrossRef]

	



Wang, Q.; Guo, Y.; Iketani, S.; Nair, M.S.; Li, Z.; Mohri, H.; Wang, M.; Yu, J.; Bowen, A.D.; Chang, J.Y.; et al. Antibody evasion by SARS-CoV-2 Omicron subvariants BA.2.12.1, BA.4, & BA.5. Nature 2022, 608, 603–608. [Google Scholar]

	



Dejnirattisai, W.; Huo, J.; Zhou, D.; Zahradník, J.; Supasa, P.; Liu, C.; Duyvesteyn, H.M.E.; Gin, H.M.; Mentzer, A.J.; Tuekprakhon, A.; et al. SARS-CoV-2 Omicron-B.1.1.529 leads to widespread escape from neutralizing antibody responses. Cell 2022, 185, 467–484.e15. [Google Scholar]

	



Starr, T.N.; Greaney, A.J.; Addetia, A.; Hannon, W.W.; Choudhary, M.C.; Dingens, A.S.; Li, J.Z.; Bloom, J.D. Prospective mapping of viral mutations that escape antibodies used to treat COVID-19. Science 2021, 371, 850–854. [Google Scholar] [CrossRef]








[image: Pathogens 11 01437 g001 550] 





Figure 1. Interaction of ADZ8895, C102, CB6, and LY-CoV-1404 antibodies with SARS-CoV-2 variants of concern (VOC) RBD proteins. Structural alignment of the original RBD protein (green sticks) with the VOC RBD proteins (red sticks) in complex with various monoclonal antibodies (element sticks) (A). Comparison of the structural positioning of corresponding epitope amino acids in the original RBD protein (green sticks) with the Beta (B); Delta (C); Kappa (D); BA1 (E); and BA2 (F) RBD proteins (red sticks). Red boxes and dotted yellow lines represent the paratope-epitope interface and hydrogen bonds, respectively. Distance in Angstroms (black, X represents mutations) between interacting AASCs (blue) on VOC RBD (green) and antibody (red) paratopes (G). 
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Figure 2. Interaction of A19-61.1, B1.182.1, BD368, and S309 antibodies with SARS-CoV-2 spike and RBD proteins. Antibodies in complex with the spike protein (red sticks) (A) and the RBD protein (green sticks) (B). Structural alignment of the spike protein against the RBD protein in complex with various antibodies (element sticks) (C). Comparison of the structural positioning of AASCs in the spike protein (red sticks) with corresponding AASCs in the RBD protein (green sticks) (D). Hydrogen bonds are depicted as dotted yellow lines while red boxes represent the paratope-epitope interface. 
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Figure 3. Differential binding of ADZ8895, BD-368, and S309 antibodies to RBD when used individually or as antibody cocktails. Structural alignment of the same SARS-CoV-2 variant RBD protein in complex with individual antibodies or a cocktail of antibodies (A). Exposure of selected paratope-epitope AASCs with RBD proteins presented as red (antibody cocktail) and green (individual antibody) sticks while antibodies are depicted as element sticks (B). Hydrogen bonds are presented as dotted yellow lines. 
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Figure 4. Epitope AASCs in the SARS-CoV-2 spike protein experiencing immune pressure. The actual distances in Angstroms illustrated in the table were converted to percentages and then used to plot histograms. Asterisk (*) in histograms and X in the table represent immune pressure-driven substitutions of epitope amino acids. S-AA—spike amino acids. 
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Table 1. Characteristics of 3D structures included in this study.
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PDB ID

	
Protein/Antibody Name

(Mutations)

	
Target Protein

	
Antibody

Formulation

	
Virus/Variant

	
Expression System

	
Method






	
7MMO

	
LY-CoV1404

	
RBD

	
Monoclonal

	
SARS-CoV-2 wild type

	
Cricetulus griseus

	
X-ray

diffraction




	
6WPS

	
S309

	
Spike

	
Monoclonal

	
Homo sapiens

	
Electron

microscopy




	
7CHH

	
BD-368-2

	
Monoclonal




	
7TB8

	
B1-182.1 and A19-61.1

	
Cocktail




	
7C01

	
CB6

	
RBD

	
Monoclonal

	
X-ray

diffraction




	
7K8M

	
C102

	
Monoclonal




	
7L7D

	
AZD8895

	
Monoclonal




	
7CH4

	
BD-604

	
Monoclonal




	
7CH5

	
BD-629

	
Monoclonal




	
7CHB

	
BD-236

	
Monoclonal




	
7L7E

	
AZD8895 and AZD1061

	
Cocktail




	
7R6W

	
S2X35 and S309

	
Cocktail




	
7R6X

	
S2E12, S309, and S304

	
Cocktail




	
7TBF

	
B1-182.1 and A19-61.1

	
Cocktail




	
7CHC

	
BD-629 and BD-368-2

	
Cocktail




	
7CHE

	
BD-236 and BD-368-2

	
Cocktail




	
7CHF

	
BD-604 and BD-368-2

	
Cocktail




	
7TN0

	
ACE2, S304, and S309

	
Cocktail

	
SARS-CoV-2 Omicron




	
7VX4

	
ACE2-RBD

(K417N, E484K, N501Y)

	
Monoclonal

	
SARS-CoV-2 Beta

	
Electron

microscopy




	
7VX5

	
ACE2-RBD (L452R and E484Q)

	
SARS-CoV-2 Kappa




	
7WBP

	
ACE2-RBD

(G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H)

	
SARS-CoV-2 BA.1

	
X-ray

diffraction




	
7WBQ

	
ACE2-RBD

(L452R, T478K)

	
SARS-CoV-2 Delta




	
7ZF7

	
ACE2-RBD

(G339D, S371L, S373P, S375F, T376A, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H)

	
SARS-CoV-2 BA.2




	
2NY7

	
B12

	
gp120

	
Monoclonal

	
HIV

	
Cricetulus griseus




	
1HZH

	
B12 IgG

	
N/A




	
5Y2L

	
AF4H1K1

	
Hemagglutinin

	
Monoclonal

	
Influenza H3N2

	
Homo sapiens




	
5Y2M

	
Influenza H4N6




	
5Y2K

	
N/A

	
No ligand




	
6J9O

	
AF4H1K1 scFv

	
Escherichia coli




	
4O5I

	
F045-092

	
Monoclonal

	
A/Victoria/361/2011 (H3N2)

	
Trichoplusia ni




	
4O58

	
A/Victoria/3/1975 (H3N2)




	
5KEL

	
c2G4 and c13C6

	
EBOV GP

	
Cocktail

	
Ebola

	
Nicotiana

benthamiana

	
Electron

microscopy




	
5KEN

	
c4G7 and c13C6




	
6DFJ

	
Z021

	
Envelope protein DIII

	
Monoclonal

	
DENV-1

	
Homo sapiens

	
X-ray

diffraction




	
6DFI

	
Zika
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