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Severe acute respiratory syndrome coronavirus-2 (SAR-CoV-2) causes coronavirus disease 2019 (COVID19) that is responsible for short and long-term disease, as well as death, in susceptible hosts. The receptor binding domain (RBD) of the SARS-CoV-2 Spike (S) protein binds to cell surface angiotensin converting enzyme type-II (ACE2) to initiate viral attachment and ultimately viral pathogenesis. The SARS-CoV-2 S RBD is a major target of neutralizing antibodies (NAbs) that block RBD - ACE2 interactions. In this report, NAb-RBD binding epitopes in the protein databank were classified as C1, C1D, C2, C3, or C4, using a RBD binding profile (BP), based on NAb-specific RBD buried surface area and used to predict the binding epitopes of a series of uncharacterized NAbs. Naturally occurring SARS-CoV-2 RBD sequence variation was also quantified to predict NAb binding sensitivities to the RBD-variants. NAb and ACE2 binding studies confirmed the NAb classifications and determined whether the RBD variants enhanced ACE2 binding to promote viral infectivity, and/or disrupted NAb binding to evade the host immune response. Of 9 single RBD mutants evaluated, K417T, E484K, and N501Y disrupted binding of 65% of the NAbs evaluated, consistent with the assignment of the SARS-CoV-2 P.1 Japan/Brazil strain as a variant of concern (VoC). RBD variants E484K and N501Y exhibited ACE2 binding equivalent to a Wuhan-1 reference SARS-CoV-2 RBD. While slightly less disruptive to NAb binding, L452R enhanced ACE2 binding affinity. Thus, the L452R mutant, associated with the SARS-CoV-2 California VoC (B.1.427/B.1.429-California), has evolved to enhance ACE2 binding, while simultaneously disrupting C1 and C2 NAb classes. The analysis also identified a non-overlapping antibody pair (1213H7 and 1215D1) that bound to all SARS-CoV-2 RBD variants evaluated, representing an excellent therapeutic option for treatment of SARS-CoV-2 WT and VoC strains.
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Introduction

A robust humoral immune response to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection is essential to control viral infection (1, 2). Human neutralizing antibodies (NAbs) that bind to the receptor binding domain (RBD) of the SARS-CoV-2 Spike (S) protein and block ACE2 binding have shown efficacy as therapeutics and are also essential for vaccine efficacy (3–6). The SARS-CoV-2 S protein is a trimer, where the protomers undergo conformational changes essential for viral infectivity (7–10). Specifically, the RBD moves from a “down” conformation, where the ACE2 binding site is buried in the S trimer, to an “up” conformation where the ACE2 binding site is solvent accessible and competent for cell surface ACE2 binding (Figure 1). Presumably, the “down” conformation of RBD “hides” the ACE2 binding site in the closed trimeric arrangement to, at least partially, protect the RBD, which is essential for virus cell attachment, from the host’s immune response.




Figure 1 | Overall view of ACE2 and NAbs binding to SARS-CoV-2 S protein. (A) Ribbon diagram of the SARS-CoV-2 S protein, with one RBD in the up conformation (cyan surface) interacting with ACE2. (B) General location of NAb binding epitopes, where an example C1 NAb is colored blue, C2 green, C3 magenta and C4 orange. The figure highlights that extensive conformational changes are required before C4 NAbs can bind to S. (C) View of two RBDs from an S trimer (cyan and grey surfaces) in the down conformation, to show that C1 NAbs cannot bind to their epitope while the RBD is in the down conformation, due to steric hinderance. (D) Alternative view of adjacent down RBDs in the S trimer showing C2 and C3 NAb epitopes are accessible while RBD is in the down conformation and that some NAbs can bind across an RBD-RBD trimer interface and interfere with RBD opening to bind ACE2.



Three-dimensional structural studies have played a large role in our understanding of SARS-CoV-2 S RBD-specific NAb epitopes (Table 1). To date, NAbs targeting SARS-CoV-2 RBD have been classified into four structural groups, C1-C4 (Figure 1), based on their ability to bind to up or down conformations of the SARS-CoV-2 RBD, and by their overlap with the ACE2 binding site (17). The C1 class is defined by NAbs that bind within the RBD ACE2 binding site, essentially mimicking ACE2 binding, and thus only bind to RBD when it is in the up conformation. The C1 class contains conserved ACE2-blocking NAbs, often composed of heavy chains encoded by the VH3-52 and VH3-66 gene segments (25). C2 NAbs block the ACE2 binding site yet can bind to RBD in its up and down conformations. C3 NAbs bind largely outside the ACE2 binding site of RBD in both up and down conformations, while a fourth class (C4) binds farther from the ACE2 binding site and the epitope is only accessible once SARS-CoV-2 S undergoes large conformational changes (30). Overall, a variety of NAb/RBD structures have been completed and their interactions defined (see refs. in Table 1).


Table 1 | Assignment of Structurally Uncharacterized NAbs (unknown) to NAb-RBD Structures in the PDB.




SARS-CoV-2 RBD/NAb structural studies can define NAb mechanisms of action and their potential susceptibility to S protein RBD variants, either alone or in combinations, both of which are observed in VoCs (31–34). Thus, there remains a great need to characterize the molecular details of NAb responses induced upon natural infection and/or by vaccination, at the patient and population levels. This is a large endeavor that ultimately will require protein modeling, combined with synergistic experimental studies and additional 3D structure determinations. As a first step towards this goal, we sought to understand the RBD binding epitopes of a panel of SARS-CoV-2 NAbs, isolated from a single convalescent patient (29). To accomplish this goal, NAb-RBD structures (n=45, Table 1) in the protein databank (pdb) were grouped into five distinct classes based on their RBD binding profiles. The 17 unknown NAbs (15 from one patient, two from other individuals) were assigned to a NAb/RBD complex and the assignment was validated using RBD variant binding and epitope mapping studies. RBD variants were chosen based on structural considerations and RBD sequence variation observed in the GISAID (35). Of the nine RBD variants tested, N501Y, E484K, and K417T disrupted binding to 65% of the NAbs evaluated. Furthermore, N501Y and E484K RBD variants exhibited essentially wild type (WT) affinity for ACE2, where WT is defined as the Wuhan-1 RBD sequence. Another RBD variant, L452R, disrupted fewer NAbs, but exhibited 2-fold higher affinity for ACE2, suggesting this mutation may enhance viral fitness through increased affinity for ACE2, as well as disrupting the host NAb response. The analysis identified a pair of potent NAbs with non-overlapping binding epitopes, 1213H7 (NT50 = 49 ng/mL) and 1215D1 (NT50 = 59 ng/mL), that bound to all nine RBD variants tested. Furthermore, 1215D1 has a novel neutralization mechanism, as it can bind to a preformed RBD-ACE2 complex, potentially allowing it to disrupt the interaction between the virus and ACE2 even after it is formed.



Materials and Methods


NAb-RBD Complex Structure Classifications and Assignments

Binary RBD-NAb complex structures (human NAb only), solved by X-ray crystallography and cryo-electron microscopy, were extracted from the pdb (n=45, 12-26-20). RBD surface area buried upon NAb-RBD complex formation was quantified using PISA (36) to define a RBD residue-specific NAb binding profile (BP) for each structure. Buried surface area was not calculated for some complexes (e.g. C104, pdbid = 7k8u), due to almost complete lack of sidechains for the NAbs. The NAb BPs were subjected to hierarchical clustering and a correlation-based similarity matrix was calculated using the program Morpheus (https://software.broadinstitute.org/morpheus). To evaluate the classifications, RBDs from each NAb-RBD complex were superimposed using the pymol align command and the resulting NAb classifications were compared visually using pymol (37). Unknown NAbs were assigned to the classified NAbs by heavy chain sequence alignment using clustal omega (38).



RBD Variant Analysis

SARS-CoV-2 S protein sequences were downloaded from the GISAID (35) for analysis on 1-11-2021. We acknowledge all authors that submitted sequences to the GISAID, which are listed in (https://www.gisaid.org/). The RBD region, residues 343-532, of full-length SARS-CoV-2 S sequences (322,688 sequences, Supplementary Table 1) were evaluated for amino acid sequence variation at each RBD sequence position, relative to the Wuhan-1 sequence (pubmed accession number NC045512.2) (39). The total number of amino acid changes at each position was counted and converted to a frequency by dividing by the total number of sequences analyzed.



Protein Expression

SARS-CoV-2 NAbs were produced and purified as previously described (29). SARS-CoV-2 RBD (Wuhan-1) and RBD variants were produced in insect cells as RBD-FC fusion proteins (29, 40). Briefly, RBD-FC fusion proteins (Supplementary Figure 1) were purified from expression media by protein-A affinity chromatography, as previously described (29, 40). Briefly, 6-day transient expressions of RBD-FC WT and variants were performed in drosophila S2 cells. Expression media was incubated with 100uL of protein A beads (Protein A UltraLink, ThermoFisher) for 5 hours on a rotating wheel. The beads were collected and washed with the 20 column volumes (CV) of 20mM Tris-HCl pH 8, 150mM NaCl and batch eluted with 4CV of 2M Arginine, pH 3.5. The purified RBD-FCs were dialyzed into 20mM Tris-HCL, pH 8, 150mM NaCl and their concentrations quantified by optical density at 280nm. Due to a sequencing error, RBD E484K-FC used for all binding studies was determined to be RBD E484R-FC. Due to the similarity of the amino acid chemistry between Arginine and Lysine, the RBD E484R provides a suitable surrogate for the RBD E484K variant. Soluble ACE2 and RBD-ACE2 fusion protein (RBD-ACE2FP) DNAs were inserted into pMTV5/His and expressed in S2 insect cells as C-terminal his-tagged proteins (Invitrogen). Expression media (100mL) was dialyzed into binding buffer consisting of 20mM Tris HCl, pH 8, 0.5M NaCl, 5mM imidazole (buffer 1). Dialyzed media was incubated with 500uL of nickel affinity beads (his•bind resin, Millipore) that had been charged with 100mM NiSO4. After 5hrs, the beads were collected, washed with 5CV of buffer 1, followed by 4CV of 20mM Tris HCl, pH 8, 0.5M NaCl, 20mM imidazole. The proteins were batch eluted with 4CV of the same buffer containing 200mM imidazole. The purified proteins were dialyzed against 20mM HEPES, pH 7.4, 150mM NaCl. The concentrations of the purified proteins were determined by optical density at 280nm and used for binding studies.



Surface Plasmon Resonance (SPR) Binding Studies

SPR binding studies were performed using a Biacore T200 (GE life sciences). All studies were performed at 25°C in running buffer consisting of 10mM HEPES, pH 7.4, 150mM NaCl, 0.0075% P20, and 75ug/mL bovine serum albumin. Epitope mapping was performed by capturing RBD-FCs to CM5 sensor chips (Cytiva) using an anti-murine FC capture kit (Cytiva). Two NAbs (50nM concentrations) were sequentially injected (NAb1, followed by NAb2) for 90 seconds over each RBD-FC surface, followed by a 60 second dissociation phase. The flowrate for the epitope mapping studies was 30 μL/min. Binding levels, defined by response units (RU) of each NAb, was recorded following the binding phase of each injection. At the end of each cycle, the surface was regenerated by a 3-minute injection of 10 mM glycine pH 1.7. Competition between NAb epitopes was defined relative to NAb1 [e.g. NAb2 binding (RU)/NAb1 binding (RU)].

ACE2 binding affinity for RBD variants was performed by capturing RBD-FCs to CM5 biacore chips, as described in the epitope mapping studies. Soluble ACE2 was injected over the RBD-FC surfaces at 5 concentrations (300 nM, 75 nM, 18.75 nM, 4.7nM, and 1.2 nM) at a flow rate of 40 µL/min. The resulting sensorgrams were globally fit to a 1:1 model using Biacore T-200 evaluation software version 1.0 to derive binding constants.

NAb-RBD variant interactions were characterized by injecting RBD-FC Wuhan-1 reference strain, and RBD-FC variants, over NAbs captured on CM5 chip surfaces, using a human IgG capture kit (Cytiva). RBD-FCs (50nM) were injected at a flow rate of 50µL/min over the NAb surfaces for 90 seconds, followed by a 5 min. dissociation. RBD-variant binding responses were compared to the RBD reference WT protein (e.g. RU-RBD variant/RU-RBD-WT), collected at the beginning and end of the experiment and converted to percentage of WT binding.

RBD-ACE2FP-NAb epitope analysis was performed injecting RBD-ACE2FP (20nM) over each NAb, coupled as described for the NAb-RBD variant interactions. RBD-ACE2FP was injected over the surface for 90 seconds, followed by a 5 min. dissociation. The flow rate for the experiments was 50µL/min. Buffer subtracted sensorgrams were visually evaluated and RU values at 570 seconds, post injection, recorded.




Results


Structure of the RBD-ACE2 Binding Site

The structure of the SARS-CoV-2 RBD-ACE2 complex [(41), PDBID = 6m0j] was used to define RBD residues that bind to ACE2. Residues 333-526 of the 1273 amino acid SARS-CoV-2 S protein form the RBD. The RBD consists of a scaffold, conserved among different coronaviruses, and a variable receptor binding module (RBM), which positions amino acids for contact with ACE2 (42). Three RBM regions: knob (444-449 and 496-505), base (490-494 and 450-456), and tip (473-489), contact the N-terminal α-helical region of ACE2. (Figures 2A). A total of 22 RBD residues bury surface area (total = 859Å2) and participate in 15 hydrogen bonds with ACE2, of which 11 are formed by RBD sidechains (Figures 2B–E). RBD residues Y449, N487, and Y505 form bivalent hydrogen bonds with ACE2, accounting for 6 of 10 sidechain hydrogen bonds, while K417, Y489, Q493, N498, and T500 form the five remaining sidechain hydrogen bonds with ACE2 (Figure 2E). These residues are of particular interest, since RBD amino acid variants in these positions may alter the interaction of RBD with ACE2.




Figure 2 | Details of the RBD – ACE2 interaction and frequency of RBD mutations. (A) Ribbon diagram of the SARS-CoV-2 S RBD highlighting the 3 regions (tip, base, and knob) of the RBM that binds to ACE2. (B) Surface representation of the RBD ACE2 binding site (pdbid 6m0j) color coded based on amino acid variability, relative to Wuhan-1 reference sequence (see (E) for color code). The sidechains and backbone of ACE2 amino acids that contact the RBD are shown on the figure and colored magenta. (C) RBD ACE2 binding surface, rotated 180 degrees relative to (B), that highlights residues adjacent to the ACE2 binding site, that exhibit amino acid variation of at least 0.01% (magenta). (D) Graphical presentation of the frequency of RBD variant occurrences in the GISAID (left axis, colored bars), relative to buried surface area (BSA, right axis) presented as black bars. Coloring described in (E). (E) Parameters of the RBD-ACE2 binding site. The 22 RBD residues of the ACE2 binding site and four residues (<2Å2 BSA, orange) that are not part of the ACE2 binding site. The types of hydrogen bonds made by each residue is listed under #HB, where bivalent sidechain hydrogen bonds = 2, monovalent sidechain hydrogen bonds =1, and mainchain hydrogen bonds are denoted by “mc”. The frequency (FREQ) that variant RBD amino acids (variant) are observed in the SARS-CoV-2 S GISAID sequence database, relative to the Wuhan-1 reference sequence is reported. The color code (CC) for (B–D) is also shown.





RBD Variant Analysis

As RBD-ACE2 interactions are essential for virus survival, we hypothesized that energetically essential ACE2 binding residues would remain invariant as the virus evolved, while residues less important for ACE2 binding, would be more susceptible to sequence variation. To test this hypothesis, the mutation frequency at each amino acid position in the RBD of SARS-CoV-2 S was compared against the Wuhan-1 reference S RBD sequence (NC045512.2). Of the 322,688 S sequences evaluated, 9 ACE2 binding residues (41%) have remained invariant (0.001% variation or less, Figure 2E). These invariant residues cluster within the tip (F456, Y473, N487, Y489) and knob (Y449, G496, Q498, T500, G502) of RBD (Figures 2A, B) where they participate in a series of contacts with ACE2 (Figures 2D, E). Two invariant residues (Y449 and N487) participate in bivalent hydrogen bonding networks with ACE2, five additional hydrogen bonds are formed with residues Y489, G496, Q498, T500, G502, while F456 and Y473 form a hydrophobic scaffold that allows ACE2 to efficiently pack against the RBD tip (Figure 2E). Overall, the invariant residues account for 60% of the hydrogen bonds in the RBD-ACE2 interface. These observations suggest that ACE2 binding requirements restrain SARS-CoV-2 RBD amino acid variation at certain positions (Figures 2D, E).

In contrast to the invariant residues, 9 ACE2 binding residues (K417, G446, L455, A475, G476, E484, F486, and N501) have undergone significant sequence variation (Figure 2) with the largest frequencies occurring at four positions: N501Y (0.208%), E484K (0.079%), Y453F (0.062%), and F486L (0.059%). The N501Y variant, which occurs at the highest frequency, is the only residue located within the RBD knob, while Y453F is located in the RBD base and E484K and F486L are localized in the tip (Figure 2A). F486 buries the greatest amount of surface area, of any residue, into the RBD-ACE2 complex. In contrast, Y453, E484, and N501 form limited interactions with ACE2, defined by lower levels of buried surface area, and only N501 forms a main chain hydrogen bond with ACE2 (Figure 2).

Overall, the data show RBD residues that make limited contacts with ACE2 exhibit higher mutation frequencies than those involved in extensive hydrogen bond networks. For example, four SARS-CoV-2 S RBD residues (R403, S477, G485, and F490) bury less than 2Å2 of surface area into the complex and do not make hydrogen bonds with ACE2 (Figure 2D). Thus, they are near to ACE2 binding residues (Figure 2C) yet are not part of the actual ACE2 binding site. Three of these residues, S477 (2.5%), G485 (0.01%), and F490 (0.018%), exhibit high mutation frequencies, showing that significant amino acid variation is more likely for residues that are not essential for ACE2 binding. Furthermore, the RBD surface diagrams (Figures 2B, C) emphasize that residues exhibiting high mutational frequencies may be located on the edge (e.g. S477) or within (e.g. N501) the ACE2 binding footprint.



NAb/RBD Structures for Classification of NAb RBD Binding Epitopes

Several studies have classified SARS-CoV-2 RBD-binding NAbs (17, 43), but an objective clustering rationale, requiring limited investigator interpretation, has not been described. As a result, a database of human NAb/RBD complexes (n=45) was compiled from the protein data bank (pdb) and used to characterize NAb RBD binding epitopes (Table 1). To define distinct features of each NAb/RBD complex, a binding profile (BP) was defined as the RBD residue-specific surface area buried upon NAb/RBD complex formation. NAb BPs were subjected to hierarchical clustering and compared using a similarity matrix (Figure 3). The analysis provided an unbiased classification of anti-RBD NAbs into one of 5 distinct groups C1, C1D, C2, C3, and C4. Structures of all NAb/RBD complexes in each class are shown superimposed upon one another in Figure 4 and demonstrate striking structural conservation (e.g. C1) and diversity of NAb epitopes characterized by structural methods.




Figure 3 | Binding Profile (BP) correlations to define RBD-binding NAb classes. BPs were defined for NAb/RBD complexes (Table 1) that were extracted from the pdb (n=45). For some structures, more than one NAb-RBD complex was evaluated leading to the A, B, C designations for some NAbs. Buried surface area was not calculated for some complexes, due to almost complete lack of sidechains for the NAbs. The BPs were subjected to hierarchical clustering and then similarity analysis (correlation coefficient calculation) to define five NAb classes C1 (n=17), C1D (n=5), C2 (n=12), C3 (n=4), and C4 (n=6).






Figure 4 | Epitope conservation and diversity within each NAb class. The RBD-ACE2 interaction, as well as all members of each NAb class are shown on the RBD. A ribbon diagram of an archetypical C1 NAb (magenta) is shown in each figure as a structural reference.



A total of 17 C1 NAbs were found in the pdb. C1 NAbs show striking structural conservation of their orientations and RBD-binding epitopes, which overlap substantially with the ACE2 binding site. As a result, C1 NAbs only bind to RBD when it is in the “up” conformation in the S protein (Figure 1). BP analysis identified a distinct group of C1-like NAbs (C1D, n=5) that do not conserve the orientation or epitope of the C1 class (Figure 4). C1D NAbs often bind closer to the flexible RBD tip [e.g. RGN10933 (4)) compared to C1 NAbs, which allows them to bind to RBD without it adopting the full “up” conformation required for C1 NAbs. Similarly, the steric disruption of C1D NAb COV7-250 binding to RBD in the “down” conformation is minimal (20). Thus, at least some C1D NAbs can bind to RBD with only minimal S conformational changes, yet their epitopes still extensively overlap with the ACE2 binding site.

Thirteen examples of C2 NAbs were identified, which show even greater diversity in their binding epitopes and orientations than C1 and C1D NAbs (Figure 4). In fact, C1, C1D, and C2 NAb epitopes show a progression of binding epitopes and orientations that extend from one side of RBD that forms the ACE2 binding site (e.g. C1 NAbs), to the surface opposite the ACE2 binding site, where C2 NAbs bind without hindrance to the RBD in either up or down conformations. Thus, the accessibility of the C2 NAb epitopes are greater than for C1 and C1D NAbs. As previously reported, the orientations of several C2 NAbs, including Ab2-4, C121, and C144, shows they can block adjacent RBDs in the pre-fusion trimer from adopting the “up” ACE2-binding-competent conformations (17, 22).

The C3 NAb (n=4) binding epitope is localized to the RBD knob and adjacent residues 333-347. C3 NAbs adopt distinct orientations, relative to the C1, C1D, and C2 NAbs (Figure 4). A unique feature of C3 NAb epitope is its location near RBD-RBD trimer interfaces. As a result, some C3 NAbs bind across adjacent RBDs in the trimeric SARS-CoV-2 S and sterically block the RBD up conformation of adjacent RBDs. Some C3 NAbs only block the up conformation of the RBD, while others sterically block ACE2 binding, and some have both neutralization mechanisms. Like C2 NAbs, C3 NAb epitopes are accessible whether SARS-CoV-2 S RBD is in the up or down conformation. C4 NAbs (n= 6) bind to an RBD surface comprising a helix-strand-helix motif (residues 366-389) that is buried in the trimeric S, even when the RBD is in the up conformation. Thus, C4 NAbs, require SARS-CoV-2 S to undergo significant conformational changes, beyond RBD up-down movements for binding (30). For many C4 NAbs, their epitope and orientation prevent them from sterically blocking ACE2 binding. This may explain why many C4 NAbs, such as CR3022, do not potently neutralize SARS-CoV-2 compared to NAbs in the other classes. However, this is not universal, as the orientations of C4 NAbs COVA1-16 and H014 allow them to block ACE2 binding and they are reported to potently neutralize SARS-CoV-2 in cell culture assays and in animal models (27, 28).



Classification of NAbs Isolated From a Convalescent SARS-CoV-2 Patient

We previously isolated a series of potent SARS-CoV-2 NAbs from a single convalescent patient and characterized their efficacy in vitro, and for one NAb (1212C2), its efficacy in golden Syrian hamsters, delivered by inhalation (29). The classified NAb/RBD structures (Table 1 and Figure 4) were used to predict the binding epitopes of these NAbs and the resulting assignments were experimentally tested using RBD variant binding and epitope mapping studies. Thus, unknown NAb heavy chains were aligned to the NAb database sequences classified as C1, C1D, C2, C3, or C4 (Figures 3 and 4). Of 20 NAbs evaluated, 9 (45%) were classified as C1, 10 (50%) were classified as C2, and one (5%) was classified as C4. The analysis suggested that none of the unknown NAbs were C3 NAbs, and one of the 20 NAbs (1213H7) was misclassified by sequence analysis as a C2 NAb, but subsequently reassigned to the C1D classification based on epitope mapping and RBD variant binding analysis (Figures 5 and 7). Alignments performed with the light chains did not improve the unknown NAb assignments.




Figure 5 | NAb binding to RBD variants. (A) SARS-CoV-2 RBD variants were injected over NAbs captured on a biacore chip and their binding levels measured and normalized to the binding response to a reference (WT) Wuhan-1 RBD. Two WT RBD binding experiments were performed at the beginning and end of the experiment to validate the reproducibility of the assay. NAb binding is presented in the matrix as % of WT binding. (B) Global summary of NAb binding to SARS-CoV-2 RBD variants. Black bars show the fraction of NAbs that exhibit red, yellow, or green levels of binding as shown in (A). Orange bars represent the fraction of NAbs that exhibit red and yellow binding, as shown in (A). The horizontal red line highlights the RBD variants (K417T, E484K, and N501Y) that disrupt the binding of the largest number of NAbs. (C) Sensitivity of NAb classes to the different RBD variants. The number of NAbs that display less than 50% of WT binding in (A) (red and yellow boxes) were counted (y axis) and plotted according to their NAb classification (Table 1).





Susceptibility of NAbs to RBD Variants

The predicted impact of RBD variant residues (Figure 2) on NAb binding was evaluated using the BPs, derived from the NAb/RBD complex structures (Table 1). Variable RBD residues (freq. >0.01) found in at least 75% of the epitopes for each NAb class were identified (Table 2). This analysis identified 11 residues exhibiting increased variability in C1 and C1D NAb epitopes, 7 residues in the C2 epitope, and 2 in C3 NAb epitope. Variable residues that consistently bury surface area in at the C1 NAb class include K417, Y453, L455, A475, F486, and N501. Thus, C1 NAb epitopes are predicted to be sensitive to K417N/T, Y453F, L455F, A475V, F486L, and N501Y variants. Consistent with the structural relationships between C1, C1D, and C2 NAb epitopes (Figure 4), conserved residues within the C1D epitope include residues shared with C1 NAbs (e.g. L455, A475, and F486), as well unique residues E484, and G485. Thus, RBD variants that could disrupt C1D NAbs include L455F, A475V, F486L, as well as E484K, and G485R. Contacts conserved across C2 NAbs include variable RBD residues G446, L452, V483, E484, F490, and S494. This is consistent with many C2 NAbs being sensitive to the E484K variant [(17) and Figure 5]. Additional conserved RBD contacts within the C2 NAb epitope suggests RBD variants G446V, L452R, and S494P can also impact C2 interactions. Based on only four examples, the C3 NAb epitope is diverse and the conserved C3 contact region exhibits limited RBD residue variation. Only two RBD residues in the C3 epitope (N440 and K444) exhibit residue variability greater than 0.01%. Five additional RBD amino acids are contacted by 75% of the C3 NAbs, but these amino acid sidechains are highly conserved in the SARS-CoV-2 RBD sequences evaluated. In contrast, amino acid variation within the C1, C1D, and C2 epitopes is much greater (maximal variation 0.12%-2.5%) and extends over more residues. Finally, there are several common contact residues in the C4 NAb epitope, suggesting that N370S, T376I, V382L, P384L, T385I, and R408I could disrupt C4 NAbs.


Table 2 | SARS-CoV-2 RBD residues conserved in ≥75% of NAb epitopes and the frequencies of variants.





RBD Variant Binding Analysis

Based on the in silico NAb epitope analysis, nine RBD variants that localize to the C1 (K417T, A475V, N501Y, Y505W), C1D/C2 (G446V, L452R and E484K) and C3 epitopes (T345I, N440Y, and G446V) were produced for binding studies with the unknown NAbs. C4 NAbs were excluded from the analysis. Our structural analysis, and recent literature (17), confirm that the loss of NAb binding to certain SARS-CoV-2 RBD variants can be used to identify NAb classes. Furthermore, the assays can be used to identify NAbs that are not sensitive to RBD variants and thus potentially useful as therapeutics. To address these questions, the unknown NAbs and three controls [CB6 (14), RGN10933 and RGN10987 (4)] were tested for their ability to bind to the SARS-CoV-2 RBD variants (Figure 5). NAb-RBD interactions were defined as “significantly disrupted” if NAb binding to an RBD variant was reduced by 50% or more, relative to the reference WT RBD. Based on this definition, C1 RBD variants K417T (25%) and N501Y (25%), and C2 variant E484K (30%), most frequently disrupted NAb binding (Figure 5). A second group of RBD variants, L452R (15%), G446V (10%), and N440Y (5%) disrupted fewer NAb interactions, while all NAbs bound efficiently (>50%, relative to WT reference) to RBD variants T345I, A475V, and Y505W. Efficient binding of all NAbs to T345I (freq. = 0.0003%) and Y505W (freq. = 0.004%) is consistent with their high conservation within the SARS-CoV-2 RBD (Table 2). Furthermore, for those NAbs exhibiting >50% reduction in binding levels, relative to WT RBD, E484K and N501Y exclusively disrupted NAbs classified as C2 and C1, respectively (Figure 5C).



ACE2-RBD Variant Binding Analysis

In addition to disrupting NAb binding, SARS-CoV-2 RBD mutations can impact RBD-ACE2 binding affinity, which could impact virus infectivity. Thus, ACE2 binding affinity was measured for each RBD variant and the reference Wuhan-1 RBD protein (Figure 6). The two RBD variants that disrupted the largest number of NAb interactions (E484K, and N501Y) bound to ACE2 within 15% (e.g. error of the measurements) of the WT RBD-ACE2 interaction. In contrast, K417T, which disrupts a salt bridge with ACE2 (Figure 2B), exhibited two-fold lower binding affinity for ACE2, relative to WT RBD (Figure 6B). This data suggests 2 of the 3 most disruptive RBD mutations are NAb evading mutations that do not alter interactions with the viral receptor, ACE2. T345I and N440Y also exhibited WT RBD-ACE2 binding affinity, while G446V and A475V exhibited disrupted ACE2 binding affinities, like K417T. Two RBD mutations (L452R and Y505W) exhibited higher affinity for ACE2 than WT RBD. Thus, L452R disrupts several NAbs, but also binds to ACE2 with higher affinity. Thus, the L452R mutant, associated with a recently identified California VoC (B.1.427/B.1.429-California) has evolved to enhance ACE2 binding while simultaneously disrupting a significant number of NAbs in the C2 classification. Y505W also enhances RBD-ACE2 interactions but was not disruptive to any of the NAbs tested (Figure 5A).




Figure 6 | ACE2 binding to SARS-CoV-2 S RBD variants. (A) Sensorgrams of RBD variants binding to ACE2. Black lines correspond to the experimental sensorgram data and the red lines correspond to the calculated sensorgrams used to define the binding constants. Units of the x and y axes of each sensorgram are seconds and response units (RU), respectively. (B) Binding constants derived from the sensorgrams.





NAb Epitope Analysis

Epitope mapping was performed to further validate the assignment of the NAbs to the different classes. Based on their 50% neutralization (NT50) values and RBD variant binding properties, 12 NAbs were subjected to epitope mapping analysis (Figure 7). Overall, there was excellent correlation between the NAb assignments (Table 1) and the epitope analysis. For example, C1 vs. C1 NAbs, or other “like-like” classifications prevented binding of the second NAb. In contrast, some C1 NAbs allowed simultaneous binding of a second C2 NAb, but this was not universal. For example, C1 NAbs 1212D5, 1212F2, 1213F2, 1212D4, and 1212C8, allowed simultaneous binding of C2 NAbs 1207B4, 1215D1, and 1207F10 (Figure 7). In contrast, the C2 NAb 1212C2 blocked all C1 and C2 NAbs that were assayed (Figure 7A). To address these observations, structures of the NAb-RBD complexes assigned to the different C2 NAbs were compared (Figure 7D). Specifically, 1215D1, 1207B4, and 1207F10 NAbs were assigned to the C386-2/RBD complex, while 1212C2 was assigned to the C121/RBD complex. As shown in Figure 7D, 1212C2 (modeled by C121-RBD) overlaps with C1 (modeled by P2C-1F11/RBD) and C2 NAbs, while 1215D1 (modeled by C386-2/RBD) can simultaneously bind with several C1 (1214D4, 1212C8, 1212D5 etc.) and C1D (1213H7) NAbs. Thus, the assignment of each NAb to a NAb/RBD complex provided a structural basis for understanding the overlapping and distinct epitopes of the unknown NAbs




Figure 7 | NAb epitope mapping. SPR-based epitope mapping performed to further validate the classification of unknown NAbs assigned to an NAb/RBD complex (Table 1). (A–C) represent 3 distinct mapping experiments performed with common and distinct NAbs. (D) Graphical summary, showing NAb/RBD complexes that were assigned to the unknown NAbs and used to explain the epitope mapping data. P2C-1F11/RBD was used to model C1 NAbs, C2 NAbs were modeled by C368-2/RBD (1215D1, 1207B4 and 1207F10) and C121/RBD (1212C2) structures, while the C4 NAb, 1215D11, was modeled by the RBD/CR3022 structure. The assigned structures explain how 1212C2 epitope blocks all other NAbs from binding to RBD, while 1212D4 (or 1213H7) and 1215D1 bind to non-overlapping RBD epitopes and also bind to all RBD variants they were tested against (Figure 5). Two NAbs evaluated in the mapping data (1213H7 and ctl RGN10933) are not listed on the graphical summary. 1213H7 and RGN10933 were both assigned as C1D NAbs, which is consistent with their common epitope mapping profiles, and their ability to bind simultaneously with 1215D1.



As a second method of epitope analysis, the NAbs were tested for their ability to bind to an RBD-ACE2 fusion protein (FP). The RBD-ACE2FP was designed to provide a stable RBD-ACE2 complex to characterize the overlap of NAb epitopes with the RBD-ACE2 binding site. As expected, most NAbs bound very poorly to the RBD-ACE2FP, consistent with their epitope being blocked by ACE2 (Figure 8). However, three C2-classified NAbs (1215D1, 1207B4, and 1207F10) exhibited high levels of binding to the RBD-ACE2FP (Figure 8). Based on the location of the RBD ACE2 binding site (Figure 4), this data further validates the assignment of these NAbs to the C2 class (Figure 7D). It also suggests that this subclass of C2 NAbs may disrupt RBD-ACE2 interactions even after the complex is formed, presumably by a conformational change, providing a novel mechanism of neutralization for this group of C2 NAbs.




Figure 8 | NAb epitope analysis using a SARS-CoV-2 RBD-ACE2 fusion protein. (A) NAbs were captured on anti-IgG biacore chips and sensorgrams were recorded for an RBD-ACE2 fusion protein (20nM) injected over the surface of each NAb. (B) Variability in fusion protein binding levels near the end of the sensorgrams (t = 570 seconds) is plotted in the graph.






Discussion

The goal of this study was to use SARS-CoV-2 NAb/RBD structural information found in the protein databank and SARS-CoV-2 S RBD sequence variation data from the GISAID, to characterize a series of NAbs for potential use as therapeutics against SARS-CoV-2. Optimal NAbs against SARS-CoV-2 have always required that they exhibit high potency neutralizing capabilities, but as the pandemic has continued, they now must also exhibit broad specificity against naturally occurring SARS-CoV-2 VoC. The current VoC include B.1.1.7-UK (N501Y, S494P*, E484K*), P.1-Japan/Brazil (K417N/T, E484K, N501Y), B.1.351-South Africa (K417N, E484K, N501Y) B.1.427/B.1.429-California (L452R), where amino acid changes in the SARS-CoV-2 S RBD of these VoC are listed in parentheses (44).

RBD amino acid mutations found in the VoC, with the exception of the K417T mutation (K417T frequency = 0 in the analysis on 1-11-21), are found in the top 20 of most frequently observed mutations (frequency > 0.024%) in the GISAID. SARS-CoV-2 VoC have been shown to reduce Ab-mediated neutralization and/or exhibit increased disease severity and transmissibility (44–46). To further evaluate these single mutations at the molecular level, we tested a panel of SARS-CoV-2 NAbs, isolated from a convalescent patient, for their ability to bind to a series of SARS-CoV-2 RBD variants. The analysis found that E484K is the most disruptive mutation and impacted the greatest number of NAbs tested in our study (30%), with N501Y and K417T being slightly less disruptive, but still each impacting 25% of the NAbs evaluated. Combined, the 3 SARS-CoV-2 RBD variants (K417T, E484K, and N501Y) present in the P.1 Japan/Brazil and B.1.351 South Africa VoC significantly disrupted the binding of 65% of the NAbs tested.

In addition to disrupting NAb binding, which is correlated with reduced virus neutralization, the impact of the variants on ACE2 binding affinity was determined. This is an important question, often not addressed, that may define mechanisms of viral selection responsible for increased infectivity and/or disease severity, as well as disrupting host NAb responses. Analysis of RBD-variant/ACE2 binding affinity revealed that N501Y and E484K exhibited essentially WT affinity for ACE2, where WT corresponds to the Wuhan-1 SARS-CoV-2 RBD sequence. RBD variants N440Y and T345I also exhibited ACE2 binding affinity similar to WT RBD. This suggests that neither N501Y and/or E484K variants increase infectivity, reported for the B.1.1.7 UK VoC, by increasing affinity for ACE2. If increased ACE2 affinity is required for increasing viral infectivity, other mutations in the SARS-CoV-2 S, such as D614G, P681H, or several other changes, alone or together, must be responsible for enhanced ACE2 binding affinity. Overall, our data suggests that N501Y and E484K (For E484K, this is inferred from the evaluation of the E484R mutation in our studies), enhance viral fitness predominantly by disrupting the host NAb response, but not by increasing ACE2 binding affinity.

Like N501Y and E484K, K417T also significantly disrupts NAb binding. However, the K417T variant, as well as the G446V and A475V variants exhibit reduced (~2-fold) ACE2 binding affinity. Thus, escape from NAb binding/neutralization at these positions comes with a cost of reducing ACE2 binding affinity, suggesting these mutants are unlikely to confer a selective advantage to the virus though enhanced viral attachment. In contrast, L452R exhibited a 2-fold increase in ACE2 affinity. This is consistent with the B.1.429 California VoC being able to evade NAb responses, as well as enhance ACE2 binding affinity, possibly providing advantages in immune evasion against NAbs, and increased cell infectivity via enhanced ACE2 binding affinity, ultimately leading to increased disease severity. A weakness in our studies is that our RBD-ACE2 binding analysis studies are based on a 1:1 monomeric ACE2-RBD interaction. It is possible that the conformation and function of the RBD variants are distinct in the context of the trimeric SARS-CoV-2 S. Recent data suggests that the D614G mutation stabilizes the S trimer and is necessary to observe the functional impact of the N501Y and L452R mutations on cell infectivity (47, 48). It is also possible that large changes in RBD-ACE2 affinity, higher or lower, disrupts optimal viral infectivity, while more subtle changes around the reference WT RBD-ACE2 binding affinity can cause large changes in cell infectivity.

From an overall analysis of SARS-CoV-2 anti-RBD NAbs, C3 NAbs appear to have an advantage by targeting an RBD epitope that has undergone less variation than NAb epitopes associated with C1, C1D, and C2 NAbs. However, variability in CDR length, structure, and amino acid composition has thus far been sufficient for at least some C1, C1D, and C2 NAbs to maintain their neutralization efficacy, despite RBD variability. Furthermore, we find the C3 RGN10987 NAb is highly sensitive to the G446V variant, suggesting the virus has identified RBD variant residues that disrupt the binding of NAbs from each NAb class. For the unknown NAbs evaluated in this report, the NAb/RBD database, RBD variant binding studies, and epitope mapping allowed their assignment into specific NAb classes. Thus, our study provides a strategy for characterizing NAb/RBD epitopes at a larger scale to further define NAb sensitivity to RBD variants in individuals recovered from natural infections and changes in the anti-RBD SARS-CoV-2 structural repertoire induced by vaccination. Finally, our analysis identified a non-overlapping antibody pair, 1213H7/1215D1, which both bind to all RBD variants found in current SARS-CoV-2 VoC, suggesting they represent a potential therapeutic treatment for SARS-CoV-2 WT and newly identified VoC.
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