

[image: image1]
Functional and in silico Characterization of Neutralizing Interactions Between Antibodies and the Foot-and-Mouth Disease Virus Immunodominant Antigenic Site












	
	ORIGINAL RESEARCH
published: 07 May 2021
doi: 10.3389/fvets.2021.554383






[image: image2]

Functional and in silico Characterization of Neutralizing Interactions Between Antibodies and the Foot-and-Mouth Disease Virus Immunodominant Antigenic Site

Ruben Marrero Diaz de Villegas1*, Cristina Seki2, Nora M. Mattion2 and Guido A. König1*


1Instituto de Agrobiotecnología y Biología Molecular, Instituto Nacional de Tecnología Agropecuaria, Consejo Nacional de Investigaciones Científicas y Tecnológicas, Buenos Aires, Argentina

2Centro de Virología Animal, Consejo Nacional de Investigaciones Científicas y Tecnológicas, Universidad Abierta Interamericana, Buenos Aires, Argentina

Edited by:
Wilna Vosloo, Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia

Reviewed by:
Donald King, Pirbright Institute, United Kingdom
 Elizabeth Rieder, United States Department of Agriculture (USDA), United States

*Correspondence: Ruben Marrero Diaz de Villegas, marrerodiaz.ruben@inta.gob.ar
 Guido A. König, konig.guidoalberto@inta.gob.ar

Specialty section: This article was submitted to Veterinary Infectious Diseases, a section of the journal Frontiers in Veterinary Science

Received: 21 April 2020
 Accepted: 19 February 2021
 Published: 07 May 2021

Citation: Marrero Diaz de Villegas R, Seki C, Mattion NM and König GA (2021) Functional and in silico Characterization of Neutralizing Interactions Between Antibodies and the Foot-and-Mouth Disease Virus Immunodominant Antigenic Site. Front. Vet. Sci. 8:554383. doi: 10.3389/fvets.2021.554383



Molecular knowledge of virus–antibody interactions is essential for the development of better vaccines and for a timely assessment of the spread and severity of epidemics. For foot-and-mouth disease virus (FMDV) research, in particular, computational methods for antigen–antibody (Ag–Ab) interaction, and cross-antigenicity characterization and prediction are critical to design engineered vaccines with robust, long-lasting, and wider response against different strains. We integrated existing structural modeling and prediction algorithms to study the surface properties of FMDV Ags and Abs and their interaction. First, we explored four modeling and two Ag–Ab docking methods and implemented a computational pipeline based on a reference Ag–Ab structure for FMDV of serotype C, to be used as a source protocol for the study of unknown interaction pairs of Ag–Ab. Next, we obtained the variable region sequence of two monoclonal IgM and IgG antibodies that recognize and neutralize antigenic site A (AgSA) epitopes from South America serotype A FMDV and developed two peptide ELISAs for their fine epitope mapping. Then, we applied the previous Ag–Ab molecular structure modeling and docking protocol further scored by functional peptide ELISA data. This work highlights a possible different behavior in the immune response of IgG and IgM Ab isotypes. The present method yielded reliable Ab models with differential paratopes and Ag interaction topologies in concordance with their isotype classes. Moreover, it demonstrates the applicability of computational prediction techniques to the interaction phenomena between the FMDV immunodominant AgSA and Abs, and points out their potential utility as a metric for virus-related, massive Ab repertoire analysis or as a starting point for recombinant vaccine design.
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INTRODUCTION

FMD is a highly infectious animal disease affecting over 70 wild and domestic cloven-hoofed species such as cattle and swine (1). The etiological agent is FMDV, an Aphthovirus from the Picornaviridae family (single-stranded positive-sense RNA genome of ~8 kb) (2). Direct production losses and international trade restrictions in endemic countries, as well as the high cost of FMD control, are a major problem for governments and producers (1).

The humoral immune response has a fundamental role in the protection against FMDV. Neutralizing antibodies (nAbs) recognize functional regions at the viral capsid (antigenic sites, AgS) (3). The FMDV antigenic site A (AgSA) includes the key virus recognition motif (an RGD amino acid triad) for its major host cellular receptor (αVβ6 integrin). AgSA is located on capsid protein 1 (VP1) and triggers the main humoral neutralizing response (4).

Abs are also valuable biotechnology reagents and key molecules for FMDV diagnosis and surveillance (5). Recent FMDV publications have reported basic and applied Ab studies (6) by harnessing a wider sampling tool like next-generation sequencing (NGS), although a few explored the in vivo antibody (or immune receptor) repertoire (7–9). Using this approach, a broad neutralizing antibody was successfully obtained through single B-cell isolation from peripheral blood mononuclear cells of sequentially immunized bovines (10) to improve FMDV diagnostic tests. Other studies have focused on the molecular structure of Ag–Ab interactions of FMDV of serotype C. For example, Verdaguer et al. resolved the structure of a nAb interacting with a peptide equivalent to the AgSA of FMDV by X-ray diffraction analyses and characterization at quasi-atomic level (2.3 Å) (11, 12). A second serotype C Ab-FMDV structure encompassed a Cryo-EM reconstruction of Fab-capsid interactions at 30-Å resolution (13). Recently, another group reported the sequence and molecular modeling of a serotype O mAb (6).

The future for Ab knowledge and veterinary vaccinology applications is undoubtedly promising at the convergence of novel sequencing platforms and bioinformatic tools to explore the cattle and swine immunoglobulin repertoire and Ab structural information (14). Therefore, the Ag–Ab complex modeling is crucial. Herein, we obtained the Fab (antigen-binding fragment) sequence of two site A-specific mAbs of serotype A and characterized their functional epitopes through a peptide ELISA. Finally, we implemented a protocol for modeling the Ab molecular structure as well as their specific interaction with viral Ag at AgSA, based on homolog (X-ray diffraction) structures available for serotype C. Our research demonstrated that it is feasible to model the molecular structure of FMDV antibodies and the topology of Ag–Ab interactions as well as to predict the influence of mutations on those interactions.



MATERIALS AND METHODS


Antibodies and Foot-and-Mouth Disease Virus (FMDV) Peptide Antigen

We developed and supported the modeling protocol by reviewing the mAb 4C4 complex and applying it to novel anti-serotype A mAbs. Published data using mAbs to study FMDV Ag–Ab interaction for their different capsid antigenic sites, including high atomic resolution structures, had only been obtained for the AgSA of serotype C virus (mAb 4C4). Sequence and atomic coordinate data for experiments including the mAb 4C4 (anti-FMDV of serotype C) were obtained from the protein data bank accession, pdb 1EJO (11, 12). Pdb 1EJO describes the interaction complex between mAb 4c4 and AgSA peptide from FMDV strain C-S8c1 (a biological clone derived from FMDV isolate C1 Sta Pau Sp/70) (15).

mAbs 1E12 and 4A2 (IgM and IgG, respectively) against a serotype A FMDV strain (A24Cruzeiro) were obtained from a previous study (16, 17). Both mAbs recognize epitopes at the AgSA of VP1 protein (17).

Fifteen peptides were designed to be used in ELISA (see the Immunoassays section) with point mutations designed according to the aa variability found at different positions in several FMDV strains (Supplementary Table 1) serologically sampled at the Centro de Virología Animal–CEVAN (16, 17). The 20-aa long, N-terminal biotinylated, peptides comprised the RGD region of the GH loop at VP1. The negative control peptide (ID 15), included the RGD motif, but with multiple mutations relative to the wt peptide (ID 14). The peptides were prepared and used according to the manufacturer's instructions (JPT Peptide Technologies).



Immunoassays

The relative binding affinity between mAbs 1E12 or 4A2 and 15 single mutated antigens (single aa-substituted synthetic peptides) was estimated by two different immunoassays (ELISA) (18, 19).

A competitive peptide ELISA was implemented for mAb 4A2 (monomeric IgG) since this mAb's paratopes were effectively peptide inhibited. A similar peptide inhibition could not be achieved for mAb 1E12, probably due to its pentameric IgM form. Therefore, a sandwich ELISA was developed to assess the peptide interactions instead. ELISA results were normalized by the wt peptide values at each ELISA; however, a rigorous quantitative comparison cannot be established.

For the mAb 4A2 competitive ELISA, 96-well plates (Maxisorb NUNC Fisher) were coated with 15 ng of wt peptide and incubated overnight at 4°C (P1 plates). In a second set of control plates (P2), all peptides (wt and mutated versions) were tested simultaneously by three independent reactions containing a fixed non-saturating dilution of mAb 4A2 and three different amounts of peptide (1,350, 450, and 150 ng). After incubation (2 h at 37°C), peptide–Ab reactions were transferred from P2 to P1 plates and incubated for 1 h at 37°C. Next, plates were washed and further incubated with an anti-mouse IgG-HRP-conjugated mAb (HRPO Sigma) for 1 h at 37°C. After extensive washing with 0.05% Tween 20–0.1% bovine serum albumin in PBS, TMB substrate (3,3′, 5,5′-tetramethylbenzidine; BD OptEIA) was added to the plate and the resulting OD (optical density) was measured at 450 nm (Thermo Scientific Multiskan® Spectrum) to analyze Ag–Ab interactions. The background values, obtained with no mAb and synthetic peptide, were subtracted for the analysis, and a relative inhibitory concentration (IC50) was determined as the mass of each mutated peptide that causes 50% of binding inhibition relative to the homologous wt peptide (11).

A sandwich ELISA was implemented for the mAb 1E12. In this immunoassay, 96-well ELISA plates were pre-coated (16 h at 4°C) with a fixed 2.5 μg of avidin (NeutrAvidin Invitrogen®), which assured a homogenous capture of the 15 sampled biotinylated peptides (including wt). The procedure consisted of four peptide masses (4,000, 1,333, 444, and 148 ng) for each peptide and incubations for 2 h at 37°C, all in triplicate. Next, mAb 1E12 was added at a fixed dilution per well, followed by the addition of an anti-IgM-HRPO secondary mAb (Axell) and further incubation for 1 h at 37°C. Absorbance was read as described above, and the interaction was quantified as half-maximal effective concentration (EC50), referred to as the concentration of peptide that induces a response halfway between baseline and maximum after a given exposure time.

A qualitative comparison of both ELISA data was performed by defining a relative interaction index 50 (IIR50) according to a settled equivalence between IC50 and the inverse of EC50, relative to the same wt peptide.



Cloning Foot-and-Mouth Disease Virus mAbs Coding Sequence

The molecular cloning of the FMDV neutralizing coding sequences of the evaluated antibodies (4A2 and 1E12) was carried out from mAb-producing hybridoma cell lines (16), without any prior information on their nucleotide or aa sequence (20). This procedure uses the polymerase chain reaction (PCR) to amplify the sequence of variable Ab regions based on the conservation of its flanking regions (21) and a canonical set of degenerate primers capable of amplifying most of the V regions of murine Abs (22).

Briefly, ~1–2 million mAb-secreting hybridoma cells were harvested and homogenized. Subsequently, total RNA from these cells was isolated using the RNeasy Mini Spin kit according to the manufacturer's instructions (QIAGEN). The cDNA was produced by reverse transcription (RT-PCR) using 10 μg of the RNA template, a 15-base oligo-dT primer, and SuperScript II reverse transcriptase enzyme (Invitrogen). The reactions were incubated at 42°C for 1 h, followed by inactivation of reverse transcriptase at 70°C for 15 min. The resulting cDNA was used as a template for PCR amplification using Taq polymerase (Invitrogen) and various 5′ and 3′ primers specific for VH and VL genes specified in the manual “Current Protocols in Immunology” (20). The PCR reactions were incubated at 94°C for 2 min, followed by 30 cycles of 96°C for 15 s, 56°C for 30 s, and 72°C for 2 min and a final extension at 72°C for 10 min. PCR products of the appropriate size (350–500 base pairs, purified from agarose gels) were cloned into the Invitrogen vector pCR2.1-TOPO-TA™ and transformed into Escherichia coli BL21 cells.

Finally, plasmid DNA from five bacterial clones (for each H and L chain of each mAb) was purified using the QIAprep Spin Miniprep DNA isolation kit, according to the manufacturer's instructions (QIAGEN). The presence of appropriate size inserts was verified by restriction enzyme digestions. Up to 10 putative positive clones (by region V cloning event) were sequenced with primers T7 and M13Rev, by using the Big Dye Terminator v3.1 (Applied Biosystems), in Genetic Analyzer 3500xl and 3130xl automatic capillary sequencers (Applied Biosystems) according to the Sanger method (23). The consensus nucleotide sequences were generated using the ContigExpress program within the Vector NTI Advance package (Invitrogen) and submitted to GenBank [accession numbers: 4A2_H (MW435573), 4A2_L (MW435574), 1E12_H (MW435575), 1E12_L (MW435576)].



Sequence and Molecular Structure Data Management and Mining

The general manipulation, analysis, and image production for the aa sequence and Ab molecular structures were conducted with Chimera software (24). Molecular conditioning (e.g., atom protonation and atomic clashes fixes), as a preparatory stage for a mutation task, was implemented with FoldX (25, 26) and MOE (27), which also provides specific modules to perform the alignment of molecular structures and RMSD (root-mean-square deviation of atomic positions) calculus.

The specific calculation and analysis of diverse molecular features of the mAbs, e.g., CDR definition and probability calculations for various kinds of interactions at paratope's residues, were performed with proABC (28) and Paratome (29). The quality of the obtained mAb molecular models was assessed with Molprobity (30).



Ab Modeling and Ag–Ab Docking Protocol

The overall process for Ag–Ab modeling and docking was conducted as outlined in Supplementary Figure 1. This process involved three main areas: FMDV Ag, mAbs modeling, and an integrative docking and functional scoring stage. First, the molecular structure of the FMDV A24 Cruzeiro ASA was developed with the FoldX software (25) based on the FMDV AgSA at pdb 1EJO (11). In addition, an ensemble of 30 molecules of the Ag (Ag-M1) was obtained with the Pertmint-MOE software (27, 31).

The nucleotide and the deduced aa sequences for the H and L coding regions of the 1E12 and 4A2 mAbs Fab were first obtained as detailed in the Cloning Foot-and-Mouth Disease Virus mAbs Coding Sequence section. Next, multiple molecular mAb models were created by four Ab-dedicated modeling software [KOTAI (32), MOE (27), Rosetta-Antibody (33), and ABodyBuilder (34)]. The quality of the emerging molecular models was evaluated by the MolProbity tool (http://molprobity.biochem.duke.edu/) (30), as suggested by the antibody modeling assessments (AMA) initiative (35). The general denomination for these Ab molecules was mAb-M2. Third, de novo Ag–Ab candidate interaction topologies were obtained by two-round computational Ag–Ab docking:

dA: An initial general docking stage (dA) was conducted with the Haddock software (high ambiguity-driven protein–protein DOCKing) (36), which is an online information-driven flexible docking approach for the modeling of biomolecular complexes. The protocol for dA was implemented as suggested by Trellet et al. with the “guru interface” webserver's client and using the modeled molecules defined above, mAb-M2 and Ag-M1, as input (37).

dB: The emerging top two candidate solutions of every (dA) general docking round became the molecular input for the focused docking stage (dB) implemented using the RosettaDock web server (38, 39). The RosettaDock Server performs a local docking search. That is, the algorithm will search a set of conformations near the given starting conformation for the optimal fit between the two Ag–Ab partners. The resulting Ag–Ab interaction topologies became the input for the last scoring stage.

General modeling and mutations at the FMDV AgSA were computationally accomplished by a single-residue replacement task. Specifically, we employed the FoldX software (academic licensed, http://foldxsuite.crg.eu/) through routine scripts extensively described in the software manual. The scripts for the complex interface repairing (pre-process of the pdb files), mutant building, and energy determination were RepairPDB, BuildModel, and AnalyseComplex, respectively (25, 26). The software yields a mutant complex and a mutant-specific wt complex. These complexes were useful to obtain both, the absolute energetic values of an Ag–Ab interaction, as well as the variation between the mutant and the wt-free energy of unfolding at the interaction interface (ΔG).



Functional Scoring of Ag–Ab Candidate Interaction Complexes

In addition to the software-specific docking scores, the final candidate solutions for near-native Ag–Ab interaction topologies were selected through a functional score. Specifically, we selected the better-scored topologies from a correlation between the two data sets. The antigenic profile A was built with peptide ELISA data for the 13 AgSA peptides (see section Immunoassays). Second, the antigenic profile B was built from in silico interaction energy dataset for the same FMDV variant peptides. The profile B for every candidate topology was calculated using the molecular complex as a template. Every scored candidate solution was pre-treated by a multistate modeling (MSM) approach, which implied the generation of a preparative ensemble of 30 molecular structures for every Ag–Ab interaction with PertMin-MOE software (27, 40). Subsequently, every candidate ensemble became the input for the 13 single point mutant modeling. The variation of the interaction energy associated with each mutation (profile B) was calculated using the FoldX program, according to the routines described above. Last, the estimation of the coefficient of determination (correlation) between the in silico mutational profile B and the ELISA mutational profile A became the functional score to point out candidate solutions of near-native Ag–Ab interaction complex, the last macromolecular output of our structural modeling pipeline.




RESULTS


Molecular Characterization of Novel Ag–Ab Complexes for Foot-and-Mouth Disease Virus of Serotype A

Antibodies are heterodimeric proteins composed of two heavy (H) and two light (L) chains. The entire macromolecule contains 12 immunoglobulin domain repeats and their variable region, VH and VL domains, form the antigen-binding region (ABR) or paratope. The ABR includes six variable loops termed complementarity-determining regions (CDRs) that are spaced by framework regions (FR) (41).

In a previous work, Seki et al. (16) has described several anti-serotype A FMDV mAbs. Here two AgSA-specific mAbs (1E12 and 4A2) (17) were selected for further characterization. First, we amplified the coding sequence of their VH and VL domains (Fv region) by nested RT-PCR, cloned the resulting amplifications, and their nucleotide and their deduced aa sequences were analyzed for (i) the residues and CDRs that shape the paratopes (Figure 1 and Table 1) and (ii) calculating the interaction probability of residues to its cognate epitope (Supplementary Figure 2).


[image: Figure 1]
FIGURE 1. Multiple-sequence alignments of anti-foot-and-mouth disease virus (FMDV) mAb Fv sequences. Amino acid Fv sequences of 4A2, 1E12, and reference 4C4 mAbs. Invariant and conserved residues are highlighted in red and yellow, respectively. Residues are numbered according to the Kabat numbering system and secondary structure elements for variable sequences are indicated above the sequence [spirals, α, and 310(η)-helices; arrows, β-strands; T, turns]. Antigen-binding regions (ABR) are underlined for H (A) and L (B) chains.



Table 1. Classification and number of aa for six ABRs of mAbs, H, and L chains.
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Comparison revealed that 4A2 and 1E12 mAbs displayed smaller paratopes than 4C4 (serotype C mAb reference) and that a lower proportion of the molecular surface of these mAbs was potentially involved in the interaction with the Ag, compared with the reference mAb. Specifically, mAb 4C4 presented a longer H-CDR3 (11 aa) than H-CDR3 of mAb 4A2 (4 aa) and 1E12 (5 aa). The mAb 1E12 also displayed the smallest paratope of the three mAbs because of its shorter L-CDR1 (10 aa) in comparison with 4C4 (15 aa) and 4A2 (16 aa).

The interaction probability data for three different types of molecular contacts of H and L chain paratope residues were consistent with these features. In fact, the prediction of the six loci of greatest probability agreed with the predicted location of the six CDRs (Supplementary Figures 2, 3 for H and L chain, respectively). For L-CDR1, the probability of interactions was higher for mAb 4A2 than for 1E12 (potentially because of a shorter L-CDR1 for the latter).

We also elaborated a fine map for 1E12- and 4A2-specific epitopes based on previous basic mapping that allocated the recognition site at the AgSA (16). Figure 2 summarizes the findings of several relevant residues (for both epitopes) that overlap at the RGD motif of AgSA with 1E12 epitopes involving more RGD distal residues than mAb 4A2. In detail, the AgSA epitopes were defined through two different peptide-ELISA. To that end, we designed a set of 13 peptides with single point mutations based on the aa usage in several FMDV serotype A strains (Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Peptide ELISA mapping of functional epitopes for two anti-FMDV Ab. ELISA results between 15 peptides and mAbs 4A2 or 1E12 are presented in horizontal panels (A,B), respectively. Each panel: Left, the panel displays the specific aa sequences of each peptide; the point mutation is indicated with a box. Right, the panel shows the influence of the point mutations according to the ELISA data; the colors (in the columns) represent IIR50 relative to the wt peptide as follows: in green, the wt peptide and peptides with mutations of IIR50 (relative interaction index 50) equal to wt; in blue, peptides with IIR50 mutations lower than wt (improve interaction) and in red, peptides with IIR50 mutations greater than wt (worsen interaction). The horizontal bar on each peptide matrix summarizes the positions most affected by the mutations in the functional epitope for each mAb, in red and yellow; positions of low and medium tolerance to mutations, respectively, in blue; non-mutated positions and near-native mutations, in white.


For 4A2 mAb, we used a peptide-competitive ELISA and observed that mutations downstream and close to the RGD (peptides 4, 5, 6, 7, 8, and 1) were less tolerated (a lower interaction affinity means a poorer competitor peptide). For the same peptides with the 1E12 mAb (sandwich ELISA), we obtained a more RGD-peripheral effect; where peptides 2 and 3 entailed disruptive mutations, however, peptides 8 and 1, with changes closer to the RGD, displayed more tolerated ones. Concerning upstream RGD mutations, both RGD+1 leucine and proline substitutions displayed a similar pattern in both interactions. A proline (peptide 10) was non-tolerated at that short helical fold in the loop GH, although the opposite could be observed with leucine that is more chemically related to the wt aa, methionine (peptide 9). C-terminal mutations demonstrated a similar distal effect, where RGD+4 (peptide 13) was equally disruptive on both interactions, whereas only the 1E12 mAb was sensitive to RGD+3 (peptide 12).



Development of a Foot-and-Mouth Disease Virus Ag–Ab Tuned Docking Protocol

For further characterization of the sequence and function of mAb-Ag (1E12 and 4A2/FMDV AgSA) interaction complexes, we studied the Ag–Ab molecular structure through a computational modeling approach. However, we first had to define and consolidate an Ag–Ab docking protocol.

To that end, we employed the FMDV Ag–Ab molecular structure of reference [pdb 1EJO (11)] as input. In detail, the exploration of the Ag–Ab interaction topologies was implemented through a two-stage pipeline of docking experiments. First, we evaluated and adjusted a protocol for a general docking stage [software Haddock; (42)] by using individualized Ag and Ab molecules of pdb 1EJO as input (Supplementary Figure 4). The Haddock algorithm can sample diverse docking scenarios, including flexible peptide–protein docking supported by well-documented protocols (37, 43). Then, we obtained solution clusters with acceptable i-rmsd and l-rmsd parameters (<1Å), as defined by the Haddock developers and according to the international initiative for the evaluation of docking protocols [Critical Assessment of Predicted Interactions (CAPRI)] (44).

Second, we used the emergent top Haddock solutions as an unbiased input for a local docking stage (dB) implemented at the RosettaDock web server (22, 23). That was a focused docking search near the given starting (input) conformation of the optimal fit between the Ag–Ab interaction partners. Some of the best-scored solutions displayed a remarkable structural homology with the native Ag–Ab topology (R2 of 0.66) for the wt (pdb 1EJO) Ag–Ab complex (Figure 3).


[image: Figure 3]
FIGURE 3. Ag–Ab focused-docking recapitulation for an FMDV interaction complex of reference. The figure displays data for 16 Ag–Ab candidate interaction complexes. (A) Regression plot between interface energy score (dG) and RMSD for each Ag–Ab candidate solutions. (B,C) exemplifies the structural alignment (of the main chains) between mAbs, revealing the structural distance of FMDV peptide in the wt complex (orange), compared with a top (pale blue), and to a poor (gray) dG scored solution.




Molecular Structural Characterization of Novel Ag–Ab Interaction Complexes

After defining the docking protocol (section Development of a foot-and-mouth disease virus Ag–Ab tuned docking protocol), we assessed the Ag–Ab interaction partners (section Molecular characterization of novel Ag–Ab complexes for foot-and-mouth disease virus of serotype A). First, the molecular structure of mAbs 4A2 and 1E12 modeled from its aa sequence by using four different programs (see the section Materials and methods) yielded five and 13 models, respectively. Several of those models displayed molecular quality features comparable with the mAb 4C4 [pdb 1EJO (11); Supplementary Figure 5]. The AgSA of FMDVA24 Cruzeiro was modeled using FoldX protocols (45) and serotype C FMDV AgSA model (at pdb 1EJO) as a template. Then, the Ag was expanded from a single to multiple molecular state representation, which should bring a more dynamic definition of the Ag input for the next “flexible docking” stage (27, 31).

The sampling of the interaction space for both FMDV AgSA and mAb models using the previous tuned docking protocol (Supplementary Figure 1) retrieved five and eight candidate Ag–Ab docking solutions for mAb 4A2 and 1E12 complexes, respectively. All those topologies displayed the characteristic “energy funnel” pattern in a dG score vs. an RMSD plot (Figure 4), a feature associated with candidate solutions sampling near the native interaction state (39, 46). Furthermore, the implementation of a functional score biased the results in favor of those candidate Ag–Ab complexes with best mutational fitness between its mutational antigenic profile and a peptide ELISA profile (see the section Molecular characterization of novel Ag–Ab complexes for foot-and-mouth disease virus of serotype A).


[image: Figure 4]
FIGURE 4. Focused-docking experiments for candidate Ag–Ab complexes. Plots of five different docking experiments using mAb 1E12 or 4A2; dots composed by dG values (Docking score) vs. structural homology values (RMSD, on the horizontal axis). A characteristic pattern called energy funnel (A–D), except for (E), which was a negative control) emerges at near-native docking solutions. Green circles at (B,E) denotes the presence or absence of the energy funnel pattern.


For further characterization of top Ag–Ab solutions (Figure 5), we modeled and calculated the effect of every single point mutation per each AgSA residue. That computational exploration of the Ag Tolerated Sequence Space (TSS) was previously demonstrated as feasible by our group (45). Here we obtained three TSS, one for the AgSA-4c4 mAb complex (serotype C reference) and the other two for the novel anti-serotype A mAbs complexes. Figure 6 illustrates the existence of similar TSS patterns between the “IgG interactions,” in opposition to the IgM 1E12-AgSA complex that displayed a more mutation-permissive pattern.


[image: Figure 5]
FIGURE 5. Top docking solutions emerging from the integral modeling protocol. Two perspectives of the interaction topologies between the FMDV AgSA peptide (pink) and mAbs 1E12 (red) and 4A2 (blue) are shown in vertical panels (A,B), respectively. Note that the peptide has a flatter interaction with 1E12 mAb, unlike the interaction with 4A2, where the peptide would be more embedded in the paratope.
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FIGURE 6. AgSA mutational profile for three FMDV Ag–Ab complexes. Computational mining and comparison of the influence of single point mutations at the FMDV Ag partner for two Ag–Ab complexes and one Ag–Ab complex of reference. Horizontally, each panel contains the native FMDV AgSA sequence (see the conserved RGD motif in yellow) and, vertically, the energetic effect (dG) of single point aa mutations. (A,B) correspond to mAbs 4A2 and 1E12 interaction complexes, respectively, and (C) displays reference 4C4 mAb (pdb 1EJO) interaction data. Color variation from blue to red implies a worsening of the interaction energy and a less tolerated mutation at a given Ag–Ab. See the similarities between (A,C) involving IgG Abs and a different mutational profile for the IgM Ab (B).





DISCUSSION

Antibody-mediated neutralization is one of the major host mechanisms to decrease and resolve the FMDV infection (47, 48); hence, understanding the Ag–Ab molecular interaction is an essential condition for the development of better FMDV biotechnology tools for disease control (49, 50).

Besides, recent SARS-CoV-2 research has demonstrated a feasible synergy between Ag–Ab molecular structure knowledge and “big data” information from full Ab repertoire analysis (51–53). For FMD, the immunogenomics and polyclonal antibody response have been initially dissected in cattle and African buffaloes (8, 9, 54). With a different approach, we explored and computationally interrogated the sequence space of Ag–Ab interactions at FMDV AgSA of serotype C, and we completed successfully an in silico study between two mAbs and more than 200 single point AgSA mutants (45).

Here, we relied on structural data for reference FMDV Ag–Ab complex (pdb 1EJO) to implement a full in silico molecular modeling pipeline for the FMDV AgSA–Ab interactions. The adjusted protocol was applied to two novel Ag–Ab interactions for another relevant South American FMDV of serotype A (A24 Cruzeiro). In addition, we added a functional-based score to assist the computational exploration of near-native Ag–Ab candidate solutions. A similar data-assisted docking approach has been defined as applicable for docking-algorithm-dedicated research groups (43, 55). Although molecular docking techniques are prone to diverse errors in non-guided experiments (56, 57), here we detected a better predictive performance at the FMDV AgSA scenario that could be associated with the intrinsic simple folding at the RGD turn of the GH loop (58), which means more computational-tractable linear epitopes.

Novel FMDV mAbs Fab sequences were cloned, and their epitopes were characterized by two different ELISAs. The results revealed that the 1E12-specific epitope involved more RGD-distal residues than the mAb 4A2-specific epitope. In addition, both 1E12 and 4A2 mAbs presented smaller paratopes than the reference FMDV 4C4 mAb. However, 4A2 displayed a slight increase in charged residue usage, which could be associated with its characteristic IgG isotype form. Indeed, some researchers have previously reported a net gain of positive charges in IgG in comparison with IgM paratopes (59). Also, mAb 4A2, which is more similar to mAbs 4C4 and SD6 (all of them IgG), featured a long CDR-L1 associated with Abs with greater affinity for protuberant antigens such as the GH loop of FMDV (5). The relevance of the aa positions near the RGD that shapes a linear epitope is undeniable (58). However, in this work, we demonstrated that different residues could have a very distinctive influence on the interaction of the studied Ab–Ag complexes.

Another distinguishing characteristic between the IgM and the IgG Ab is that the molecular modeled structure for mAbs 1E12 and 4A2 displayed a different topology at their paratopes. Specifically, top solutions for mAb 4A2 showed a concave paratope similar to IgG Ab models described for FMDV of serotype C [pdb 1EJO; (11)]. This feature differed from the 1E12 paratope (an Ab of IgM isotype), whose top-ranked molecular model presented a flatter topology of interaction for the same Ag, supporting the differential interaction data obtained by Seki et al. (16). In their work, both were neutralizing Abs, although 1E12 displayed a greater “poly-specificity,” as it was positively recognized by more AgSA mutations in FDMV isolates (16). In recent years, there has been a growing interest regarding the relevance of IgM to the FMDV host humoral response (60, 61). Experimental evidence indicates that virus neutralization in vaccinated or infected cattle could be greatly mediated by IgM subtype antibodies by means of thymus-independent humoral immune responses (62). In addition, we obtained more similar TSS patterns between the “IgG interactions” (Figures 6A,C) than the IgM 1E12–AgSA complex, which displayed a more mutation-permissive pattern. This contrasting feature could be associated with the above-referred differences at the paratope topology and the AgSA peptide orientation and insertion, concerning the Ab's grooves (Figure 5). This could be observed at the TTS differences for the four residues downstream of the RGD motif that build a short helical fold.

Our results suggest the existence of a typical structural diversity of the Ag–Ab modes of interaction at the FMDV AgSA, in contrast with a previous report for mAbs 4C4 and SD6 that showed a greater structural and functional homology at their interaction with a homolog AgSA ligand (FMDV of serotype C). Verdaguer et al. (11) argued the putative existence of a structural bias at the Ab repertoire for the interactions. An impediment in the host humoral response is associated with the presence of the viral RGD motif, which would be acting as a self-antigen (a motif found at several host processes and proteins). However, this contrasting finding could be also attributable to the different isotype nature of the Abs used in our study. For example, a strikingly high aa homology was found between mAb 4A2 with two IgG mAbs (F24G3 and F24G1), also active against A24 Cruzeiro AgSA, produced by another research group (63). In a multiple sequence alignment, the mAbs not only presented a great H chain homology but also contained identical aa sequences at their CDR3-H (Supplementary Figure 6) (64). These speculations coming from few examples should be further explored by detailed in vivo characterization.

In summary, we generated novel information related to the structural diversity of interactions between epitopes of the FMDV antigenic site and two FMDV Abs of IgM and IgG isotypes. The present work provides evidence about the different characteristics of both isotypes but also points out the similarities among the induced IgG ab structures. This information could be of great biotechnological relevance for the development of new antigens and vaccines with improved cross-protection features. These predictive models, combined with NGS repertoire antibody information, offer a promising tool for the FMDV epidemiology and vaccinology applications (64).
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Supplementary Figure 1. Ag-Ab modeling pipeline. The black outlined rectangles define input points of sequences to the protocol whereas, red, green, blue, and yellow colors refer to modeling stages for the Ag, mAbs, Ag-Ab complexes, and candidate mutational scoring, respectively.

Supplementary Figure 2. H chain-specific mapping of Ag-Ab contact probability. Contact probability at H chain residues of different Abs and FMDV ASA. Data are displayed as a probability contact over the H chains residues of the reference mAb 4C4 (green), and mAbs 4A2 (blue) and 1E12 (red). The contacts are presented from left to right as follows: A, non-bonded interactions; B, Hydrogen bridge interactions (polar) and C, hydrophobic interactions (apolar).

Supplementary Figure 3. L chain-specific mapping of Ag-Ab interaction probability. Non-bonded (NB) interaction probability data per aa residues of the L chains are depicted. The reference 4C4 mAb (green) plot is superposed to 4A2 mAb (blue; A) and 1E12 mAb (red; B) plots.

Supplementary Figure 4. Graphic output from the result page of the HADDOCK web server relative to three different molecular docking experiments. The panels display variable docking clusters obtained from 3 different docking inputs of the same FMDV peptide Ag. Single-state Ag input (A) and two different multiple-state Ag input molecular ensembles obtained after 10 (B) or 50 (C) x,y,z coordinates subtle perturbations cycles. The graphics are based on water-refined models generated by HADDOCK. The clusters (indicated in color in the graphs) are calculated based on the interface-ligand RMSDs assessed by HADDOCK, with the interface defined automatically according to all observed contacts. The various FCC, i-RMSD, and l-RMSD structural analyses are made with the best HADDOCK model (the one with the lowest HADDOCK score). Interface-RMSD (i-RMSD) calculated on the backbone (CA, C, N, O, P) atoms of all residues involved in intermolecular contact using a 10Å cutoff. Ligand-RMSD (l-RMSD) calculated on the backbone atoms (CA, C, N, O, P) of all (N > 1) molecules after fitting on the backbone atoms of the first (N = 1) molecule. The average values are calculated on the best 4 structures of each cluster (based on the HADDOCK score). Cluster averages and standard deviations are indicated by colored dots with associated error bars.

Supplementary Figure 5. Quality scores for Ab molecular models. The scoring, according to MolProbity, includes three metrics (cells in blue) with values that improve according to a scale of colors from red to green. The tables reflect data from 3 models for each of the mAbs 4A2 and 1E12, as well as data for the reference mAb 4C4.

Supplementary Figure 6. Multiple sequence alignment for anti-A24 cruzeiro FMDV mAbs. H-chain aa. sequence alignment between 4A2 mAb (seq. A41-HL) and 2 mAbs developed (F24G3 and G1) against the same FMDV strain. The red boxes indicate CDR1 regions.

Supplementary Table 1. List of mutant peptides. Mutations and RGD motifs are bold-highlighted. (*)Leu aa usage to contrast the Arg aa prevalence. (**)Pro and Tyr aa usage as chemical structure modifiers for the RGD +1 +4 short helix span.
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