Delineating epitopes of monoclonal and polyclonal antibodies by screening phage-displayed random peptide libraries
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Abstract
Detailed knowledge of antigenic determinants is crucial when characterizing therapeutic and diagnostic antibodies, assessing vaccine effectiveness and developing epitope-based vaccines. Unfortunately, most epitope mapping approaches are labor intensive and costly. In this study, we evaluated panning of phage-displayed random peptide libraries against antibodies as a tool for cognate epitope identification. We used six antibodies directed to three model protein antigens as targets to show that the approach is applicable to both mono- and polyclonal antibodies. The technique is well-suited especially for identification of linear epitopes. Mapping of conformational epitopes is more challenging, tends to be more subjective and requires use of computational tools. Nevertheless, when combined with functional data such as structure-activity relationship of antigen muteins, one can make reliable conformational epitope predictions based on phage display experiment data.
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1. Introduction
Proteins generally make good immunogens owing to their structural complexity and relatively high molecular mass. Furthermore, in contrast to lipids, nucleic acids and polysaccharides, proteins elicit strong humoral responses due to involvement of helper T cells in stimulation of lymphocytes B to become antibody-producing plasma cells. It is thus not surprising that most antigens are proteins in nature. Protein-derived B cell antigenic determinants can be fairly large with a surface area of above 1000 Å2.1 However, only a handful of amino acid residues typically engage into energetically relevant interactions with the antibody binding site, constituting the so called functional epitope.2 Such an epitope is considered linear if its residues are arranged in sequential fashion. If, on the other hand, the hot-spot residues are located on separate regions of primary structure but are brought into close proximity by specific polypeptide chain fold, the epitope is regarded as conformational (or discontinuous). Detailed understanding of proteins’ epitopes is essential for characterization of therapeutic antibodies3,4 and design of epitope-based vaccines.5 In addition, epitope mapping enables insight into vaccine effectiveness.6 
There are a number of experimental approaches for identifying epitopes to which antibodies are directed (reviewed in ref7). Co-crystallization and determination of antigen-antibody complex structure represents the gold standard of epitope mapping as it is the most informative, but it often fails and is costly.8 Systematic site-directed mutagenesis and subsequent analysis of antibody-mutein interaction strength can also provide detailed information on epitope structure, but is very laborious.9 Another approach, called epitope excision, relies on limited proteolysis of the antigen when bound to an antibody, shielding it from the protease, and identification of resulting peptides by mass spectrometry.10 A related method, termed epitope extraction, is based on initial partial digestion of the free antigen and subsequent capture of resulting peptides by immobilized antibodies.10 Both techniques require fairly sophisticated equipment and can only identify linear epitopes. Combinatorial approaches for mapping epitopes were also described. Geysen et al. developed a procedure dubbed pepscan, wherein the antigen is broken down to a series of overlapping synthetic peptides and the fragments are analyzed for antibody binding using enzyme-linked immunosorbent assay (ELISA).11 Alternatively, antigen gene fragments can be cloned into a phage display vector to be expressed on the viral capsid.12 Gene fragment library is than panned against an antibody to enrich for linear peptide epitopes. Both, pepscan and gene fragment phage libraries are individual antigen-specific and need to be constructed anew for each antigen. Finally, phage display libraries of random peptides are also used for epitope mapping.13 Compared to synthetic peptide libraries, biological libraries can be several-fold larger; therefore even for a phage library of random peptides there is a reasonably high likelihood of containing epitope mimetics. A convenient feature of random peptide libraries is that they are universal (i.e., a single one can be applied to mapping epitopes of antibodies directed against diverse antigens). Although only linear epitopes can be unambiguously identified in this manner, there are computational approaches that can aid in mapping peptide epitope mimetics to three-dimensional structure of protein antigens.14,15
Vendors of commercial antibodies often do not characterize their products in terms of exact epitopes that the antibodies recognize or this information is not disclosed to customers. Yet, there are times when knowing the binding site of an antibody is crucial, e.g. to avoid competition for the same determinant in two-site immunoassays. Here, we present data on epitope mapping by random peptide phage library screening of six commercial antibodies (2 monoclonal and 4 polyclonal) directed against three model polypeptides: chemokine CCL2 and adipokine leptin (two proteins with compact fold), and ghrelin, a peptide hormone with poorly defined secondary structure in aqueous solutions. Affinity selections against all six antibodies yielded peptide epitope mimetics that were in turn aligned to antigen structure. We demonstrate that the approach is applicable to both monoclonal and polyclonal immunoglobulins, albeit epitopes bound by monoclonal antibodies can be in general mapped with higher reliability. Mapping of linear epitopes is fairly straightforward, whereas identification of conformational ones requires computational analysis of data and tends to be subjective. Nevertheless, the predicted conformational epitope recognized by the neutralizing antibody against CCL2 agrees well with the data on surface residues crucial for binding to cognate receptor from mutagenesis studies.

2. Experimental
2.1 Phage library screening
Phage-displayed random peptide libraries were panned against individual antibodies (Table 1) essentially as previously described.16 Each antibody was probed with a library of linear (Ph.D.-12) and cyclized peptides (Ph.D.-C7C; New England Biolabs). Bound phages were eluted with acidic buffer. After 3 rounds of affinity selection individual clones were screened by ELISA for binding to target antibody. Oligonucleotide inserts encoding displayed peptides were sequenced to reveal epitope mimetics.


Table 1: Antibodies used as targets in affinity selection experiments.
	Antigen
	Company
	Catalogue No.
	Clone
	Host/IgG isotype

	ghrelin
	Santa Cruz Biotechnology
	sc-10368
(in-house affinity purified)
	polyclonal
	goat

	leptin
	R&D Systems
	MAB398
	44802
	mouse/IgG1

	
	R&D Systems
	AF-398
	polyclonal
	goat

	CCL2
	Abcam
	ab9669
	polyclonal
	rabbit

	
	Abcam
	ab18678
	S101
	mouse/IgG1

	
	R&D Systems
	AF-279-NA
	polyclonal
	goat



2.2 Mapping of epitope mimetics to antigen structure
For linear epitopes, peptides were aligned to antigens’ primary structure. Peptides selected against antibody ab18678 showed no significant homology to CCL2 and were inferred to represent mimetics of conformational epitope. They were mapped to structural model of CCL2 (PDB code 3IFD)17, respectively, using Pepitope14 and Episearch servers.15

2.3 Recombinant CCL2 expression
Human CCL2 gene18 (plasmid ID HsCD00001488) was procured from Harvard PlasmID Database, subcloned into the pET44 plasmid and expressed in Escherichi coli BL21 DE3 with C-terminal His-tag. Cells were lysed by sonication and lysate was diluted in 20 mM phosphate pH 7.4, 4 M guanidinuim chloride, 10 mM imidazole. Lysate was filtered and denatured CCL2 in monomeric form was isolated using immobilized-metal affinity chromatography (HisTrap column) followed by denaturing size-exclusion chromatography (dSEC; Sephacryl S200 16/60 HR column) on Äkta Explorer 10 FPLC System (GE Healthcare). Finally, CCL2 was refolded using dialysis against a series of 20 mM phosphate buffers pH 7.4 with initial glutathione content (2 mM and 0.4 mM reduced and oxidized form, respectively) and progressively lowering guanidinium concentration from 4 to 0 M over 2 days. Refolded CCL2 was analyzed by SEC (Superdex S-200 10/300 column, GE Healthcare) and CD spectroscopy (62A DS spectrometer, Aviv Biomedical); data not shown.

2.4 Immuno-dot-blot assay to confirm conformational nature of epitope recognized by antibody ab18678
Four 5-fold dilutions of recombinant CCL2 were prepared either in PBS buffer alone or PBS supplemented with 1 % sodium dodecyl sulfate and 100 mM dithiothreitol. Two microliters of each dilution were spotted on a 1 cm strip of nitrocellulose membrane and probed with either ab9669 or ab18678 at 1 µg/mL, and detected with secondary antibodies (goat anti-rabbit IgG-HRP conjugate (Millipore) or goat anti-mouse IgG/A/M-HRP conjugate (Thermo Fischer), respectively).

3. Results and Discussion
In this study, we set out to map epitopes of 3 model polypeptide antigens as recognized by different neutralizing antibodies using phage-displayed random peptide libraries’ screening. All the antibodies were raised against whole recombinant proteins, therefore no assumptions on epitope structure that they interact with could be made in advance. Each target was probed with 2 libraries; one containing random dodecapeptides, and the other comprising conformationally constrained cyclic peptides of the CX7C general structure, where X is any of the 20 proteinogenic amino acids. We reasoned that cyclization might be beneficial in certain cases as some cyclized peptides efficiently mimic secondary structural elements19 or engage into stronger interactions due to preorganized binding structure (resulting in thermodynamically favorable lower loss of entropy).20
Affinity selected peptides aligned to cognate antigens’ structure are depicted in Fig. 1. With the exception of monoclonal antibody ab18678, all the antibodies appear to bind linear epitopes. In panning experiments against the polyclonal antibody AF-398 we enriched a number of peptides that presumably mimic leptin’s discontinuous determinants alongside linear epitope mimetics. It is plausible that subpopulations of other polyclonal antibodies, especially the ones directed against proteins with well-defined tertiary structures (i.e., ab9669 and AF-279-NA), recognize conformational epitopes as well, even though we failed to detect their mimetics. Indeed, it is very likely that in screening phage libraries against a pool of antibodies, peptide mimetics of linear epitopes are preferentially selected.
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Figure 1: Affinity-selected epitope-mimicking peptides mapped to antigens’ structures. Epitopes recognized by individual antibodies are color coded: red – ab9669, blue – AF-279-NA, pink – ab18678, green – AF-398, turquoise – MAB398, violet – sc-10368. In cyclized peptides cysteines forming disulfide bonds are underlined. Antigenic determinants bound by AF-279-NA, ab18678, AF-398 and MAB398 are depicted as space-filling models on ribbon diagrams of CCL2 (PDB code 3IFD)17 and leptin (PDB code 1AX8).21

Peptide hormone ghrelin lacks a well-defined secondary structure in solution22, thus we expected the polyclonal antibody sc-10368 to recognize solely linear epitopes. Indeed, the epitope was mapped to an internal region of ghrelin with the motif ExxKPP most strongly enriched in affinity-selected peptides. Alongside 7 linear and one cyclic peptide that recapitulated the epitope well, 2 structurally related cyclic peptides with relatively low homology to ghrelin were identified. The latter were considered typical mimotopes (i.e., their constrained structure presumably fits the antibody paratope despite poor sequence similarity to the true epitope).23
Polyclonal antibody ab9669 binds to unstructured N- and C-termini of CCL2. The N-terminal residues of CCL2 were previously shown to be crucial for receptor activation24,25, which would explain the neutralizing nature of antibody. Again, several linear peptides were identified that map well to the N-terminal segment of the chemokine, while cyclized mimotopes display only weak resemblance to primary structure of CCL2.
Antibodies AF-279-NA and MAB398 recognize linear epitopes – loops in CCL2 and leptin, respectively. Affinity selections against AF-279-NA yielded 4 linear and a cyclic peptide. The cyclized peptide better recaps the determinant, indicating the importance of cysteines for loop mimicry. Previous mutagenesis analysis of CCL2 showed that Arg24 located within the loop plays an important role in receptor binding25, revealing why AF-279-NA neutralizes CCL2 activity. For monoclonal antibody MAB398 only cyclized peptide epitope mimetics of the short loop that connects helices B and C of leptin were identified. As this segment of the hormone does not directly contact leptin receptor26, we assume that MAB398 neutralizes leptins’s activity via sterically blocking adjacent receptor-interacting residues located in helix C.
Twelve peptides binding to anti-leptin polyclonal antibody AF-398 were identified, among which one was mapped to the unstructured N-terminus and 5 to the long loop connecting helices C and D. All loop epitope-mimicking peptides were cyclic; even the one selected from random dodecapeptide library contained a pair of cysteines, suggesting this feature was crucial for peptides to adopt this specific conformation. In addition, panning to AF-398 gave 6 peptides that bore no homology to leptin nor were they similar to each other. Lack of any consensus motif, likely because the peptides mimicked different determinants, made reliable mapping of these mimotopes impossible and they were not pursued further. Assaying and sequencing a larger number of phage clones following affinity selection or applying parallel sequencing technology to characterize pools of enriched phage clones might still lead to identification of sets of structurally related peptides from which one could attempt to identify epitopes computationally.
Screening of peptide libraries against the monoclonal antibody ab18678 resulted in enrichment of 4 linear peptides that could not be aligned to CCL2 amino acid sequence but shared the consensus motif PYK(A/Y)D. To check whether the antibody recognizes linear or conformational epitope (and hence whether the identified peptides are mimotopes of linear or discontinuous determinant), we expressed the antigen in E. coli and performed a dot-blot assay of ab18678 interaction with the native and denatured CCL2 (Fig. 2). The monoclonal antibody only bound the native antigen, suggesting that the epitope was conformational. In comparison, the polyclonal antibody ab9669 also bound CCL2 in denatured form. In fact, this antibody produced higher signals when exposed to denatured CCL2, which is in agreement with its epitopes being linear.
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Figure 2: Immuno-dot-blot assay of polyclonal antibody (pAb) ab9669 and monoclonal antibody (mAb) ab18678 interaction with denatured and native forms of recombinant CCL2. 

To identify from affinity selected peptide mimotopes the residues on CCL2 that form the functional epitope recognized by ab18678, we resorted to computational analysis. We used 2 programs that use different algorithms for mapping sets of peptides, binding to antibody paratopes, onto a three-dimensional structure of antigens; Episearch15 and Pepitope.14 Both singled out the same set of 3 surface exposed residues on CCL2; Pro37 and Lys38 contained within the loop connecting the first and the second beta sheet, and the adjacent Tyr13), while Episearch additionally proposed that aspartic acid in enriched motif might mimic Glu39. Among these residues, Y13 is absolutely essential for CCL2 binding to its cognate receptor as Y13 conversion to alanine reduced affinity by 2 orders of magnitude compared to the wild-type chemokine.25 Mutation of Lys38 had a smaller but still measurable effect.25 The predicted conformational epitope is thus supported by mutagenesis data on CCL2 biological activity.

4. Conclusions
We panned phage-displayed libraries of random peptides against a number of model antibodies to identify their cognate epitopes. Epitopes recognized by monoclonal antibodies were reliably mapped to protein antigens’ structure even when the epitope was conformational. Polyclonal antibodies by definition interact with diverse epitopes of a single antigen and indeed we typically enriched sets of structurally unrelated peptides in experiments where polyclonal antibodies were used as targets. While mapping of linear epitope mimetics recognized by polyclonal antibodies was straightforward, mimotopes of conformational epitopes turned out to be rather challenging. This was due to lack of any amino acid consensus motif in enriched peptides which likely suggest mimicry of different epitopes. We note that with most polyclonal antibodies mimetics of linear epitopes were preferentially selected. Even though we failed to enrich mimetics of conformational epitopes with some polyclonal antibodies, we cannot rule out that their subpopulations do bind discontinuous determinants.
Finally, we demonstrate the importance of screening peptide libraries of different designs, such as constrained and non-constrained peptides, when attempting to map epitopes. While some epitopes were preferentially mimicked by linear peptides, others (typically linear epitopes harbored within loops) were efficiently recapped only by cyclized peptides.
In conclusion, screening of random peptide phage libraries against antibodies is a convenient approach to map cognate epitopes. It is fast (takes less than 2 weeks) and relatively inexpensive compared to alternative methods which either require sophisticated equipment or extensive labor input to produce antigen-specific tools for epitope mapping (e.g. antigen muteins, gene fragment or peptide fragment libraries). We therefore suggest the described approach be tried initially when characterizing antibodies. Complementary methods should later be used to validate the deduced epitopes.
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