Computational protocol

Side chain grafting and backbone grafting were executed as described in Silva et al. [1] Detailed protocols are available as part of the work from Silva et al. or a newer version is in included in the Rosetta workshop material from April 2019 [2]. We recommend using the most recent version of the reported protocols.

Input required for scaffold design:
1. Rosetta Software: Rosetta is a suite of programs for biomolecular modeling and design that can be downloaded from rosettacommons.org and is free for academic use [3, 4]. The Rosetta version used for this study was f66c697544177207b79cb60de513232df7a3f62c.
2. Starting structure with the epitope: Starting structure for the BDBV-MPER epitope was obtained from a structure of a BDBV-MPER peptide in complex with neutralizing antibody BDBV223 resolved at 3.7 Å (PDB-Id: 6n7j [5]). The motif TDKIDQIIHDFID used from BDBV-MPER contains residues 620-632 of the BDBV-GP sequence. 
3. A scaffold library of 2,460 structures from the PDB (as of September 2016) was prepared based on the following criteria: (i) crystal structures with high resolution (< 2.5 Å), (ii) protein was reported to be expressed in E. coli, (iii) has a single protein chain in its asymmetric unit, (iv) no bound ligands or modified residues. All 2,460 structures were relaxed with Rosetta by constraining the protein backbone to its start coordinates [6].

Three protocols were subsequently applied to the input: 
Side Chain Grafting. The scaffold library was computationally scanned for possible graft sites. This approach leads to minimal changes in the scaffold sequence leading to higher probability of correctly folded designs. However, surrounding residues on the scaffold that interacts with the context are designed for better interactions. The BDBV223 structure was used as the context and as motif was the 13 residue long alpha-helical structure of the BDBV-MPER peptide in the co-crystal structure defined (residue number 620-632) that are in direct contact with the binding antibody. Side chain grafting was performed using a Rosetta XML script as described in Silva et al. [1] The algorithm was allowed to shorten the motif by one residue on the N-terminal side during the alignment process along with full-length motif alignment onto the scaffold library backbones. After side chain grafting, scaffold residues within 8 Å of the context residues are allowed to be designed while the hotspot residues and context residues can only change rotamer conformations. One more round of design was performed after rigid body minimization of the complex. A set of 258 protein scaffolds qualified for transplanting the motif onto them. After analyzing the shape complementarity, ddG, graft_RMSD, buried unsatisfied hydrogen-bonding atoms in the interface and manual inspection of the resulting 258 grafts, five scaffolds (PDB-IDs: 1b0x [7], 3o3k [8], 4g3o [9], 4o7q [10] and 4o9f [11]) were selected with protein sequences shorter than 100 residues. Further rounds of design after manual inspection resulted in the redesign of two methionine residues in 1B0X to abolish 1B0X dimerization, as observed in the 1b0x crystal structure. Short-listed designs were checked for their foldability using de novo folding of the designed sequences. Seven designs, 1b0x_0001_0001, 1b0x_0001_0002, 3o3k_0001_0001, 4g3o_0001_0001, 4g3o_0001_0001, 407q_0001_0001 and 4o9f_0001_0001, from side chain grafting based on five different scaffolds were experimentally tested for their in vitro expression from E. coli.
Backbone Grafting. The scaffold search is rather different for backbone grafting as any secondary structure even with different length of amino acids can replace the scaffold backbone based on the N- and C-terminus alignment. Three designs steps involved in backbone grafting cover the design of scaffold residues within a hydrophobic core of up to 15 Å away from the interface, design of core and boundary residues that are up to 12 Å from the interface and optimization of all the scaffold residues that are 8 Å from the context surface. Initial screening of 2,459 scaffolds with MotifGraft_bb.xml (as explained in protocol capture) resulted in a grafting the 13 residues long alpha-helix motif onto 997 scaffolds. In many designs, helical segments of the scaffold were replaced by helical motif but in other scaffolds a non-helical part of the structure was replaced by the motif. Designs were filtered based on binding energy, high shape complementarity and low number of buried unsatisfied hydrogen bond atoms and manual inspection. MultiplePoseMover was used for backbone grafting of the helical motif onto scaffolds: 1b0x [7], 2qvo [12], 3o3k [8] and 4g3o [9] to generate more designs. Two designs from 1b0x scaffold were tested for potential folding ability using de novo folding (1b0x_0001_0003.pdb and 1b0x_0001_0005.pdb). Three designs were selected from the backbone grafting approach for in vitro protein expression: 1b0x_0001_0003, 3o3k_0001_0002 and 4g3o_0001_0003. 

FoldFromLoops. (Note that FoldFromLoops has been replaced by FunFolDes [13], a newer XML-executable version of the protocol, that now should be used instead of FoldFromLoops). In this method, the user defines the segment in the template protein, which will be replaced by the functional motif, which in our case is the alpha-helix of the BDBV-MPER peptide The final scaffold design is restrained to the same three–dimensional structure as template protein even though the sequence can be totally redesigned [14]. Only one design was selected from this method, using 1b0x as scaffold. All resulting designs were selected based on Rosetta total score, RMSD to the template protein structure, binding affinity to BDBV223, shape complementarity, number of unsaturated H-bonds and manual inspection in PyMOL. 

In total, eleven designs based on five different starting scaffolds with amino acid lengths < 100 were tested for expression and binding affinity to BDBV223. Seven among them were from side chain grafting, three from backbone grafting and one from FoldFromLoops. 4g3o_0001_0001, 3o3k_0001_0002 and 3o3k_0001_0001 did not express. 4g3o_0001_0002 and 1b0x_0001_0001 expressed but poorly. ffl-1b0x_0165, 4o9f_0001_0001, 4o7q_0001_0001 expressed. 1b0x_0001_0002 expressed very well. 4g3o_0001_0003, 1b0x_0001_0003, ffl-1b0x_0165, 1b0x_0001_0002, 4o9f_0001_0001 and 4o7q_0001_0001 designs were tested for binding to BDBV223. 1b0x_0001_0002 bound to BDBV223, BDBV340 and BDBV317 as well. 1b0x_0001_0001 did not show any binding, with 1b0x_0001_0002 being the optimized version of 1b0x_0001_0001 where two methionine residues were mutated to other hydrophobic residues because they are known to cause dimerization of the Eph SAM domain. 
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