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Abstract

Summary—Methods for antibody structure prediction rely on sequence homology to 

experimentally determined structures. Resulting models may be accurate but are often 

stereochemically strained, limiting their usefulness in modeling and design workflows. We present 

the AbPredict 2 web-server, which instead of using sequence homology, conducts a Monte Carlo-

based search for low-energy combinations of backbone conformations to yield accurate and 

unstrained antibody structures.

Availability & implementation—We introduce several important improvements over the 

previous AbPredict implementation: (1) backbones and sidechains are now modeled using ideal 

bond lengths and angles, substantially reducing stereochemical strain, (2) sampling of the rigid-

body orientation at the light-heavy chain interface is improved, increasing model accuracy, and (3) 

runtime is reduced 20-fold without compromising accuracy, enabling the implementation of 

AbPredict 2 as a fully automated web-server (http://abpredict.weizmann.ac.il). Accurate and 

unstrained antibody model structures may in some cases obviate the need for experimental 

structures in antibody optimization workflows.

Introduction

Antibodies are the main soluble component of the mammalian immune system and have the 

ability to bind a virtually boundless repertoire of molecules with exquisite specificity and 

affinity(Janeway, 2005). The antibody variable fragment (Fv) comprises two chains, light 

and heavy, in each of which three hypervariable complementarity-determining regions 

(CDRs) encode most of the interactions with ligands. The CDRs rest on a conserved 

framework, which provides structural stability. Structural diversity in the Fv is observed 

primarily in the CDRs, which vary in length, backbone conformation, and amino acid 

sequence. The rigid-body orientation (RBO) of the light relative to the heavy chain is 

another important degree of freedom that affects the conformation of the antigen-binding 
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site(Chailyan, Marcatili, & Tramontano, 2011). Owing to their versatility, antibodies are by 

far the most important class of protein used in biomedical research(Hattori et al., 2010; Nogi 

et al., 2008),(Lawson, 2012) and clinical applications(Li & Zhu, 2010; Reichert & Valge-

Archer, 2007; Vezina, Cotreau, Han, & Gupta, 2017).

Structure determination is often an essential step in optimizing antibody affinity, specificity, 

and stability; but structure determination is time-consuming and may fail, particularly with 

antibodies that are not stable enough to be produced to homogeneity in large quantities. 

Structure prediction may bypass this obstacle, providing a way to design improved antibody 

variants directly from sequence, but both high accuracy and stereochemical quality are 

essential prerequisites for reliable design. Most antibody structure-prediction methods use 

sequence homology to natural antibody structures to select backbones for modeling. 

Automated web-servers, such as RosettaAntibody(Sircar, Kim, & Gray, 2009), 

PIGS(Marcatili, Rosi, & Tramontano, 2008), and SAbPred(Dunbar et al., 2016), start by 

identifying the segments corresponding to the CDRs and framework in the query sequence; 

template structures from the Protein Data Bank (PDB) are then chosen for each segment by 

sequence identity and the resulting structure model is refined by energy minimization. 

Previous assessments of antibody structure-prediction methods noted that although models 

were accurate, stereochemical strain was often high(Almagro et al., 2014).

By contrast with sequence-homology based methods, we recently described AbPredict, 
which uses Rosetta to search for combinations of backbone conformations observed in 

natural antibody structures(Norn, Lapidoth, & Fleishman, 2017). In a benchmark, we found 

that in some cases AbPredict improved accuracy in conformationally diverse segments, 

including HCDR2 and 3, relative to homology-based methods. For example, one of our 

benchmark targets (PDB entry: 4KMT) is identical in sequence to the HCDR3 of another 

antibody, but the root-mean-square deviation (rmsd) between these two HCDR3 backbones 

is 2.7 Å. Instead of selecting the sequence-identical but conformationally distant HCDR3 

backbone, AbPredict selected as template an HCDR3 which exhibited <1 Å rmsd despite 

having ≤10% sequence identity to 4KMT(Norn et al., 2017). Furthermore, unlike many 

other methods(Weitzner, Kuroda, Marze, Xu, & Gray, 2014)-17, AbPredict does not require 

expert rules or post-filtering to produce accurate and unstrained models. These results 

encouraged us to further improve model accuracy, stereochemical quality, and runtime 

efficiency enabling the method’s implementation as a web-server (http://

abpredict.weizmann.ac.il).

Implementation

With the intent of developing a fully automated web-server for non-expert users, AbPredict 
2 only requires a fasta-formatted sequence of the query antibody. Starting from the query 

sequence, it uses HMMer(Eddy, 1998) to identify the sequences corresponding to the heavy 

and light variable domains and determine the type of light chain (λ or κ). Atomistic 

modeling starts with a random combination of four backbone fragments (two fragments for 

the Vl and Vh, which comprise CDRs 1 and 2 and the light and heavy chain framework 

regions, respectively, and two fragments for LCDR3 and HCDR3); it then threads the query 

sequence on the backbone fragments and performs a simulated annealing Monte-Carlo 
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search over all conformational degrees of freedom. In each conformational move, the 

method randomly samples from precomputed databases a backbone conformation belonging 

to the Vl, Vh, LCDR3, HCDR3 or the RBO, followed by combinatorial sidechain packing 

and sidechain and backbone minimization to reduce stereochemical strain(Lapidoth et al., 

2015). At the end of each trajectory, the lowest-energy structure sampled during the 

trajectory is selected. We introduced two improvements relative to the previous 

implementation of AbPredict. The previous AbPredict implementation used bond lengths 

and angles that were derived from a template antibody to model all query antibodies, leading 

to bias towards the template and to stereochemical strain in the models. By contrast, 

AbPrdict 2 models all backbone and sidechain bond lengths and angles with ideal values, 

substantially reducing stereochemical strain. Thus, the resulting structures produced by 

AbPredict 2 are more relaxed and therefore more suitable for downstream modelling, such 

as molecular-dynamics simulations or sequence design. Second, AbPredict 2 samples the 

RBO from a database of experimentally observed RBOs generated by superimposing all of 

the Fvs in the PDB on a common reference frame, thereby improving modeling accuracy. 

The server’s precomputed RBO and conformation databases are automatically updated as 

new antibody structures are deposited in the PDB, allowing for continued improvement in 

model quality as the PDB grows. Scripts, documentation, and instructions for executing 

AbPredict 2 independent of the web server are available in http://www.rosettacommons.org. 

Expert users may use this standalone version of AbPredict 2, which provides control over all 

modelling parameters, such as number of trajectories.

We analyzed the accuracy and stereochemical strain in models produced for eight query 

antibodies that were part of the AMA-II blind benchmark of antibody structure modeling 

methods(Almagro et al., 2014). For fair comparison, we eliminated from the conformation 

databases any structures deposited after the start of the AMA-II experiment (February, 

2014). All the top ranked models produced by AbPredict 2 deviated by <1.2 Å rmsd over 

backbone-carbonyl atoms (Fig. 1A). Furthermore, according to MolProbity(Davis, Murray, 

Richardson, & Richardson, 2004), the top models exhibited stereochemical quality that is 

expected of structures at resolutions <1.2 Å (Fig. 1B) — an improvement even relative to 

methods that used MolProbity as a model-selection criterion(Shirai et al., 2014; Weitzner et 

al., 2014). Hence, model structures from AbPredict 2 are at the level of accuracy of 

AbPredict and exhibit substantially improved stereochemical quality relative to the previous 

version of AbPredict and all methods that participated in the AMA-II benchmark. These 

improvements may in some cases allow reliable design based on AbPredict 2 models 

without requiring experimental structures(Baran et al., 2017).

We also improved the computational efficiency relative to the previous implementation of 

AbPredict. AbPredict 2 performs 50 simulated annealing Monte Carlo steps and a total of 

500 trajectories (instead of 150 and 3,000, respectively, in AbPredict), resulting in 20-fold 

reduction in runtime. Depending on server load, total runtime from query submission to 

structure models is under an hour. The 500 resulting models are clustered by carbonyl rmsd 

and the lowest-energy structures from the top-three clusters are presented as the predicted 

models using JSmol(Hanson, Prilusky, Renjian, Nakane, & Sussman, 2013). The three 

models are also provided as PDB-formatted structures for download. Exemplary models 

produced by AbPredict 2 are shown in Figure 1C-D.
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Figure 1. High accuracy and stereochemical quality in AbPredict 2 model structures.
(A) Comparison of models produced using AbPredict and the AbPredict 2 web-server for 

eight antibodies from the AMA-II benchmark, demonstrating similar model 

accuracy(Almagro et al., 2014). (B) Comparison of the MolProbity scores of AbPredict 
versus AbPredict 2 and all methods examined in the AMA-II benchmark(Almagro et al., 

2014), demonstrating improvement in the stereochemical quality of the model structures in 

AbPredict 2 relative to all others. Note that joa(Shirai et al., 2014) and jef(Shirai et al., 2014; 

Weitzner et al., 2014) use MolProbity scores as a model-selection criterion. MolProbity 

scores represent the crystallographic resolution at which structures with similar 

stereochemical quality are observed (lower scores are stereochemically better)(Chen et al., 

2010). The MolProbity score assesses sidechain and backbone dihedral outliers and steric 

overlaps. (C & D) Comparison of top anti-DNA Fv A52 model from the AbPredict 2 server 

(gold) and the crystal structure (PDB entry: 4M61, gray). Carbonyl rmsd: 0.6 Å, MolProbity 

score: 0.9.
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