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            Abstract
A central question in protein evolution is the extent to which naturally occurring proteins sample the space of folded structures accessible to the polypeptide chain. Repeat proteins composed of multiple tandem copies of a modular structure unit1 are widespread in nature and have critical roles in molecular recognition, signalling, and other essential biological processes2. Naturally occurring repeat proteins have been re-engineered for molecular recognition and modular scaffolding applications3,4,5. Here we use computational protein design to investigate the space of folded structures that can be generated by tandem repeating a simple helixâ€“loopâ€“helixâ€“loop structural motif. Eighty-three designs with sequences unrelated to known repeat proteins were experimentally characterized. Of these, 53 are monomeric and stable at 95â€‰Â°C, and 43 have solution X-ray scattering spectra consistent with the design models. Crystal structures of 15 designs spanning a broad range of curvatures are in close agreement with the design models with root mean square deviations ranging from 0.7 to 2.5â€‰Ã…. Our results show that existing repeat proteins occupy only a small fraction of the possible repeat protein sequence and structure space and that it is possible to design novel repeat proteins with precisely specified geometries, opening up a wide array of new possibilities for biomolecular engineering.
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                    Figure 1: Schematic overview of the computational design method.[image: ]


Figure 2: The helical repeat protein universe.[image: ]


Figure 3: Characterization of designed repeat proteins.[image: ]


Figure 4: Crystal structures of 15 designs are in close agreement with the design models.[image: ]
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                Data deposits

                Crystal structures have been deposited in the RCSB Protein Data Bank with the accession numbers 5CWB (DHR4), 5CWC (DHR5), 5CWD (DHR7), 5CWF (DHR8), 5CWG (DHR10), 5CWH (DHR14), 5CWI (DHR18), 5CWJ (DHR49), 5CWK (DHR53), 5CWL (DHR54), 5CWM (DHR64), 5CWN (DHR71), 5CWO (DHR76), 5CWP (DHR79) and 5CWQ (DHR81).
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Extended data figures and tables

Extended Data Figure 1 Computational protocol for designing de novo repeat proteins.
a, Flowchart of the design protocol. The green box indicates user-controlled inputs, the grey boxes represent steps where protein structure is created or modified, and the white boxes indicate where structures are filtered. b, Low-resolution backbone build. c, Quick full-atom design (grey) improves the backbone model (red). The superposition in the middle highlights the structural changes introduced. d, Structural profile: a 9-residue fragment is matched against the Protein Data Bank repository for structures within 0.5â€‰Ã… r.m.s.d. The sequences from these structures are used to generate a sequence profile that influences design. e, Packing filters were used to discard designs with cavities in the core, illustrated as grey spheres.


Extended Data Figure 2 Repeat space explored and model discrimination across design stages.
aâ€“c, Percentage of models accepted at backbone building or centroid (a), design (b) and ab initio (c) stages. Models are divided according to secondary structure length. The combination of loop 1 and loop 2 lengths is indicated on top. x and y axis indicate helix 1 and helix 2 lengths, respectively. The fraction of models in the bin that passed the selection stage is indicated in the side bar. Generally, one-residue loops and large differences between helix lengths reduce the number of selected models. d, Distribution of radius and twist of models in the three stages. e, Number of models passing design stages (log scale). From ~2.8 million structures, 761 are accepted.


Extended Data Figure 3 Model validation by in silico folding.
To assess folding robustness seven sequence variants were made for each design. aâ€“g, Illustrate the energy landscape explored by Rosetta ab initio. In red are the protein models produced by ab initio search, in green by side-chain repacking and minimization (relax). Models in deep global energy minima near the relaxed structures are considered folded. The variant with highest density of ab initio models near the relax region was chosen for experimental characterization (blue box). h, Jalview sequence alignment of the first 100 residues of the variants. The yellow bar height indicates sequence conservation, while the black bar represents how often the consensus sequence occurs.


Extended Data Figure 4 Distribution of DHR axial displacement (z) and twist (Ï‰).
Parameters for repeat protein family representatives were extracted as described in the Supplementary Information. The DHR models are the 761 proteins validated by in silico folding.


Extended Data Figure 5 Superposition between single internal repeats (second repeat) of designs (grey) and crystal structures (yellow).
Aliphatic and aromatic side chains are in red and cysteines are in orange. DHR7 and 18 show intra repeat disulfide bonds while DHR4 and 81 form inter-repeat cystines. DHR5 does not form the expected Sâ€“S bond. Core side chains in design recapitulate the conformation observed in the crystal structures. Even when the backbone is shifted (for example, DHR5, 8, 15), rotamers are by large correctly predicted.


Extended Data Figure 6 Structural validation by SAXS.
a, Vr values for the fit of SAXS profiles to design models, in dark grey, and crystal structures, in yellow. For 43 designs, models are within the range defined by crystal structures. DHR49 and DHR76 form dimers in solution and the models employed the configuration observed in the crystal structures. Designs showing aggregation on the scattering profiles, including DHR5 for which the structure was solved, were not included in this figure. b, c, Pairwise Vr similarity maps30 of 43 design models. b, Experimental-to-model profile similarity (b) and model-to-model profile similarity (c). Models that are similar to each other show correlation off-diagonal in c, and the same pattern is observed when compared to experimental data in b. The order of display was obtained by clustering the original designed models by structural similarity. The ability to reproduce characteristic patterns within a large set of designs indicates that the models are capturing the relative structural similarities between proteins in solution. The scores are colour coded with red indicating best agreement and white lack of agreement.


Extended Data Figure 7 Designs are stable to chemical denaturation by guanidine hydrochloride (GuHCl).
Circular-dichroism-monitored GuHCl denaturant experiments were carried for two designs for which crystal structures were solved (DHR4 and DHR14), two with overall shapes confirmed by SAXS (DHR21 and DHR62), and two with overall shapes inconsistent with SAXS (DHR17 and DHR67). In contrast to almost all native proteins, four of the six proteins do not denature at GuHCl concentrations up to 7.5â€‰M. Both designs not confirmed by SAXS were extremely stable to GuHCl denaturation and hence are very well-folded proteins; the discrepancies between the computed and experimental SAXS profiles may be due to small amounts of oligomeric species or variation in overall twist.


Extended Data Figure 8 Structural similarity between DHRs and repeat protein families.
DHRs cluster separately from existing repeat proteins. DHRs are equally distributed between right-handed and left-handed repeats, as referred to the repeat handedness, in contrast to known Î±-helical repeat proteins, which are mostly right-handed. This result indicates that the handedness observed in known families is not an intrinsic limitation of repeat proteins structures. Repeat handedness, as defined by Kobe and Kajava6, indicates the rotation of the main chain going from the N- to the C-terminal around the axis connecting the repeat centres of mass. The structural similarity tree was built using pairwise comparison as measured by TM-score.


Extended Data Figure 9 Extended versions of models validated by SAXS and crystallography.
DHRs were characterized as containing four repeats but the number of internal repeats can be increased without additional design steps. Extended models highlight the differences in twist and radius between the validated designs.
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        Editorial Summary
Tandem repeat proteins by design
Repeat proteins are composed of multiple tandem copies of a modular structure unit and are widespread in nature, playing critical roles in molecular recognition, signalling, and other essential biological processes. In natural repeat proteins, the interactions between adjacent units define the shape and curvature of the overall structure.
Two papers published in this issue of Nature describe the design of geometrically unconstrained, open tandem repeat arrays.
 David Baker and colleagues used computational protein design to generate a series of proteins containing repeats of a simple 'helix-loop-helix-loop' structural motif. Data from 43 proteins with solution X-ray scattering spectra, and 15 structures of the designed proteins, show that these non-natural repeat proteins have a broad range of curvatures and that their overall structures are in close agreement with design models.
 Philip Bradley and colleagues used computational protein design to synthesize a series of alpha-solenoid/toroid structures that have various radii and different sized 'holes'. The authors solved X-ray crystal structures of four of the designed proteins and determined that their overall structures are in close agreement with the design models.
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