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            Abstract
There has been considerable recent progress in protein structure prediction using deep neural networks to predict inter-residue distances from amino acid sequences1,2,3. Here we investigate whether the information captured by such networks is sufficiently rich to generate new folded proteins with sequences unrelated to those of the naturally occurring proteins used in training the models. We generate random amino acid sequences, and input them into the trRosetta structure prediction network to predict starting residueâ€“residue distance maps, which, as expected, are quite featureless. We then carry out Monte Carlo sampling in amino acid sequence space, optimizing the contrast (Kullbackâ€“Leibler divergence) between the inter-residueÂ distance distributions predicted by the network and background distributions averaged over all proteins. Optimization from different random starting points resulted in novel proteins spanning a wide range of sequences and predicted structures. We obtained synthetic genes encoding 129 of the network-â€˜hallucinatedâ€™ sequences, and expressed and purified the proteins in Escherichia coli; 27 of the proteins yielded monodisperse species with circular dichroism spectra consistent with the hallucinated structures. We determined the three-dimensionalÂ structures of three of the hallucinated proteins, two by X-ray crystallography and one by NMR, and these closely matched the hallucinated models. Thus, deep networks trained to predict native protein structures from their sequences can be inverted to design new proteins, and such networks and methods should contribute alongside traditional physics-based models to the de novo design of proteins with new functions.
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                    Fig. 1: Overview of protein hallucination approach.[image: ]


Fig. 2: Overview of computational results.[image: ]


Fig. 3: Experimental characterization of Î±-helical network-hallucinated proteins.[image: ]


Fig. 4: Experimental characterization of network-hallucinated proteins with mixed Î±â€“Î² structures.[image: ]


Fig. 5: Structural analysis of network-hallucinated proteins.[image: ]
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                Data availability

              
              The atomic coordinates of the crystal structures for designs 0217 and 0738_mod, as well as the NMR structure for design 0515 have been deposited in the RCSB Protein Data Bank with the accession numbers 7K3H, 7M0Q and 7M5T, respectively. NMR chemical shifts, NOESY peak lists, and spectral data have been deposited in the BioMagResDB, BMRB ID 30890. Amino acid sequences and structure models for all 2K designs described in the manuscript are freely available for download at https://files.ipd.uw.edu/pub/trRosetta/hallucinations2K.tar.gz. Amino acid sequences and 3D structures of the generated designs were compared to known protein sequences and structures in UniProt (https://ftp.uniprot.org/pub/databases/uniprot/previous_releases/release-2017_12/uniref/) and the Protein Data Bank (11 March 2020), respectively.

            

Code availability

              
              The computer code used to generate the hallucinated proteins described in the manuscript was made publicly available as a part of trDesign Github package (https://github.com/gjoni/trDesign); corresponding structural models were generated by the trRosetta structure modelling script available for free download at https://yanglab.nankai.edu.cn/trRosetta/download/. The Rosetta software suite was used to perform ab initio prediction calculations. Rosetta is freely available for academic users on Github, and can be licensed for commercial use by the University of Washington CoMotion Express License Program.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of the hallucinated designs to proteins with known structure and of similar length (100 +/âˆ’ 10 aa) from the trRosetta training set.
a,b) Multidimensional scaling plots of the sequence (a) and structure (b) spaces covered by the 2,000 hallucinated proteins (blue dots) along with 1,110 proteins of similar length from the trRosetta training set (red dots). These scatter plots show that subspaces spanned by hallucinated proteins and natural proteins of similar size (100 +/âˆ’ 10 aa) are quite distinct; the network is not simply recapitulating native proteins of the same length. Soluble and structurally characterized hallucinations are marked by black and magenta dots respectively. c,d) Distributions of pairwise structure (c) and sequence (d) similarities for hallucinated and natural proteins. The hallucinated proteins are more similar to each other (blue lines) than they are to natural proteins (grey lines). e) Sequence comparisons (gappless threading) of fragments of various size (15,20,...,60 aa) from the hallucinated designs (blue) and natural 100 (+/âˆ’ 10) aa-long proteins (red) to other proteins from the trRosetta training set. There is no apparent tendency for the trRosetta-based design procedure to â€œcopy overâ€� sequence fragments from the proteins in the training set into the hallucinated designs. f,g) Secondary structure content of the hallucinated designs and natural 100 aa-long proteins from the training set. Hallucinations are more ideal than natural proteins in having less loops but longer secondary structure elements.


Extended Data Fig. 2 Additional data on the experimentally characterized all-Î± and mixed Î±â€“Î² network-hallucinated proteins.
a,e) Dendrograms showing representative hallucinated protein designs clustered by TM-score; thermostable designs with CD spectra consistent with the target structure are labelled by their IDs. b,f) Three-dimensional models of the hallucinated designs. c,g) Predicted distance maps at the end of the hallucination trajectory. d,h) Temperature dependence of CD signal at 220 nm in the 25-95 Â°C temperature range.


Extended Data Fig. 3 Additional examples of thermostable hallucinations with CD spectra consistent with the target structure.
a,g) 3D structure models of the hallucinated designs. b,h) Predicted distance maps at the end of the hallucination trajectory. c,i) ab initio folding funnels from Rosetta. d,j) Size-exclusion chromatography traces. e,k) Circular dichroism spectra at 25â€‰Â°C (blue) and 95â€‰Â°C (red). f,l) Temperature dependence of Circular Dichroism signal at 220 nm in the 25 to 95â€‰Â°C temperature range.


Extended Data Fig. 4 Comparison of 0515 NMR structure to hallucinated model.
a) Superposition of hallucinated model (blue) and NMR medoid structure (gray) of 0515 reveal 1.82 Ã… backbone r.m.s.d. over 100 residues b) Hallucinated model of 0515 colored by distance between CÉ‘-CÉ‘ pairs between model and NMR medoid structure after structural superposition and b) corresponding plot of per-residue CÉ‘-CÉ‘ distance difference between model and NMR medoid structure.


Extended Data Fig.5 Structural analysis of 0217 and comparison to hallucinated model.
a) Representative electron density (2Fo-Fc, 1ð�ž‚) over entire asymmetric unit (left) and core packing regions (right) of hallucination 0217. b) Both chains of the crystal structure colored by B-factor. c) Structural superposition of chains observed in the asymmetric unit reveal a 2.8 Ã… backbone r.m.s.d. â€‰over 91 residues. d) Crystal lattice contacts for chain A (green) and chain B (yellow) may explain structural differences observed between chains. Circled regions highlight where chain A is an ordered helix-loop-helix and chain B is disordered. e) Hallucinated model of 0217 colored by distance between CÉ‘-CÉ‘ pairs between model and crystal structure after structural superposition and corresponding plot of per-residue CÉ‘-CÉ‘ distance difference between model and crystal structure. f) Structural superposition of the hallucinated model and chain B of the 0217 crystal structure (left), 0217 model colored by CÉ‘-CÉ‘ distance between hallucination and crystal structure (middle), and per residue CÉ‘-CÉ‘ distance between hallucination and crystal structure per residue (right).


Extended Data Fig. 6 Structural analysis, NMR characterization, and SEC analysis of hallucinated sequence 0417.
a) Hallucinated model with surface hydrophobics shown as sticks and b) [1H-15N]-SOFAST-HMQC spectra of hallucinated sequence 0417 before (red) and after (blue) buffer optimization. Spectrum before optimization (red) was obtained using a protein concentration of ~0.3 mM at 298K in 20 mM Tris-HCl, pH 7.2, 100 mM NaCl and spectrum acquired after optimization (blue) was obtained using a protein concentration of ~0.3 mM, at temperature of 323 K in a buffer of 20 mM sodium phosphate at pH 6.5, 50 mM NaCl, and 20% glycerol. The NMR data are consistent with a folded structure containing a mix of alpha and beta secondary structure. Even under optimized conditions, there is still evidence of exchange broadening (e.g. Trp side chain NÎµHs are weak), resonances that appear only at high temperature and high glycerol concentrations, and some resonances that are doubled; all indications of transient self-association. c) Size-exclusion chromatography trace of 0417 displays a small additional peak corresponding to a larger oligomeric species which corroborates the NMR analysis.


Extended Data Fig. 7 Structural analysis of 0738_mod and comparison to hallucinated model 0738.
a) Representative electron density (2Fo-Fc, 1ð�ž‚) over entire asymmetric unit (left) and core packing regions (right) of hallucination 0738_mod. b) Both chains of the crystal structure colored by B-factor. c) Structural superposition of the hallucinated model and chain A of the 0738_mod crystal structure (left), 0738_mod model colored by CÉ‘-CÉ‘ distance between hallucination and crystal structure (middle), and per residue CÉ‘-CÉ‘ distance between hallucination and crystal structure per residue (right). d) Hallucinated model of 0738_mod colored by distance between CÉ‘-CÉ‘ pairs between model and crystal structure after structural superposition and corresponding plot of per-residue CÉ‘-CÉ‘ distance difference between model and crystal structure.


Extended Data Fig. 8 NMR and biochemical analysis of hallucinated sequences 0515, 0738_mod, and 0217.
a) 1H-15N heteronuclear NOE (hetNOE) histograms for 0515 (82 non-overlapped peaks), 0738_mod (144 peaks), and 0217 (47 peaks), together with their average values. 1H-15N steady state heteronuclear NOEs were obtained from the ratio of cross peak intensities (Isaturated/Iequilibrium) with (Isaturated) and without (Iequilibrium) 3â€‰s of proton saturation during the presat delay and recorded in an interleaved manner, split in TopSpin, processed identically using NMRPipe, and peak picked in SPARKY to obtain peak intensities. b) 1H-15N HSQC spectra of corresponding proteins collected at 800 MHz at 298 K in 25 mM HEPES, pH 7.4, 50 mM NaCl buffer and prepared in a 5-mm Shigemi NMR tubes for data collection with addition of 5% D2O (v/v). These 15N-enriched protein samples were prepared at concentrations of 0.4 mM, 0.15 mM, and 0.2 mM, respectively. c) SEC data demonstrating monodispersity of these proteins in solution, with predominantly monomer for 0515 and 0738_mod and predominantly dimer for 0217. SDS-PAGE data (not shown) show that each is > 95% homogeneous, which together with MALDI-TOF mass spectrometry indicate that the spectral heterogeneity observed is not due to chemical heterogeneity. d) Ribbon diagrams of the corresponding monomeric or dimeric protein structures. These results show that the three designs have characteristic dynamics in solution. The average hetNOE for the homodimer 0217 is lower than for 0515 and 0738_mod, and it has fewer peaks than expected due to exchange broadening. Although 0738_mod has a similar hetNOE distribution as monomeric 0515, it has more than double the expected number of peaks, indicating at least two folded conformations (for all or parts of the protein) in solution that are in slow conformational exchange on the NMR time-scale. This was further validated by the appearance of new peaks in spectra at lower temperature (288 K), and different peaks at higher temperatures (308 and 318 K), and confirmed by detection of 15N ZZ-exchange cross peaks at 318 K with 600 and 750 ms mixing times (Bruker pulse sequence hsqcetexf3gp, data not shown)60.


Extended Data Table 1 NMR refinement statistics and quality scores for 0515Full size table


Extended Data Table 2 Crystallographic data collection and refinement statisticsFull size table
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