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            Abstract
Specificity of interactions between two DNA strands, or between protein and DNA, is often achieved by varying bases or side chains coming off the DNA or protein backboneâ€”for example, the bases participating in Watsonâ€“Crick pairing in the double helix, or the side chains contacting DNA in TALENâ€“DNA complexes. By contrast, specificity of proteinâ€“protein interactions usually involves backbone shape complementarity1, which is less modular and hence harder to generalize. Coiled-coil heterodimers are an exception, but the restricted geometry of interactions across the heterodimer interface (primarily at the heptad a and d positions2) limits the number of orthogonal pairs that can be created simply by varying side-chain interactions3,4. Here we show that proteinâ€“protein interactionÂ specificity can be achieved using extensive and modular side-chain hydrogen-bond networks. We used the Crick generating equations5 to produce millions of four-helix backbones with varying degrees of supercoiling around a central axis, identified those accommodating extensive hydrogen-bond networks, and used Rosetta to connect pairs of helices with short loops and to optimize the remainder of the sequence. Of 97 such designs expressed in Escherichia coli, 65 formed constitutive heterodimers, and the crystal structures of four designs were in close agreement with the computational models and confirmed the designed hydrogen-bond networks. In cells, six heterodimers were fully orthogonal, and in vitroâ€”following mixing of 32 chains from 16 heterodimer designs, denaturation in 5Â M guanidine hydrochloride and reannealingâ€”almost all of the interactions observed by native mass spectrometry were between the designed cognate pairs. The ability to design orthogonal protein heterodimers should enable sophisticated protein-based control logic for synthetic biology, and illustrates that nature has not fully explored the possibilities for programmable biomolecular interaction modalities.
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                    Fig. 1: Modular heterodimer design.[image: ]


Fig. 2: Structural characterization of designed heterodimers.[image: ]


Fig. 3: New functionality from DHD combinations.[image: ]


Fig. 4: All-against-all orthogonality assessment.[image: ]
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                Data availability

              
              Coordinates and structure files have been deposited in the Protein Data Bank with accession codes: 6DMP (DHD13_XAAA), 6DKM (DHD131), 6DLC (DHD37_1:234), 6DLM (DHD127), 6DMA (DHD15 heterodimer) and 6DM9 (DHD15 heterotetramer). The native MS spectra generated and analysed during the current study are available at http://files.ipd.uw.edu/pub/de_novo_heterodimers_2018/180813_native_ms_raw.zip. Raw X-ray diffraction images have been deposited at https://proteindiffraction.org/. All source data are available upon request.
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Extended data figures and tables

Extended Data Fig. 1 Overview of different topologies designed.
aâ€“d, Overall topologies on the left and example HBNets on the right. a, A left-handed supercoiled backbone, with each monomer being helix hairpins. b, A backbone-permuted â€˜3Â +Â 1â€™ design; one monomer is a single helix and the other is a three-helix bundle. c, A left-handed supercoiled backbone, with each monomer being a three-helix bundle. d, A straight, untwisted backbone, with each monomer being a helix hairpin. e, Hydrogen-bond pairing in DNA bases. Top, Aâ€“T base pairing. Bottom, Câ€“G base pairing. Green arrows point from hydrogen-bond donors to acceptors. f, Two examples of hydrogen-bond pairing in designed protein hydrogen-bond networks. g, Top-down view of antiparallel twisted (top) and parallel untwisted (bottom) backbones sampled in this study. h, Comparison of a designed protein heterodimer (right) with B-form DNA (left) on the same scale.


Extended Data Fig. 2 Example HBNets resulting from the systematic search.
a, Overlay of 50 backbones with different Crick parameters for each helix. b, Example hydrogen-bond networks from the systematic search, each involving at least four residues and contacting all four helices.


Extended Data Fig. 3 Thermal and chemical denaturation of DHDs.
a, b, CD spectra for thermal denaturation of DHD_15 and DHD_20, respectively. Top, wavelength scan at 25â€‰Â°C, 75â€‰Â°C, 95â€‰Â°C and final 25â€‰Â°C. Designs were Î±-helical and stable up to 95â€‰Â°C. Bottom, CD temperature melts, monitoring absorption at 222Â nm as temperature was increased from 25â€‰Â°C to 95â€‰Â°C. c, GdnHCl denaturation of DHD_127 measured by CD monitoring absorption at 222 nm. All CD experiments were performed once.


Extended Data Fig. 4 Backbone and hydrogen-bond network permutations.
a, On a 2Â +Â 2 backbone (left), two loops were designed to connect the four helices into a single monomer in two different ways (middle), after which four different cut points were introduced to generate four possible backbone-permuted heterodimers of a single helix and a three helix bundle (3Â +Â 1 heterodimers, right). For example, 2:134 refers to a heterodimer in which the original helix 2 is a single helix, and helices 1, 3 and 4 were connected into a three-helix bundle. b, Hydrogen-bond network permutation. Each unique network was assigned a letter (networks â€˜Aâ€™ and â€˜Bâ€™ in this case), with the hydrophobic packing assigned X. The backbone on the left reads â€˜ABXBâ€™; its first heptad accommodates network A, its second and fourth heptad accommodate network B, and its third heptad accommodates hydrophobic packing only (X).


Extended Data Fig. 5 Biophysical characterization of hydrogen-bond-network-permuted homodimers.
a, SEC traces of all six homodimer designs. bâ€“g, SAXS profiles of hydrogen-bond network-permuted homodimer designs. Black, experimental SAXS data; red, spectra computed from the designed backbones. Two (a) or one (bâ€“g) biologically independent repeats were performed.


Extended Data Fig. 6 SAXS profiles of all tested DHDs.
Black, experimental SAXS data; red, spectra computed from the designed backbones. a, SAXS profiles with Ï‡ values smaller than 6. b, SAXS profiles with Ï‡ values greater than 6. All tested designs showed close agreement to expected radius of gyration (Rg) and maximum distance (dmax).


Extended Data Fig. 7 Crystal structure of the domain-swapped DHD_15 and biophysical characterization of higher-order oligomers.
a, Crystal structure of DHD_15 at pHÂ 6.5, with 2.25Â Ã… resolution. b, Superposition of design models (in colour) onto both halves of the crystal structure (in white), with backbone r.m.s.d. of 1.83Â Ã…. c, Native MS study of DHD_15 at different pH values indicates that heterodimers, rather than heterotetramers, are dominant in solution. dâ€“g, SEC traces of the induced dimerization DHD_9-13 fusion (d), DHD_15-37 fusion (e), DHD_13-37 fusion (f), and the scaffolding complex in Fig.Â 3d (g; the peak at around 15 ml corresponds to the fully assembled complex, followed by a peak representing an excess of individual components). h, CD thermal melt curves for the scaffolding complex in Fig.Â 3d. Wavelength scan was performed at 25â€‰Â°C, 75â€‰Â°C, 95â€‰Â°C and final 25â€‰Â°C. Design was Î±-helical and stable up to 95â€‰Â°C. i, CD chemical denaturation profile of the scaffolding complex in Fig.Â 3d. Two (câ€“g) or one (h, i) biologically independent repeats were performed.


Extended Data Fig. 8 Y2H all-against-all assay of 16 DHDs.
a, Y2H assay with cell growth on agar plates containing 100 mM 3-AT, lacking tryptophan, leucine and histidine. Plates were imaged on day 5. Yellow, no growth on agar plates; light blue, weak growth forming non-circular colonies; dark blue, strong growth. b, Y2H result by growing yeast culture in liquid medium containing 100 mM 3-AT, lacking tryptophan, leucine and histidine. OD600 values were measured on day 2 to evaluate cell growth. c, An additional set of DHDs tested by Y2H showing improved orthogonality. d, Distribution of OD600 values for non-cognate interactions in b. The majority of cells grew to OD600Â <Â 0.4, indicating weak interactions for non-cognate binding. eâ€“g, Box plots of various properties for designs that assembled to off-target oligomeric states by native MS (failure) and that assembled into constitutive heterodimers (success). nÂ =Â 88; 25th, 50th and 75th percentiles are shown in the box with the centre being median, extended to 1.5Â Ã—Â interquartile range (IQR) beyond the box. e, The number of buried bulky polar residues correlates strongly with design success. f, Successful designs tend to have a bigger polar interface surface area. g, Designs with better hydrophobic packing (as reported by the Rosetta filter value Average Degree on Ile, Leu and Val residues) tend to have a higher chance of being constitutive heterodimers as assessed by native MS. h, Contribution of bulky residues and hydrogen-bond networks to specific dimer formation. dSASA_polar measures interface hydrophilicity and correlates positively with the surface area of hydrogen-bond networks at the interface. Bulky polar residues in core counts the total number of buried bulky residues that participate in hydrogen-bond networks. Constitutive heterodimer formation (blue circles) or off-target oligomer formation (red circles) were determined with native MS. Filter cutoff values of dSASA_polarÂ >Â 970Â Ã…2 and more than one polar bulky residue buried in the core includes most of the successful designs and excludes most of the design failures. i, On the basis of the Y2H data in b, all 32 monomers from the 16 pairs were categorized as being specific (blue, has â‰¤1 non-cognate binding), or non-specific (red, has >1 non-cognate binding). With application of secondary structure prediction scores (PsiPred54) and Rosetta centroid energy score per residue as filters, designs with higher PsiPred values and lower Rosetta centroid score per residue are more specific (green box). Two independent experiments were performed (aâ€“c).


Extended Data Fig. 9 Hydrogen-bond network sequence motifs of the set of six orthogonal pairs in Y2H experiments.
Green patches mark the locations of hydrogen-bond network-forming residues on the backbones. Letters along the backbones indicate residue identities.


Extended Data Fig. 10 The workflow of native MS mixing experiments.
a, Protein samples were characterized using online desalting coupled to native MS and deconvoluted using UniDec software. Proteins showing expected masses were mixed in equimolar ratio, and the final mix was divided into two parts: in the experimental group (DN), proteins were denatured by 5 M GdnHCl at 75â€‰Â°C and refoled into 150 mM AmAc; in the control mixing experiment (N), denaturation and refolding steps were omitted. Sample mixtures in each group were further equally divided into three parts that were individually injected on LCâ€“MS with cation exchange and anion exchange, respectively, coupled with CID or SID. LCâ€“MS analysis was performed for mixtures in full MS mode and MSMS mode with HCD and SID, respectively. Data were deconvoluted using Intact Mass. The deconvoluted mass lists from Intact Mass were searched against a theoretical mass list of all possible monomer, dimer, trimer and tetramer combinations. Dimers were identified using the full MS runs and MSMS runs with both subunits being detected at the same retention time. b, In the control mixing experiment (N), after mixing all 16 proteins in solution without the denaturation and renaturation steps, no exchange among proteins were observed. c, CD data for a mixture of purified DHDs in PBS (red) or 5 M GdnHCl and 75â€‰Â°C (blue). Protein mixture was fully denatured under the latter conditions. d, A mixing experiment of DHD_37_ABXB and 15N-labelled DHD_37_ABXB with (red) or without (black) the denaturation and refolding steps. MS peaks merged after subunit exchange owing to the similarity in the masses of 15N-labelled and unlabelled subunits. Two biologically independent experiments were performed (bâ€“d).
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