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            Abstract
Biomolecular self-assemblies are of great interest to nanotechnologists because of their functional versatility and their biocompatibility1. Over the past decade, sophisticated single-component nanostructures composed exclusively of nucleic acids2,3,4,5, peptides6,7,8 and proteins9,10,11,12,13,14,15 have been reported, and these nanostructures have been used in a wide range of applications, from drug delivery16 to molecular computing17. Despite these successes, the development of hybrid co-assemblies of nucleic acids and proteins has remained elusive. Here we use computational protein design to create a protein–DNA co-assembling nanomaterial whose assembly is driven via non-covalent interactions. To achieve this, a homodimerization interface is engineered onto the Drosophila Engrailed homeodomain (ENH), allowing the dimerized protein complex to bind to two double-stranded DNA (dsDNA) molecules. By varying the arrangement of protein-binding sites on the dsDNA, an irregular bulk nanoparticle or a nanowire with single-molecule width can be spontaneously formed by mixing the protein and dsDNA building blocks. We characterize the protein–DNA nanowire using fluorescence microscopy, atomic force microscopy and X-ray crystallography, confirming that the nanowire is formed via the proposed mechanism. This work lays the foundation for the development of new classes of protein–DNA hybrid materials. Further applications can be explored by incorporating DNA origami, DNA aptamers and/or peptide epitopes into the protein–DNA framework presented here.
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                    Figure 1: Protein–DNA nanomaterial design strategy.[image: ]


Figure 2: Fluorescence microscopy of protein–DNA nano-objects.[image: ]


Figure 3: Atomic force microscopy of protein–DNA nanowires.[image: ]


Figure 4: Co-crystal structure of protein–DNA complex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Design model of irregular bulk protein–DNA nanoparticle.
a, Four consecutive ENH-binding sites that each face in a different direction are engineered onto a dsDNA fragment. This dsDNA building block allows the protein–DNA assembly to occur in all three dimensions. Note that in this particular design, two neighbouring binding sites may not be simultaneously occupied due to steric hindrance. b, Cartoon illustrating an irregular shaped nanoparticle formed by co-assembly of dualENH and the dsDNA shown in a. The DNA-binding domains of dualENH are shown as blue triangles, and the homodimerization domains are shown as green squares.


Extended Data Figure 2 Circular dichroism spectroscopy of dualENH.
a, Circular dichroism spectrum of dualENH at room temperature. Solid line: before thermal denaturation; dashed line: after thermal denaturation. The overlapping of the two curves indicates that dualENH folds reversibly. b, Thermal denaturation curve measured at 222 nm. Circles: experimental data; line: curve fit with two-state transition model. The melting temperature of dualENH was determined to be 59 °C.


Extended Data Figure 3 Biophysical characterization of dualENH.
a, Size-exclusion chromatography of dualENH with three different loading concentrations: solid line, 650 μM; dashed line, 80 μM; dotted line, 5 μM. The highest signals were normalized to 100 for all curves. b, c(S) model fit from a sedimentation velocity experiment of 40 μM dualENH. The major peak around S = 1.9 corresponds to a molecular weight of 18.3 kDa, which is about twice that of monomeric dualENH (8.7 kDa). The spike at the left (S < 0.5) may be due to impurities or artefacts from model fitting. c, Raw data and fitting residuals for the sedimentation velocity experiment in b. A total of 378 curves were used for fitting, but for visual clarity only one-fifth of the curves are shown. The top graph shows the raw data (dots) and the fitting curves; the bottom shows the residuals between the experimental data and the fit. The square root of variance of the fit is 0.00669. d, Fluorescence polarization experiment. Two dsDNA sequences labelled with fluorescein were used as probes to assay dualENH–DNA binding. Probe 1: 20-nucleotide dsDNA with the binding motif TAATTA; probe 2: same sequence as probe 1 but with a single-nucleotide mutation to the binding motif (TA[C]TTA). The concentration of dualENH was varied, while the concentration of the three probes remained constant (25 nM). Data are shown as mean ± standard error of the mean (s.e.m.) for three replicates. e, FRET experiment showing that dualENH brings two dsDNA fragments within Förster distance. Fifteen-nucleotide dsDNA (TAA)5 were labelled with either Cy3 or Cy5 to serve as the FRET donor or acceptor. Grey line: 400 nM Cy3-(TAA)5 plus 600 nM Cy5-(TAA)5; black line: 400 nM Cy3-(TAA)5 plus 600 nM Cy5-(TAA)5 plus 4 μM dualENH. f, Two control experiments for the FRET experiment in e. Black line: 400 nM Cy3-(TAA)5; black dashed line: 400 nM Cy3-(TAA)5 plus 4 μM dualENH; grey line: 600 nM Cy5-(TAA)5; grey dashed line: 600 nM Cy5-(TAA)5 plus 4 μM dualENH.


Extended Data Figure 4 Fluorescence polarization experiments with dualENH and wild-type ENH.
a, Fluorescence polarization experiment with probe 1, which contains the binding motif TAATTA of ENH. The concentration of dualENH or wild-type ENH was varied, while the concentration of probe 1 remained constant (25 nM). Both dualENH and wild-type ENH show saturated binding when the protein concentration is at or above 100 nM. Data are shown as mean ± s.e.m. for three replicates. b, Same experiments as a, except that a probe without any TAATNN binding motif was used. Note that probe 1 used in a has a lower fluorescence intensity and polarization than the probe used in b, probably due to partial quenching by a guanine nucleotide on the strand opposite the fluorescein label. Data are shown as mean ± s.e.m. for three replicates.


Extended Data Figure 5 Microscope imaging experiments.
a, The size distribution of the irregular protein–DNA particles formed by 5 µM dualENH mixed with 2 µM Cy3-(TAA)5. b, Bright-field microscopy image of 5 µM dualENH mixed with 2 µM Cy3-(TAA)5. A dust particle (top left) is evident, indicating that the focal plane is correct. c, Fluorescence microscopy image of 2 µM Cy3-(TAA)5 alone. d, Fluorescence microscopy image of particles formed with 500 nM dualENH mixed with 200 nM Cy3-(TAA)5. e, Fluorescence microscopy image of particles formed with 200 nM dualENH mixed with 100 nM Cy3-(TAA)5. f, Fluorescence microscopy image of particle inhibition experiments. A small amount (5 nM) of single-binding-site dsDNA (containing only one TAATTA motif) was pre-mixed with 500 nM dualENH, then 200 nM Cy3-(TAA)5 was added. The illumination/camera sensitivity was enhanced to confirm that particle formation is nearly completely absent under these conditions.


Extended Data Figure 6 Co-crystal structure of the protein–DNA complex.
a, Structures in the asymmetric unit cell are shown in colour, and the end-to-end packing of neighbouring DNA molecules and their bound proteins are shown in grey. b, c, The dualENH homodimer observed in the co-crystal structure (green or cyan) is superimposed with the design model (grey). The backbone r.m.s.d. compared to the design model is 3.8 Å (green) and 3.9 Å (cyan), respectively. When only one subunit is aligned between the more predominant configuration (green) and the design model, the angular displacement between the other subunits is ∼45° with about 3 Å translational displacement. The less predominant configuration has a lower angular displacement, ∼20°, but a larger translational displacement, ∼8 Å. The calculated energies for the design model and the two crystallographic dimers are −155.2, −140.3 (green) and −131.2 (cyan) Rosetta energy units, respectively.


Extended Data Figure 7 dualENH–DNA binding and nanostructure formation are inhibited at high salt concentrations.
a, Fluorescence polarization experiments of dualENH and probe 1 at various NaCl concentrations. Probe 1 and dualENH were mixed in buffers with different NaCl concentrations and fluorescence polarization values were recorded. dualENH–DNA binding dropped greatly from 100 mM to 150 mM NaCl, and was completely absent at 300 mM NaCl. Data are shown as mean ± s.e.m. for three replicates. b, Fluorescence microscopy image of particle experiment at 150 mM salt concentration. The sample was prepared by mixing 500 nM dualENH and 200 nM Cy3-(TAA)5 in 20 mM Tris-HCl buffer with 150 mM NaCl. The illumination/camera sensitivity was enhanced to confirm that particle formation is nearly completely absent under these conditions.


Extended Data Table 1 Sequences of wild-type ENH and dualENHFull size table


Extended Data Table 2 Co-crystal structure statistics for dualENH complexed with dsDNA containing motif 11 (PDB accession 4QTR)Full size table
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A new route to protein–DNA hybrids
Biomolecular self-assemblies are of great interest to nanotechnologists because of their functional versatility and their biocompatibility. During the past decade, sophisticated single-component nanostructures composed exclusively of nucleic acids, peptides and proteins have been reported, and these nanostructures have been used in a wide range of applications, from drug delivery to molecular computing. In this manuscript, the authors used computational protein design to create a protein–DNA co-assembling nanomaterial. By varying the arrangement of protein-binding sites on the double-stranded DNA, an irregular bulk nanoparticle or a nanowire with single-molecule width can be spontaneously formed by mixing the protein and double stranded DNA building blocks. This work lays the foundation for the development of new classes of protein–DNA hybrid materials.
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