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            Abstract
Symmetrical protein cages have evolved to fulfil diverse roles in nature, including compartmentalization and cargo delivery1, and have inspired synthetic biologists to create novel protein assemblies via the precise manipulation of protein–protein interfaces. Despite the impressive array of protein cages produced in the laboratory, the design of inducible assemblies remains challenging2,3. Here we demonstrate an ultra-stable artificial protein cage, the assembly and disassembly of which can be controlled by metal coordination at the protein–protein interfaces. The addition of a gold (i)-triphenylphosphine compound to a cysteine-substituted, 11-mer protein ring triggers supramolecular self-assembly, which generates monodisperse cage structures with masses greater than 2 MDa. The geometry of these structures is based on the Archimedean snub cube and is, to our knowledge, unprecedented. Cryo-electron microscopy confirms that the assemblies are held together by 120 S–Aui–S staples between the protein oligomers, and exist in two chiral forms. The cage shows extreme chemical and thermal stability, yet it readily disassembles upon exposure to reducing agents. As well as gold, mercury(ii) is also found to enable formation of the protein cage. This work establishes an approach for linking protein components into robust, higher-order structures, and expands the design space available for supramolecular assemblies to include previously unexplored geometries.
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                    Fig. 1: Formation of TRAP-cage.[image: ]


Fig. 2: TRAP-cage is held together via Cys–Aui–Cys coordination.[image: ]


Fig. 3: Extreme stability and controllable disassembly of TRAP-cage.[image: ]


Fig. 4: Unusual geometry of TRAP-cage.[image: ]
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                Data availability

              
              The data that support the findings of this study are available from the corresponding author on reasonable request. The cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under accession codes EMD-6966 (GNP-produced TRAP-cage), EMD-4443 (left-handed TRAP-cage) and EMD-4444 (right-handed TRAP-cage), and the coordinates have been deposited in the Protein Data Bank under accession numbers 6IB3 (left-handed TRAP-cage) and 6IB4 (right-handed TRAP-cage).
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              Custom codes used to compute the optimal arrangement of TRAP rings and to predict paradoxical cages are available from the authors on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Size determination and optimization of conditions for TRAP-cage formation.
a, Average size of TRAP-cage determined by dynamic light scattering, based on three separate preparations of purified TRAP-cage, each measured in triplicate. PDI, polydispersity index. The mean diameter is based on volume distribution. b–f, Effect of pH on cage formation. Reactions containing 0.8 mg ml−1 TRAP(K35C/R64S) were incubated with Au-TPPMS at the indicated pH values for 3 days, spun down on a desktop centrifuge and subjected to blue native PAGE. The ratios are TRAP(K35C/R64S) monomer:Au(i) molar ratios. Formation of white precipitate was detected in the reactions for which the ratios are underlined, and correlates with a decrease in band intensity. g–j, Time course of TRAP-cage formation at pH 7, 8 and 9, visualized by blue native PAGE. Each reaction contains Au-TPPMS and 0.8 mg ml−1 TRAP(K35C/R64S) at a 1:1 molar ratio. Total incubation times are indicated above each gel. Gels b–j were repeated once, giving similar results. k, Left, the product of reaction containing 8.15 mg TRAP(K35C/R64S) and Au-TPPMS under standard cage-formation conditions was subjected to SEC using a Superose 6 Increase 10/300 GL column and fractions were collected as indicated. Right, native PAGE of fractions 1–13 demonstrates that they contain almost exclusively cage structures. The inset table demonstrates high recovery yields of TRAP-cage based on A280 measurements of initial and purified samples. SEC is representative of two independent experiments, giving similar results. Positions of molecular-weight marker bands are indicated to the left of gels and arrowheads indicate the position of bands corresponding to TRAP-cage. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 2 Procedure for cryo-EM single-particle reconstruction for TRAP-cage formed with Au-TPPMS.
a, Representative micrograph of the TRAP-cage. Scale bar, 50 nm. b, Summary of the image processing procedure (see Methods). c, 2D class averages from reference-free 2D classification by RELION 2.0. The selected 2D class-averaged images (5 classes including 578,865 particles) for further image processing are highlighted with red squares. d, The selected five 2D classes (box size: 220 × 220 pixels, 382.8 × 382.8 Å).


Extended Data Fig. 3 Initial density map of TRAP-cage displaying aberrant features and final map quality and resolution for TRAP-cage formed with Au-TPPMS.
a, b, The initial cryo-EM map, refined to 5.6 Å resolution, showing a distinct lack of chirality at the level of the individual rings. a, Overall map depicted in transparency, showing ring densities resembling radial wheel spokes. b, Magnification of a ring density at low contour level, viewed from the interior of the cage, showing exclusively radial features (densities and gaps). c, For comparison, the atomic model of TRAP(K35C/R64S) (based on PDB: 4V4F), is simulated to a resolution of 5.9 Å, showing that chiral properties (for example, curved propeller-like features, slanted grooves) should be readily visible on the rings at this resolution. d, e, Map quality and resolution of the two final cryo-EM density maps bearing opposite chirality: left-handed and right-handed cages are shown on the left and right, respectively. d, Surface representations coloured according to the distance from the centre of the particle. e, Gold-standard FSC curve for the cryo-EM map of left-handed and right-handed cages with C1, C4, D4, and octahedral (Oct) symmetries from 82,125 and 94,338 particles, respectively. The estimated resolutions at the 0.143 criterion were 3.7 Å for the two octahedral symmetry maps. f, The refined density maps coloured by local resolution in surface view.


Extended Data Fig. 4 Details of the refined TRAP-cage structure.
a, b, Overall fits of the final TRAP-cage models onto their respective density maps: left-handed (a) and right-handed (b) structures. Cysteine residues are rendered as ball and stick models, whereas gold atoms are shown as spheres. c, Magnified view of the left-handed cage, to show fitting of TRAP(K35C/R64S) structural elements into the density. d, Magnified view of the interior of the left-handed cage, showing flexible loop (residues 22–32) with missing density, consistent with the non-tryptophan-bound TRAP structure44. e, Slightly unequal dihedral angles are formed between neighbouring TRAP(K35C/R64S) rings in the final TRAP-cage model, averaging 135.8°, 135.3° and 137.25° around the two-, three-, and four-fold rotational axes, respectively, with a mean value of 136.2° across the entire cage. It is notable that in the canonical pentagonal icositetrahedron, a constant dihedral angle of 136.3° is formed between any two adjacent faces. f, The equivalence of the two chiral forms of TRAP-cage may explain their roughly equal proportions, and is clear if the cage assemblies are decomposed into two congruent hemispheres of 12 rings each. The hemispheres are themselves achiral, but together two can take either chiral form depending on their relative orientations when assembled. The two chiral forms can be interconverted through the relative rotation of hemispheres by about 24.1°. In the figure, each achiral half of the cage is coloured in red and blue, and the relative rotation can be tracked as the change in position of the highlighted ring in the direction of the arrow.


Extended Data Fig. 5 Confirmation and quantitation of gold in the TRAP-cage.
a, Results of five electrothermal atomic absorption spectroscopy measurements of TRAP-cage, each performed in triplicate, showing the measured mass of gold and its translation into the number of gold atoms per TRAP-cage. Measurement 3 was discarded in the calculation of overall averages owing to the large observed error. b, Micro-PIXE measurements of purified TRAP-cage showing the X-ray spectrum. Au L peaks and the S K peak were used to estimate the S:Au molar ratio in the sample, which was calculated to a range of approximately 5.1–6.9 S per Au. The dots represent the measured data, whereas the continuous line represents the fit with the Gupixwin program54. Results are representative of two independent experiments, each giving similar results. c, Au 4f XPS spectra (black line) of the TRAP-cage with the expected spectra for Au0 and Aui shown in blue and orange, respectively. The cumulative fit (red) and residuals (small red squares) are also shown. The shift in binding energy from 84.19 to 84.99 eV (that is, 0.80 eV) matches well with values for Au–S reported previously58,59. The presence of signal in the Au0 binding-energy range can be attributed to a weakly interacting Au coordination bond with the second sulfur in the bridge, because repeated measurements of different purification methods excluded the chance of X-ray degradation or unreacted substrates giving a Au0 signal. d–i, Raman spectroscopy suggests the absence or low abundance of S–S and S–H bonds in TRAP-cage. d, Raman spectra of TRAP-cage, oxidized and reduced TRAP-rings (TRAP-SS and TRAP-SH respectively), with oxidized and reduced glutathione (GSSG and GSH, respectively), showing the full spectral range. e, f, Enlargements of the S–H vibration (e) and S–S (f) vibration regions. Locations of peaks corresponding to S–S and S–H vibrations are labelled with asterisks. Because the exact positions depend on the molecular species and its conformation, the peak maxima for glutathione are shifted relative to cysteine-based signals (for example, the range for S–S vibrations is 509–540 cm−1)60. Because some peaks corresponding to S–H and S–S bonds were small, their absence from the TRAP-cage spectra was assessed by subtracting relevant spectra (that is, TRAP-SS or TRAP-SH) for TRAP-rings from the TRAP-cage data. g, The resulting spectra shown in the full spectral range. h, i, Enlargements of the S–H (h) and S–S (i) regions. Spectra after normalization were offset for clarity. For XPS and Raman spectra, experiments were independently repeated at least once, each giving similar results.
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Extended Data Fig. 6 Further probing TRAP-cage assembly.
a–c, Testing the ability of different metal ions to induce protein cage formation. Reactions containing 0.8 mg ml−1 TRAP(K35C/R64S) were incubated under standard cage-formation conditions, except that Au-TPPMS was replaced with the indicated metal ions, then spun down on a desktop centrifuge and subjected to blue native PAGE. TRAP(K35C/R64S) monomer:metal ion molar ratios are indicated above each lane. TRAP(K35C/R64S) was incubated with Cui (a), Znii (b) and Auiii (c). White precipitate was detected in the reactions for which the ratios are underlined, and correlates with a decrease in band intensity. d, Modelling alternative locations for placement of cysteine residues on the surface of the TRAP ring, based on PDB: 4V4F, and shown in orthogonal views: K35C, S33C and D15C, with the location of the substituted residues rendered in red, cyan and purple, respectively. e, Reaction of TRAP(S33C/R64S) with Au-TPPMS produces uniform cage structures, as shown by native PAGE (left) and TEM (right). Scale bar, 100 nm. f, Reaction of TRAP(D15C/R64S) with Au-TPPMS fails to produce higher-order structures, as shown by native PAGE. Gels in a–c, e, f and TEM were repeated independently twice, each giving similar results. Positions of molecular-weight markers on gels are indicated and arrowheads indicate position of TRAP-cage produced using Au-TPPMS. For gel source data, see Supplementary Fig. 1.

                          Source Data
                        


Extended Data Fig. 7 Additional tests of TRAP-cage stability.
TRAP-cage was prepared as for cages in Fig. 1d. Purified TRAP-cage samples were incubated at room temperature overnight in 2 M guanidinium HCl (a), 5% SDS (b), 7 M urea (c), 0.01 and 0.1 mM TCEP (d), 0.1 and 10 mM GSH (e) and 10 mM GSSG (f), and subsequently imaged under TEM. All TEM images shown are representative of data that was repeated once, each giving similar results. Scale bars, 100 nm.


Extended Data Fig. 8 Procedure for cryo-EM single-particle reconstruction, map quality and resolution for TRAP-cage formed with GNP.
a, A representative micrograph of the TRAP-cage formed using GNP. Scale bar, 50 nm. b, Images of selected 2D classes from reference-free 2D classification by EMAN 2.1, used for automated particle picking with Gautomatch (box size: 220 × 220 pixels, 400.4 × 400.4 Å). c, Summary of the image processing procedure (see Methods). d, 2D class averages from reference-free 2D classification by RELION 2.0. The selected 2D class averages (22 images) for further image processing are highlighted with red squares. It is notable that in some cases (for example, row 1 panel 9) structures inside the TRAP-cage are visible, probably reflecting stochastic capture of TRAP rings as cargo in the cage interior. e, Initial structure used for the high-resolution analysis. The surface representations are coloured according to the distance from the centre of the particle. f, Gold-standard FSC curve for the cryo-EM map from 58,157 particles. The calculated spatial frequency at the 0.143 criterion was 5.6 Å. g, The refined density map coloured by local resolution in surface and slice views.


Extended Data Fig. 9 Formation and stability of TRAP-cage formed with GNPs (TRAP-cage(GNP)).
TRAP-cages were formed under GNP-cage formation conditions (see Methods). a, TEM image of purified TRAP-cage(GNP), with a magnified view on the right. b, Thermal stability of TRAP-cage(GNP) upon incubation at the indicated temperatures and times. The TEM image shows that structural integrity is maintained after incubation at 95 °C for 180 min. c, Stability of TRAP-cage(GNP) as a function of pH. d, Stability of TRAP-cage(GNP) upon the addition of different chaotropic agents: SDS, urea and guanindine HCl. e, f, Reducing agents trigger disassembly of TRAP-cage(GNP), as shown by native PAGE (e) and TEM (f). Assay conditions are indicated above each lane on the gel. Positions of molecular weight markers are indicated and arrowheads show the position of TRAP-cage. For TEM, scale bars are 100 nm. All gels and TEM images shown are representative of experiments repeated independently at least once, each giving similar results. For gel source data, see Supplementary Fig. 1.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table





Supplementary information
Supplementary Figure
Uncropped photographs of gels with molecular weight marker indications. Boxed areas indicate the cropped area.


Reporting Summary

Supplementary Video 1
Data obtained using single molecule mass photometry as described in the methods section. Video 1 shows TRAPCS at time point 30 s after addition of Au-TPPMS. All scale bars are 1 µm. Each of videos 1-9 shows the first portion of the video only (due to size constraints). Contrast is scaled to +/- 2.5 MDa. Experiments were run twice, giving similar results with representative results shown.


Supplementary Video 2
Video 2 shows TRAPCS at time point 270 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 3
Video 3 shows TRAPCS at time point 510 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 4
Video 4 shows TRAPCS at time point 750 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 5
Video 5 shows TRAPCS at time point 990 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 6
Video 6 shows TRAPCS at time point 1110 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 7
Video 7 shows TRAPCS at time point 1230 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 8
Video 8 shows TRAPCS at time point 1350 s after addition of Au-TPPMS. See legend of Supplementary Video 1 for more information.


Supplementary Video 9
Video 9 shows control in the absence of Au-TPPMS. See legend of Supplementary Video 1 for more information.





Source data
Source Data Fig. 1

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6
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