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            Abstract
Two-dimensional (2D) crystalline materials possess unique structural, mechanical and electronic properties1,2 that make them highly attractive in many applications3,4,5. Although there have been advances in preparing 2D materials that consist of one or a few atomic or molecular layers6,7, bottom-up assembly of 2D crystalline materials remains a challenge and an active area of development8,9,10. More challenging is the design of dynamic 2D lattices that can undergo large-scale motions without loss of crystallinity. Dynamic behaviour in porous three-dimensional (3D) crystalline solids has been exploited for stimuli-responsive functions and adaptive behaviour11,12,13. As in such 3D materials, integrating flexibility and adaptiveness into crystalline 2D lattices would greatly broaden the functional scope of 2D materials. Here we report the self-assembly of unsupported, 2D protein lattices with precise spatial arrangements and patterns using a readily accessible design strategy. Three single- or double-point mutants of the C4-symmetric protein RhuA were designed to assemble via different modes of intermolecular interactions (single-disulfide, double-disulfide and metal-coordination) into crystalline 2D arrays. Owing to the flexibility of the single-disulfide interactions, the lattices of one of the variants (C98RhuA) are essentially defect-free and undergo substantial, but fully correlated, changes in molecular arrangement, yielding coherently dynamic 2D molecular lattices. C98RhuA lattices display a Poisson’s ratio of −1—the lowest thermodynamically possible value for an isotropic material—making them auxetic.
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                    Figure 1: RhuA constructs and their disulfide- and metal-mediated self-assembly modes.[image: ]


Figure 2: TEM characterization of the 2D crystals of RhuA variants.[image: ]


Figure 3: Dynamic and auxetic nature of 2D C98RhuA crystals.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TEM characterization of C98RhuA and H63/H98RhuA self-assembly under non-optimal conditions.
a, 25 μM C98RhuA was incubated at 4 °C under air exposure for 1 day; the solution contained 20 mM Tris (pH 8) and no reductants or oxidants. b, 25 μM H63/H98RhuA was incubated in the presence of 1 mM ZnCl2 at 4 °C for 1 day; the solution contained 20 mM MOPS (pH 7).


Extended Data Figure 2 TEM characterization of optimized 2D C98RhuA crystals.
a, 125 μM C98RhuA was incubated in the presence of 10 mM βME at 4 °C in a standing solution for 3 days. b, 125 μM C98RhuA was incubated in the presence of 10 mM βME at 4 °C with gentle shaking for 3 days, followed by 2 days at rest, during which a dense precipitate of crystals formed.


Extended Data Figure 3 Additional structural characterization of 2D C98RhuA crystals.
a, AFM; b, SEM; c, Cryo-TEM. The middle column in a shows the profiles along the arrows in the left column.


Extended Data Figure 4 TEM characterization of 2D H63/H98RhuA crystals.
a, b, 25 μM H63/H98RhuA was incubated with 200 μM ZnCl2 (a) or CuCl2 (b) in a 20 mM MOPS buffer solution (pH 7.0) at 4 °C for 1 day.


Extended Data Figure 5 TEM characterization of 2D F88/C98RhuA crystals.
a, 125 μM F88/C98RhuA was incubated in the presence of 10 mM βME at 4 °C with gentle shaking for 2 days. b, Schematic representations of various types of defects observed in F88/C98RhuA crystals, corresponding to boxed areas (I–IV) in a (colouring as in Fig. 1).


Extended Data Figure 6 Reversibility of oxidative or metal-mediated self-assembly of RhuA variants.
a, b, C98RhuA (a) and F88/C98RhuA (b) crystals. Left panels, the crystals were incubated in the presence of 20 mM or 30 mM βME (as indicated) and imaged by TEM at the indicated times after addition of βME. Right panels, 125 μM C98RhuA (a) or F88/C98RhuA (b) were incubated under oxidative self-assembly conditions (in the presence of 10 mM βME at 4 °C with gentle shaking) and self-assembly was monitored by DLS at t = 0 (top), t = 3 days (centre) and upon addition of 100 mM βME after self-assembly (bottom). Dh refers to the hydrodynamic diameter. c, Left panel, H63/H98RhuA crystals were incubated in the presence of 10 mM EDTA and imaged by TEM at 2 h after addition of EDTA. Right panels, 25 μM H63/H98RhuA was incubated under metal-mediated self-assembly conditions (in the presence of 200 μM ZnCl2 at 4 °C) and self-assembly was monitored by DLS at t = 0 (top), t = 3 days (centre) and upon addition of 10 mM EDTA (bottom). Scale bars are 5 μm in all panels.


Extended Data Figure 7 Characterization of the self-assembly of D98RhuA, C133RhuA and C266RhuA variants by TEM and DLS.
a, TEM (right panels) and DLS (left panels) characterization of D98RhuA self-assembly under oxidative or metal-mediated self-assembly conditions that were optimized for C98RhuA; see main text or Extended Data Figs 2 and 4 for details. b, Possible mode of disulfide-mediated self-assembly of C133RhuA (top panels) and TEM characterization of the self-assembly products obtained under conditions that were optimized for C98RhuA (bottom panels). c, Possible mode of disulfide-mediated self-assembly of C266RhuA (top panels) and TEM characterization of the self-assembly products obtained under conditions that were optimized for C98RhuA (bottom panels). No crystalline assemblies were detected under these conditions for any of these three variants (or other conditions that were used for screening C98RhuA self-assembly). Colouring in the top panels of b and c as in Fig. 1.


Extended Data Figure 8 Crystallographic analysis of the 2D lattices of RhuA variants.
a, (i) Representative Fourier transforms calculated from the full field of view of crystal images, displayed up to 10 Å. Reciprocal lattice axes are indicated with H and K. The reflections are consistent with the plane group symmetries estimated from the analysis of the phase residuals (see Supplementary Table 4). (ii) Integer quality (IQ) plots calculated from the spectra in column (i). The size of the boxes around the reflections reflects their IQ value, defined as the ratio of the reflection-peak amplitude and the amplitude of the background signal around each peak42. The most significant reflections are labelled with their IQ values, 1–4. Rings are displayed at resolutions of 30 Å, 15 Å and 10 Å. (iii) Overlap of fast Fourier transform and IQ plots. b, Crystallographic data for the 2D lattices of RhuA variants. Reported are the numbers of TEM images used for the analysis of plane group symmetry. The numbers in parentheses are the number of images used for determining the statistics for the unit-cell dimensions of each lattice. The plane group symmetry was determined by consensus from all the available images. c, Electron diffraction patterns of C98RhuA and H63/H98RhuA lattices.


Extended Data Figure 9 2D TEM reconstruction and structural modelling of the 2D lattices of RhuA variants.
a, Comparison of the observed (experimental) and simulated projection maps of the 2D lattices of RhuA variants. b, Molecular arrangements in C98RhuA, H63/H98RhuA and F88/C98RhuA lattices viewed from different angles (colouring as in Fig. 1). c, Representative images of 2D C98RhuA crystals containing no defects. d, Representative images of 2D C98RhuA crystals containing a single lattice vacancy. The stain artefact images are shown to highlight areas that may appear to contain lattice vacancies in low-magnification views, but actually do not.


Extended Data Figure 10 Conformational analysis of C98RhuA lattices.
a, Photographs of sedimented and resuspended C98RhuA crystals (alternative views with different backgrounds are shown for clarity). b, Representative TEM images for different conformational states (I–VII) of the C98RhuA crystals shown in Fig. 3. Scale bars are 25 nm in all panels. c, Digital image processing of reconstructed images of each conformational state. Red lines represent the border of the pores in the lattice structure. Selected RVEs are shown with green lines, with the vertices of the RVEs numbered 1–4. Blue lines show the circles circumscribed to the square RhuA building block. Values of the scaling between these and the TEM images (with conformational state I as a reference) are shown below each image. d, Changes in the dimensions of a C98RhuA lattice of arbitrary size assuming a rotating-rigid-squares model.
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Illustrates the dynamics of 2D C98RhuA crystals starting from the TEM snapshots of the seven conformational states (I–VII; Fig. 3a).
All projected density images were rescaled to include the same field of view (bint and bimg from Bsoft). Twenty-four intermediate image frames were created between each pair in the sequence by pseudo-morphing, using the program convert from the software suite ImageMagick. (MOV 59 kb)
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        Editorial Summary
Protein assemblies designed to surprise
Auxetic materials are those that, because of their internal structure, deform perpendicularly to an applied force in a manner opposite to what is generally expected. So, when stretched, they get thicker across their width, and when compressed they get thinner. Akif Tezcan and colleagues have created a crystalline protein lattice that demonstrates such behaviour, dependent on the positioning and type of linkages between each individual protein unit. They designed mutants of the C4-symmetric protein RhuA to self-assemble into two-dimensional crystalline lattices with precise spatial arrangements and patterns. Disulfide bonds and metal-mediated coordination between units provide a balance between robustness and flexibility, such that large, low-defect lattices are formed that exhibit coherent rotational motion in response to an applied stress.
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