




Extended Data Fig. 1 | Geometric frustration encountered during cage 
closure. a) Symmetry breaking as a result of two contrasting additions to a 
self-limiting growing assembly: left, formation of pentagonal defect that 
accounts for the sphere’s positive curvature, right, formation of designed 
hexagonal assembly which minimizes local chain deformation. The different 

types of energy costs are noted below each case: b) Tiling misalignment cost is 
a result of rigid arrangement of tilted hexagons which cannot perfectly tile 
spherical surfaces, and therefore need to bend to avoid clashes. c) Chain 
deformation cost is the energy required for the designed building block to 
bend into desired local pentagonal or hexagonal conformation.
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Extended Data Fig. 2 | Computational generation of C2 linker Backbones 
with RFdiffusion. a) Cartoon representation of input motif (blue, LHD101 
chain A, residue 38–75) extracted from a previously designed heterodimer 
LHD101. The trimeric building block C3-A is rigidly fused with the 
complementary binding partner LHD101B (red). b) As C3-A trimers are 
symmetrically arranged in a tilted hexagon at a defined cone angle, two 

adjacent input motifs (blue) are extracted to create a C2 dimer with missing 
core. c) Symmetric RFdiffusion generatively designs a C2 backbone scaffold to 
stabilize input motifs in the fixed pre-specified geometry. d) Generated C2-B 
linkers were further sequence designed with ProteinMPNN and filtered by 
AlphaFold2.



Extended Data Fig. 3 | Vertex angle–guided polyhedral cage formation. a) 
Schematic of different polyhedral cages and their corresponding intersecting 
angles between adjacent vertices. In vitro mixing of C3-A with the C2-B-α30 
linker yields assemblies comprising a mixture of T = 1 and T = 1–3 cages.  
b) Representative nsEM micrograph of the assembled cages, the reported 
morphology was observed across three independent experiments. c) nsEM 2D 
class averages revealing assemblies consistent with dodecahedral geometry. 

d) Comparison between the experimentally reconstructed nsEM 3D density 
map (left, with imposed Icosahedral symmetry) and a regular dodecahedron 
(right). e) Selected 2D class averages showing additional cage populations, 
potentially corresponding to a larger cage containing 12 pentagonal faces and 
2 hexagonal faces. f) nsEM 3D reconstruction map without imposed symmetry 
(left) compared with a cage model with D6 symmetry (right).
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Extended Data Fig. 4 | nsEM characterization of the T ~ 3 cage. a) Selected 
subsets of nsEM 2D class averages showing distinct cage architectures 
observed from for the T ~ 3 cage sample. Scale bar = 50 nm. b) A model of C60 
fullerene cage (T = 3) and an experimental nsEM 3D reconstruction map (with 
applied Icosahedral symmetry, left). An elongated cage with high aspect ratio 

could potentially be C70 fullerenes (middle). C80 fullerene topology (T = 4) and 
experimental nsEM 3D reconstruction (with icosahedral symmetry applied, 
right) agrees with the design model. c) Other possible cage topologies from 
hexagon-pentagon mixed tiling that have been reported.



Extended Data Fig. 5 | Local defects analyses based on cryo-EM 2D class 
averages. For cages with T < 9, only pentagonal defects were observed. For 
high T cages, both pentagonal (orange) and heptagonal defects (purple) were 

observed. Although heptagonal defects generate negative Gaussian 
curvatures that are energetically unfavourable, they could be formed during 
cage closure under kinetic control.
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Extended Data Fig. 6 | NsEM characterization of functionalized protein 
cage assemblies. Representative nsEM images show the formation of cage 
structures utilizing various building block combinations terminally fused to 

diverse proteins of interest. Similar particles were observed across at least 
three independent experiments.



Extended Data Table 1 | X-ray diffraction data collection and refinement statistics for C2-B-α20 linker
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Extended Data Table 2 | Cryo-EM data collection, refinement and validation statistics
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