





Extended DataFig.1|Geometric frustration encountered during cage
closure.a) Symmetry breakingas aresult of two contrasting additionsto 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
aresultofrigid arrangement of tilted hexagons which cannot perfectly tile
spherical surfaces, and therefore need to bend to avoid clashes. ¢) Chain
deformation costis the energy required for the designed building block to
bendinto desired local pentagonal or hexagonal conformation.
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Extended DataFig.2| Computational generation of C2linker Backbones adjacentinput motifs (blue) are extracted to create a C2 dimer with missing

with RFdiffusion. a) Cartoon representation of input motif (blue, LHD101 core.c) Symmetric RFdiffusion generatively designs a C2 backbone scaffold to

chain A, residue 38-75) extracted froma previously designed heterodimer stabilize input motifsin the fixed pre-specified geometry.d) Generated C2-B

LHD101. The trimeric building block C3-Ais rigidly fused with the linkers were further sequence designed with ProteinMPNN and filtered by

complementary binding partner LHD101B (red). b) As C3-Atrimers are AlphaFold2.
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Extended DataFig. 3 | Vertex angle-guided polyhedral cage formation. a)
Schematic of different polyhedral cages and their correspondingintersecting
anglesbetween adjacent vertices. In vitro mixing of C3-A with the C2-B-a30
linker yields assemblies comprising amixture of T=1and T =1-3 cages.

b) Representative nsEM micrograph of the assembled cages, thereported
morphology was observed across three independent experiments. ¢) nsEM 2D
class averages revealing assemblies consistent with dodecahedral geometry.

A/ ) ‘\;;;: 51262
\ N//) De

¥ Y,
{ ) L} symmetry

Truncated hexagonal trapezohedron (1 < T < 3)

d) Comparisonbetween the experimentally reconstructed nsEM 3D density
map (left, withimposed Icosahedral symmetry) and aregular dodecahedron
(right). e) Selected 2D class averages showing additional cage populations,
potentially corresponding toalarger cage containing 12 pentagonal faces and
2 hexagonal faces.f) nsEM 3D reconstruction map withoutimposed symmetry
(left) compared with a cage model with D6 symmetry (right).
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Extended DataFig. 4 |nsEM characterization ofthe T ~ 3 cage. a) Selected could potentially be C70 fullerenes (middle). C80 fullerene topology (T =4) and
subsets of nsSEM 2D class averages showing distinct cage architectures experimental nsEM 3D reconstruction (withicosahedral symmetry applied,
observed from for the T - 3 cage sample. Scale bar =50 nm.b) Amodel of C60 right) agrees with the design model. ¢) Other possible cage topologies from
fullerene cage (T =3) and an experimental nsEM 3D reconstruction map (with hexagon-pentagon mixed tiling thathave beenreported.

applied Icosahedral symmetry, left). An elongated cage with high aspect ratio



Extended DataFig.5|Local defects analysesbased on cryo-EM 2D class observed. Although heptagonal defects generate negative Gaussian
averages. For cages with T <9, only pentagonal defects were observed. For curvatures that are energetically unfavourable, they could be formed during
high T cages, both pentagonal (orange) and heptagonal defects (purple) were cage closure under kinetic control.
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Extended DataFig. 6 | NsEM characterization of functionalized protein diverse proteins of interest. Similar particles were observed across at least
cage assemblies. Representative nsEM images show the formation of cage threeindependent experiments.
structures utilizing various building block combinations terminally fused to



Extended Data Table 1| X-ray diffraction data collection and refinement statistics for C2-B-020 linker

C2-B-020 (N9DL)

Resolution range 28.99 -2.15(2.21 - 2.15)
Space group Cc2
Unit cell 61.19, 93.30, 60.69; 90, 119.94, 90
Unique reflections 15664 (1104)
Multiplicity 4.3(4.3)
Completeness (%) 98.00 (94.5)
Mean I/sigma (1) 8.70 (2.70)
Wilson B-factor 36
R-merge 0.094 (0.524)
CCir2 0.993 (0.863)
Reflections used in refinement 15518 (1388)
R-work 0.2029 (0.2583)
R-free 0.2523 (0.3319)
Number of non-hydrogen atoms 2463
macromolecules 2427
solvent 36
Protein residues 318
RMS (bonds) 0.003
RMS (angles) 0.530
Average B-factor
macromolecules 55
solvent 52

Statistics for the highest-resolution shell are shown in parentheses.
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Extended Data Table 2 | Cryo-EM data collection, refinement and validation statistics

#1 Two-component protein cage #2 Two-component protein cage

(T=3) (T=3)
(EMDB-70605) (EMDB-70685)
(PDB 90M3) (PDB 90P9)
Data collection and
processing
Magnification 105,000 X 22,000 X
Voltage (kV) 300 200
Electron exposure (e-/A?)  9.66 120
Defocus range (um) 0.8-1.8 2-4
Pixel size (A) 0.843 0.885
Symmetry imposed Icosahedral Icosahedral
Initial particle images (no.) 107,197 599
Final particle images (no.) 11,155 462
Map resolution (A) 17.45 31.6
FSC threshold 0.143 0.143
Map resolution range (A) 20.02 — 15.91 N/A

Refinement
Initial model used (PDB
code)
Model resolution (A)
FSC threshold
Model resolution range (A)
Map sharpening B factor
(A%)
Model composition
Non-hydrogen
atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

Design model

17.45

0.143

20.02 - 15.91
0

553,560
71,640
NA

98.11
NA

0.017
1.435

0.86
1.35
0

100
0
0

Design model

31.6
0.143
N/A
N/A

553,560
71,640
NA

98.11
NA

0.019
1.565

0.93
1.72
0

100
0
0
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Open source softwares were used to generate design models: RFdiffusion (https://github.com/RosettaCommons/RFdiffusion), ProteinMPNN
(https://github.com/dauparas/ProteinMPNN), and RPXdock (https://github.com/willsheffler/rpxdock, version 2). Rosetta was used for the
construction of cage models based on EM density map (https://rosettacommons.org/software/).

Data analysis Data was analyzed and plotted using python3.12.3 and GraphPad Prism9. ImageJ1.5 was used to measure particle size. CryoSPARC v3. UCSF
ChimeraX 1.6. Computational filtering of designed sequences was achieved with AlphaFold 2 (https://github.com/google-deepmind/
alphafold). Scripts for generating curved hexagons are available via Zenodo at: https://doi.org/10.5281/zenodo.18892841. GEM single particle
analysis was performed using the GEMspa software package we developed: https://github.com/liamholtlab/GEMspa/releases/tag/v0.11-beta.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Coordinates and structure factors are available in the Protein Data Bank with PDB ID 9NDL (C2-B-a20). All data are available in the main text or the supplementary
materials. Design models are available at: https://doi.org/10.5281/zenodo.18892841. Example commands for symmetric RFdiffusion motif scaffolding and
automated sequence design pipeline of assemblies are available on request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to determine the sample size. Sample sizes were chosen based on previous experience or similar studies. (Cell:
PMID: 29937223; Molecular Cell: PMID: 39059370)

Data exclusions  No data were excluded for data analysis.

Replication At least three replicates were performed or included for each experiment, The reproducibility of all experiments are ensured.

Randomization  For cell-based experiments, culture dishes from the same preparation batch were randomly allocated to conditions. To control for potential
covariates, all plates were maintained under identical environmental conditions.

Blinding Experiment design and sample collection were performed by two different investigators. Data analysis was performed by reported Python
package automatically, with limited human evaluation.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Materials & experimental systems Methods

Involved in the study
Antibodies

Eukaryotic cell lines

Clinical data

XXX XXX &
OO0000OxO

Plants

Eukaryotic cell lines

n/a | Involved in the study

|Z |:| ChiIP-seq
|:| |Z Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Plants

Cell lines: U-2 OS (ATCC HTB-96), Hep 3B (ATCC HB-8064)

Cell line authentication was not performed. All cell lines were expanded from the original vials and used for experiments
within twenty passages.

All cell lines were regularly tested negative for Mycoplasma contamination by PCR.

We did not use commonly misidentified lines listed by ICLIAC.

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots
Confirm that:

g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

HEP3B cells were seeded at 7,500 cells per well in a 96-well plate one day prior to treatment. GFP-labeled protein cages were
added at a final concentration of 250 nM and incubated for 3, 6, or 24 hours. Following incubation, cells were trypsinized,
neutralized, and transferred to a 96-well U-bottom plate. Cells were washed three times with DPBS prior to flow cytometry
analysis.

Sony SH800 / Thermo Attune NxT

FlowJo v9

At least 5,000 cells were collected and resuspended in flow focusing buffer per sample.
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Gating strategy The cells were gated based on the major population based on SSC and FSC.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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