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Although the largest completely symmetric closed assembly that can be built
from a single building block is the 60-subunit icosahedron’, viruses can form
capsid assemblies with hundreds to thousands of identical subunits through

quasisymmetry—using the same subunit in symmetrically non-equivalent locationsin
the assembly?~. Quasisymmetric one-component assemblies could have considerable
advantages for delivery of biologics because of the large internal volume achieved
using only asingle building block, but the design of these structures is challenging
because of the inherent complexity of designing chemically identical subunits to
both adopt different conformations and make different interactions in the distinct
symmetrically non-equivalent locations. Here we conjectured that quasisymmetry
could arise from spontaneous symmetry breaking in a system of strongly interacting
building blocks with programmed curvatures and show that this principle, coupled
with a design approach combining a parametric representation of cage architecture
with RoseTTAFold diffusion generative modelling, can generate arich array of
quasisymmetric assemblies. Electron microscopy confirmed the structures of
designed 3 < T <36 cages with180-2,160 subunits and diameters from 68 nm to

220 nm, and designed 1< T <3 non-icosahedral clathrin-like assemblies. Cryogenic
electron microscopy structure determination showed how the global symmetry
breaking associated with the formation of both hexons and pentonsinthe 7=3
architecture arises from symmetry breaking in the designed subunit interface. Our
results indicate how the detailed architecture of complex systems can be controlled
by designing overall system properties, and our approach provides aroadmap for
designing large quasisymmetric assemblies for biologics delivery and other

applications.

Perfecticosahedral assemblies have twenty three-fold symmetry axes
that surround twelve five-fold symmetry axes. In many designed and
naturally occurring protein icosahedra, three-fold rotational sym-
metric (C3) protein trimers lie on the three-fold axes such that the 60
subunits of the assembly all have identical chemical environments, with
20trimers arranged to form12 pentons'®. Toincrease the capacity for
packaging genetic material without losing economy of genetic encod-
ing, many viruses expand on these structures by inserting additional
subunits that form hexagons (hexons) between the pentons (the num-
ber of hexonsinserted between the pentons depends on the triangula-
tion (T) number defined by Caspar and Klug?; a regular icosahedron
has T=1). Formation of 7>1assemblies requires symmetry breaking
(introducing local asymmetry) and multiple subunit conformations,
because differentlocations on the assembly have non-equivalent struc-
tural environments (for example, a subunit can border three hexons
or two hexons and a penton). In the case of viral capsids, this requires
the structural subunit to strike a delicate balance between plasticity

(toadopt different conformationsin different environments) and pre-
cision, as the genetic information must specify asingle assembly (ora
veryrestricted set of assemblies) for proper virus function. This balance
was optimized in diverse ways over evolutionary time by the strong
selective pressure operating on viruses to package maximal genetic
material while economizing on the capsid protein(s) coding sequence.
In T=3 capsids of diverse animal and plant viruses, chemically identi-
cal subunits positioned in distinct local environments of the capsid
display conformational switching or disorder-to-order transitions in
flexible N-terminal arm domains to stabilize the different subunit-
subunitinteractions®”. Theability tosimilarly encode single-component
quasisymmetry in designed icosahedral assemblies could enable the
generation of larger next-generation synthetic delivery vehicles and
protein materials, but how such symmetry breaking can be achieved
remains unknown.

Designing quasisymmetric structures is challenging, as identi-
cal subunits must adopt distinct conformations and form distinct
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Fig.1|Quasisymmetry design parameter space. a, Schematicofa
homotrimeric building block model consisting of three identical chains

(chA, chBand chC) shown with grey arms extending from an orange central hub.
b, ¢pisdefined asthe angle between the vectorsv,and v, from the COM of
atrimertothose of two nearest neighbours. ¢, @is defined as the angle between
the C3symmetry axes (c,) of adjacent trimers. d, Parameter space defined by
6and ¢. The grey dashed linerepresents the correlation between 8 and ¢ for
perfect C3symmetry.e,f, Schematic of symmetry breakingin quasisymmetric

interfaces at symmetrically non-equivalent sites. We hypothesized
that one-component quasisymmetric protein cages with 7>1could be
built by globally designing system properties rather thanattempting
to explicitly optimize the differing interactions made by the subunits
inthe distinct non-equivalent environments®’. More specifically, we
conjectured that symmetry breaking could arise spontaneously in a
system of strongly interacting identical subunits tiling a spherically
curved surface, driven by the energetic gain of cage closure. With-
out symmetry breaking, the only possibilities for fully satisfying the
bonding potential of the subunits are the flat hexagonal lattice and
the perfecticosahedron. Curved spherical surfaces cannotbe tiled by
hexagonal lattices, and hence to tile surfaces with curvatures lower
than that of the regular icosahedron while maintaining full subunit
interactions requires interspersing hexagons with pentagons, which,
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cages. Thelocal environment of trimeric building blocks around the T=1

cage (f, left) and the 2D hexagonal lattice (f, right) is C3-symmetric with three
identical pentagons or hexagons. By contrast, the localsymmetry of the T=3
cageis broken (f, middle) by the different geometries of the pentons and
hexons. g-i, Computational protocol for designing quasisymmetric cages for
givenfand ¢. Homotrimers are placed for given 8 and ¢ (g). Ahomodimeric C2
interfaceis placed at the centre of two homotrimers (h). RFdiffusion generates
anew protein backbone thatrigidly connects the C2and C3 protomers (i).

inturn, requires breaking symmetry. We conjectured that the energy
gain associated with the formation of additional subunit-subunit
interactions on assembly closure could provide astrong driving force
for thissymmetry breaking, leading to multiple local conformational
states (hexamer and pentamer edges) and high T-number assemblies.
This represents a distinct assembly strategy compared with many
native viral capsids, which rely on scaffolding molecules (for example,
packaged nucleic acid) within the interior of the capsid™. Investigation
of native viral capsids, analytically constructed model structures and
molecular dynamics simulations (Extended Data Figs. 1-3) suggest
that regularly interspersing hexagons with pentagons provides the
lowest-energy route to achieving closure while minimizing energetic
strain'"2, We reasoned further that the triangulation number and size
of the resulting assemblies could be controlled through the extent
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Fig.2|nsEM characterization of high triangulation number assemblies.

a, Design dQS_hex forms a 2D hexagonal lattice as designed. b, Design dQS_T1
forms T=1cagesasdesigned. ¢, The design parameters (9 and ¢) of our
experimentally characterized systems span awide range of values.d, The
dQS_T_hiassembly has alower local curvature (top) than the dQS_T3 assembly,

of curvature introduced between adjacent subunits: the smaller the
curvature, the higher the T-number and size of the resulting assembly.

Toexplorethis design principle, we set out to parameterize theinter-
actionangles between trimeric building blocks spanning the two limit-
ing cases of truly symmetrichomogeneous assemblies: T=1icosahedral
cages, consisting entirely of pentons, and two-dimensional (2D) hex-
agonal lattices, consisting entirely of hexons. T>1icosahedral cages,
consisting of both hexons and pentons, can beregarded as assemblies
inbetween the two boundary structures. As shown in Fig. 1, we define
two structure parameters that describe the interaction angle between
trimers: ¢ and 6, where ¢ is the angle between vectors v, and v, from
the centre of mass (COM) of a trimer to those of two nearest neigh-
bours (Fig.1b), and fis the angle between the C3 symmetry axis and the
inter-trimer vector v, (Fig.1c) and represents the curvature of the lattice.

The two parameters ¢ and 0 define a 2D parameter space (Fig. 1d),
which we explorein detail in this study. The symmetric assemblies at the
boundaries (T=1cages and the 2D hexagonal lattice) are represented

resultinginalarger cage (bottom). e, nsEM micrograph (left) and 2D averaged
classes (right) of dQS_T3.f,nsEM 3D reconstructions of dQS_T3 viewed

along different rotational symmetry axes. g, nsEM micrograph (left) and
magnified views (right) of dQS_T_hi cages. Scale bars, 100 nm (a,b); 200 nm (e,g);
50nm (e,g, insets).

by single points because, for each assembly, all the subunits have
identical local environments (Fig. 1d-f). If the trimer building blocks
are interacting symmetrically, the two parameters are correlated (as
Bincreases, ¢ decreases), and lie onthe dashed grey linein Fig.1d. The
T=1cage has ¢ =108° (angle of aregular pentagon) and 6 =110°, and
the 2D hexagonal lattice has ¢ =120° (angle of aregular hexagon) and
6=90°.Wereasoned that between these two reference points would lie
parameter sets representing quasisymmetric assemblies. As the local
environment of quasisymmetric assemblies is not symmetric (Fig. 1e),
asingle quasisymmetric cage will map to different points off the cor-
relation line corresponding to the different local geometries generated
by the symmetry breaking. For example, the T=3 capsid structure of
tomato bushy stunt virus (7= 3, PDB id: 2TBV) maps to three different
points off the perfect symmetry line (Fig. 1d, cyan points).

To design high-T-number quasisymmetric protein cages, we start
fromhomotrimeric protein building blocks (three identical protomers
forming a trimeric complex) with arms extending from a central hub
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Fig.3|Cryo-EM analysis of symmetry breakingin the dQS_T3 structure.
a, Cryo-EM3Dreconstruction of dQS_T3 cage. b, Local focused refinement
increases theresolutionto 7 A. ¢, Relaxation of protein model into the cryo-EM
map.d, Comparison of relaxed models between the three trimers forminga

and choose the distance d between the centres of the building block
and the target values of ¢ and 6. We position three of the C3 building
blocks around a central C3 building block at a distance d (=|v,|), and
set the angle 6 by rotating the three flanking building blocks so that
their C3 symmetry axes intersect at what will be the centre of the cage
(Fig.1gand Supplementary Fig.1, rotation1). The C3 building blocks are
rotated againto alignthe arms of the trimer along the vectors between
adjacent building blocks (Supplementary Fig. 1, rotation 2). We then
place a C2 building block halfway between two adjacent C3 building
blocks with the C2 symmetry axis perpendicular to a vector between
the two C3s (Fig. 1h). To fuse the C3 and C2 protomers, we used RFdif-
fusion® to rigidly connect the two chains (Fig. 1i). The resulting cage
subunits, composed of original C3 and C2 protomers fused by the bridg-
ing structure, are positioned tointeract with each other with theinput
¢ and 6 parameters. Because this design strategy uses C3-symmetric
oligomers asbuilding blocks, we can only target ¢ and 8 along the cor-
relation line. Our key assumption is that if ¢ and 6 are chosen to have
values close to those of a quasisymmetric assembly, symmetry breaking
will arise spontaneously torelease strain and enable assembly closure,
shifting ¢ and 0 off the correlation line™.

Design of symmetric assemblies

Before exploring the high-T-number region, we first designed and
tested symmetric assemblies that lie on the boundaries of the design
space: the 2D hexagonal lattice (dQS_hex) and the T=1cage (dQS_T1).
We used the design approach described above, first defining the 2D
hexagonal lattice by setting 8 = 90.0 and ¢ =120.0 to form regular
hexagons. As building blocks, we used previously validated C3 and C2
designs constructed from repeating helical units®. We placed the C3and
C2unitsinthetargeted geometry with aspacing between COMs of the
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0

pentagonand the three trimers formingahexagon. e, The 8 and ¢ values
calculated from the model structure deviate from perfect symmetry (grey
dottedline), asintended by design. f, Interface between two hexagons (green).
C2interface between pentagon and hexagon (purple).

C3units of |v;| =10.4 nmto provide adequate space to pack two helices
inthe empty space between each C3 and C2 unit. We then used RFdif-
fusion® to connect the C3 to C2 unit, providing a previously designed
two-helix unit as a guide (Methods). This generated a new protomer
backbone consisting of a fusion of the C3 protomer, bridge protein
and C2 protomer; the new protomers form new C3 homotrimers that
interact witheach other with geometry specified by the ¢ and 8 param-
eters. We designed the amino acid sequence of the new backbone and
contactingresidues of the C3 and C2 proteins using ProteinMPNN* and
selected six designs for which the AlphaFold2 predicted structure was
lessthan 2.5 A C, root mean square deviation (RMSD) from the compu-
tational design model for experimental testing. The selected designs
were expressed in Escherichia coli and purified by immobilized metal
affinity chromatography (IMAC). Two of the six designed proteins were
soluble after purification, and one (dQS_hex, Extended Data Table 1)
of the two designs was imaged using negative-stain electron micros-
copy (nsEM), which showed the formation of a 2D hexagonal lattice
withan edge length of10.4 nm (Fig. 2a), close to the design target. We
next designed a T=1symmetric cage with =110.9 and ¢ =108.0 cor-
respondingto the angle of aregular pentagon. We expressed six of the
designed proteinsin E. coli and purified them by IMAC. Five out of the
six designs were soluble after purification, and one (dQS_T1; Extended
Data Table1) of the five designs was characterized by nsEM. The nsEM
imaging showed homogeneous populations of T=1cages resembling
the design models (Fig. 2b and Supplementary Figs. 8 and 9). Thus, our
design approach can robustly generate symmetric assemblies.

Design of high-T-number assemblies

Next, we aimed to design high-T-number (7 >1) quasisymmetric
cages. Fromanalysis of both simulated structures and high-T-number
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Fig.4|Symmetry breakingin the high triangulation number dQS_T _hi
assembly. a, Cryo-ET images showing diverse morphologies of dQS_T_hi
particles. b, Mappingrefined pentagonal motifs to an original tomogram
image. ¢,d, Three-dimensional reconstructions of regions consisting of only
hexagons (c) and both pentagons and hexagons (d). e,f, Ball-and-stick models
constructed from the subvolume maps shownincandd. Eachbead represents

icosahedral viral capsids within the ¢ and 8 parameter space (Extended
DataFigs.1-3), we found that T > 3 cages have O between 90° and 102°
(Fig.2c). We began by targeting T =3 cages for which we derived values
of 6=100.0° and ¢ =117.1° from an analytically constructed model
structure (Fig. 2d and Extended Data Fig. 2). Similar to the design
approachused above for the symmetric assemblies, we first placed the
pre-validated C3 and C2 units (|v,| =12.5 nm) according to the targeted
parameters and then connected the two units with afour-helix bundle
using RFdiffusion. We reasoned that acombination of local rigidity and
global deformability could be optimal for achieving the desired sym-
metry breaking and used building blocks with interactions primarily
between residues close along the sequence (low contact order) and
relatively small subunit-subunit interfaces.

We selected six T =3 designs for experimental characterization,
expressed the proteinsinE. coli, and purified them by IMAC. Five out of
six of the designed proteins were soluble after purification, and three
out of six showed a sharp peak on size-exclusion chromatography (SEC)
atretention volumes consistent with the design models (Supplemen-
taryFig.4). One of the three designs that shows the most homogenous
peakin the SEC traces and dynamic light scattering (Supplementary
Figs. 9 and10) was characterized by negative-stain electron microscopy
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wider range of values thaninthe case of the dQS_T3 designin Fig.3.Scalebars,
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(nsEM). Homogeneous populations of about 70 nm size cages were
observedin nsEM micrographs, whereas 2D class averages (Fig. 2e) and
athree-dimensional (3D) reconstruction showed an overall structure
very close to the design model structure (Fig.2fand Methods). The T=3
icosahedral cage (dQS_T3) (Extended Data Table1and Supplementary
Fig.3) hasasoccer ball-like structure with 12 pentagons aligned along
the five-fold symmetry axes, with each pentagon surrounded by five
hexagonsthat are each aligned along three-fold symmetry axes, result-
ingin an assembly with 180 subunits in total. The EM structural data
confirm the quasisymmetry of the assembly, with subunits adopting
different conformations to form pentons and hexons.
Toexplorethegeneration of larger higher-T-number cages, we stud-
ied the lower @region of the parameter space in which natural viral cap-
sidswith higher T-numbers are located (Extended DataFig.1). We tested
asystemwith8=98.0°and ¢ =118.1° (dQS_T_hi, Fig. 2c), similarly con-
structed froma designed homotrimer and C2 interface®. The designed
proteins were again expressed in E. coli (Supplementary Fig. 3), and
their assembled structures were characterized by nsEM after IMAC and
SEC purification. Consistent with our design concept that reducing
curvature should increase assembly size, the cages observed in the
nsEM micrographs are much larger (diameter >120 nm; Supplementary
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Fig.9) thanthe dQS_T3 cages (approximately 70 nm diameter) although
the sizes and shapes are less homogeneous (Fig. 2g). Cryo-electron
microscopy (cryo-EM) micrographs (Fig. 4 and Supplementary Fig. 2)
confirmed cages with diameters ranging from 120 nm to 220 nm, which
correspondsto13 < T< 36 (number of subunits: 780-2,160) based on
theratio between the edge length and the diameter of the cages (Sup-
plementary Fig. 5). Heterogeneity is not surprising in high-7-number
cage systems because the parameter differences (6 and ¢) between
neighbouring 7-number cages become smaller as the T-number
increases. Unlike native viral capsids, assembly of the designed nanoc-
ages is driven solely by the interaction between subunits; borrowing
from the example of natural high-T-number viral capsids® ", achieving
amore homogenous cage size in designed high-T-number systems
could be accomplished by using size-regulating scaffolding proteins
ornucleicacidsintheinterior, or spherical assemblies (proteins, lipids
and polymers) with defined sizes to direct lattice assembly.

Cryo-EM analysis of symmetry breaking

Tounderstand the symmetry breakingin the subunits of the T=3 cage
in more detail, we collected cryo-EM micrographs of purified dQS_T3
cages (Extended Data Table 2) and determined a reconstruction at
about11.0 A resolution applying globalicosahedral symmetry over the
multiple-subunit extended asymmetric unit containing one pentonand
theadjacent trimers (Fig.3a). We observed polymorphism between indi-
vidual cages, and toincrease resolution of self-consistent sub-particle
regions (Methods) we carried outlocal focused refinement'® over focus
regions consisting of four neighbouring trimers, which encompass
the two distinct local environments: the edge between two hexagons
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and 2D averaged classes showing a mixture of multiple non-icosahedral
sub-T=3 quasisymmetric cages (right). d,e,nsEM 3D reconstructions of D3
and Tsymmetric cages of dQS_T1.5.Scale bars,200 nm (c); 20 nm (c, insets).

(edge A) and the edge between pentagon and hexagon (edge B)
(Fig.3b). The focused classification and refinementincreased resolution
toabout 7.0 A, enabling the identification of helical secondary structure
features (Fig. 3b). We carried out density-guided model relaxation by
ISOLDE®, which places helices of the model into the density (Fig. 3c).In
therelaxed model, distinctlocal structures form the hexagons and the
pentagons (Fig. 3d), which map to two different clusters with different
¢ values (about108°and 120°) in the design parameter space (Fig. 3e).
The two clusters are located off the symmetry correlation line, con-
sistent with local symmetry breaking and the overall design concept.
Tounderstand the structural origin of the symmetry breaking, we alig-
ned the relaxed model structures of the two different edges (edges A
and B) (Fig. 3b) and found that the deviations were primarily at the
subunitinterfaces (Fig. 3f). Together with aprevious report of quasisym-
metric cages driven by local structural flexibility?®, our results indicate
that quasisymmetry can be driven by deformation of either the subunit
interfaces or the subunit backbone, or by acombination of both.

The symmetry breaking of higher-T-number cages (dQS_T_hi, 7>13)
occursineven more complex ways. We observed heterogeneity of the
cages in both diameter and shape (Fig. 4a). The observed diameters
range from 120 nm to 220 nm (Supplementary Fig. 2), and the overall
shape of the cages ranges from spherical to HIV-capsid-like (fullerene
cone) structures®?2, Owing to the marked heterogeneity, we conducted
cryogenic electron tomography (cryo-ET) and performed subvolume
analysis to reconstruct 3D tomogram volumes of sub-regions of the
cages (Fig.4b-d and Extended Data Table 3). We determined the loca-
tions in full assembly tomograms of refined pentons generated from
this sub-region analysis (Fig. 4b). We found that pentons on each cage
were not consistently positioned with respect to each other (consistent



with the heterogeneous cage shapes), with different organizations
in different cages. We obtained cryo-ET maps of two representative
sub-regionsthat highlight the quasisymmetric characters of the cages:
asub-regioninwhichonly hexagons are presented (Fig. 4c) and another
sub-region in which a pentagon is surrounded by hexagons (Fig. 4d).
We transformed the cryo-ET subvolumes to ball-and-stick models
(Fig. 4e,f), in which each sphere represents the centre of trimers, to
map the subvolumes to the parameter space and identify the local sym-
metry breaking (Fig.4e). The ¢ and O values obtained fromthe cryo-ET
maps deviate more from the symmetry correlation line (Fig. 4g) than
the T=3cages (Fig. 3e); higher-T-number cages contain more diverse
local environments that break symmetry in different ways.

Design of sub-T=3 region and boundaries

According to the standard definition of T-number?, there are no archi-
tectures with1< T< 3, but thereis alarge region between T=1and
T=3inour design space (Fig. 5a), which we refer to as the sub-7=3
region. Analysis of simulated model structures (Extended Data Fig. 4)
showed that non-icosahedral quasisymmetric D3, D6 and tetrahedral
(T) symmetric cages can be generated in the sub-T=3region (Fig. 5b).
Similar to the icosahedral high-T-number cages, the non-icosahedral
cages consist of 12 pentagons and several hexagons, and hence these
cages can be viewed as being between T=1and T =3 cages. With the
nomenclature of 5"6™, where n and m are the numbers of pentagons
and hexagons, respectively, the icosahedral T=1and T =3 cages are
52 and 56", and the sub-T =3 non-icosahedral cages can be written
as 526° (D3 symmetry), 526* (T symmetry) and 526% (D6 symmetry).
These cage structures are often found in gas hydrates? and colloidal
crystals®* and are known as Frank-Kasper polyhedra®; inbiology, these
structures are best represented by clathrin structures?.

We designed and experimentally tested a system (dQS_T1.5) with
6=106.0° and ¢ =112.7° in the sub-T =3 region. The sub-7T= 3 cages
obtained by E. coli expression were characterized by nsEM, which
revealed a mixture of several types of cage structure (Fig. 5c and
Extended Data Table1). This mixture of sub-T =3 architecturesis often
observed in clathrin systems?, which have local structures similar
to our designed cages. The 2D class averages are consistent with D3
symmetry (78 subunits), D6 symmetry (108 subunits) and T symmetry
(84 subunits) cages with diameters of 55.6 nm, 65.1 nm and 59.8 nm,
respectively (Fig. 5¢). Three-dimensional reconstructions of the D3
symmetry and Tsymmetry cages indicated non-icosahedral quasisym-
metric architectures composed of pentons and hexons (Fig. 5d,e),
which match well with the model structures (Fig. 5b).

Conclusion

Our results supportour conjectures that quasisymmetry can arise from
spontaneous symmetry breaking in a system of strongly interacting
building blocks, driven by the energetic gain from assembly closure,
and that the triangulation number of the resulting assembly can be
controlled by the curvature of theinteracting building blocks. We show
that these principles enable the design of well-defined T =3 cages, less
homogeneous T=13 cages and Frank-Kasper polyhedra. Whereas
almost all previous computational design of protein nanomaterials
has sought to precisely specify the atomicinteractions between build-
ingblocks, here we instead focus on designing overall system proper-
ties. The accompanying paper” demonstrates the generality of this
design principle through the construction of two-component quasi-
symmetric structures. We suspect that as biological design efforts
move up the complexity ladder, these design principles and approaches
will become increasingly important.

We speculate that the evolution of 7> 1 viral capsids likewise took
advantage of spontaneous symmetry breaking arising from mutations
that altered the overall curvature of interacting subunits, rather than

mutations that directly stabilized the multiple distinct interfaces. To
increase the homogeneity of the higher triangulation number assem-
blies once populated, these assemblies were probably stabilized
through the introduction of additional scaffolding and host factor
interactions, and optimization of the different subunit-subunitinter-
faces. Likewise, to reduce the heterogeneity of our higher-T-number
assemblies, protein design could follow natural evolution here and use
analogousinteracting and scaffolding components to stabilize specific
target quasisymmetric assembly architectures.
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Methods

Computational methods

Computational design protocol of single-component high-T-
number cages. We first constructed input architectures for agiven set
of parameters (d, 6 and @) using (1) C3 oligomers; (2) bridge proteins;
and (3) C2interfaces. After the construction, three parts (a C3 protomer,
abridge proteinand a C2 protomer) were connected interms of indices
of atoms and amino acids (that is, we merged the three chains as one
chainin*.pdb file format). The merged chain was used as an input of
RFdiffusion, and the bridge protein was partially diffused (diffuser.
partial_T =20) torigidly connect the three parts together. The out-
puts of RFdiffusion’ were used as inputs of proteinMPNN* to design
alibrary of amino acid sequences (diffusion temperature = 0.1, 0.15,
0.2,0.25,0.3,0.4, 0.5; 32 sequences for each temperature), which are
predicted to stabilize the generated backbone. Folded structure of
each sequence of the library was predicted by AlphaFold-2 (ref. 28),
and C,RMSD was calculated between the predicted structure and the
generated backbone (=the target structure we want) (Supplementary
Fig. 6). Designed sequences with the RMSD less than 2.5 A were used
for experimental tests. More details of the initial model construction
aredescribed below.

Model construction. We first defined the COMs (COM1, COM2, COM3
and COM4) of C3 oligomers for the given parameters. The v, was defined
asavector from COM1to COM2, and v, was from COM1to COM3. Then,
we read the xyz coordinates of the C3 oligomer, duplicated the coor-
dinates into four (that is, four identical C3 oligomers) and translated
eacholigomertoeach COM. Then, each oligomer was rotated to align
the C3 rotational axis with a vector from the origin (= 0, 0, 0) to each
COM.Then, eacholigomer was rotated againto align the direction of an
armofthe oligomer along a vector fromthe COM of the oligomer to the
COM ofaneighbouring oligomer (Supplementary Fig.1). Next, we read
thexyzcoordinates of the C2 oligomer, duplicated the coordinates into
three, and translated each C2 oligomer to the centre of COM1-COM2,
COM1-COM3 and COM1-COM4. Then, each C2 oligomer was rotated
to align the rotational symmetry axis of the C2 with a vector from the
origin to each COM of C2. Then, a bridge protein consisting of four
alpha helices was roughly placed (we used ChimeraX to dragit to an
appropriate place) between the C3 and C2 oligomers. Finally, the three
parts (C3 protomer, C2 protomer and bridge protein) were merged as
one chainin a*.pdb file format, which was used as an input of RFdif-
fusion in the next step. We first constructed the initial configuration
using four C3 oligomers to check the overall structure, but at the end,
only onesetofthe three parts (aC3 protomer, abridge proteinanda C2
protomer) was needed for the next steps, because all the construction
was performed symmetrically. We have attached asample code of the
model construction and input files.

Molecular dynamics simulation. Simulations were conducted using
molecular dynamics (MD) implemented in the HOOMD-blue particle
simulation package (https://github.com/glotzerlab/hoomd-blue)®.In
the simulation, the model cages are represented as vertices of penta-
gons and hexagons of the cage surface (see the model structure of
cagesin Extended DataFigs.2and 3), and the vertices are represented
asspherical beads (diameter 0.30). Each bead isbonded with the near-
estneighbouringbeads by aharmonic bond potential (applied to pairs
formingabond),V;,;,q= %kbond(r - ro)%, where kynq=100¢/0%,ry =110,
and by anangular potential (applied to triplets forming abond angle),
Vangle = 3Kangie(@n— 0, )% Where 8, =120° and K,y = 20¢. Here, ris the
distance between the centres of beads, and 6, is the bond angle of the
triplet; €is the energy unit, and ois the length unit of the simulation.
The constructed model cages were used as initial configurations and
first thermalized for 10°MD timesteps (with df =10"*7, where ris the sim-
ulation time unit) under Brownian dynamics. Then, the systems were
equilibrated for 10° MD timesteps by monitoring potential energy (until

it reaches a plateau) at a constant temperature (7* = 0.2kT/¢). After
equilibration, the positions of the cage vertices were time-averaged for
5x10* MD timesteps to minimize noises, and the design parameters
(6 and ¢) were calculated.

Calculating potential energy landscape across T-numbers. In the
simulation model, the interactions between nodes of the cages are
described by two types of potential energies: (1) aharmonic bond pot-
ential for stabilizingbond distances and (2) aharmonic angle potential
for stabilizingbond angles. To calculate potential energy landscapes,
we first defined two sets of potential energy parameters, for which the
potential energy is minimized forideally constructed T=3 (6 =101°and
¢ =116°)and T=13 (0 =95°and ¢ =119°) models, respectively. We then
applied each parameter set to different T-number cage models (T=3,
9,13,16 and 36) to calculate the potential energy landscape across
T-numbers for each parameter set.

We proposed that if the potential energy minimum for a target
T-number cageis distinctly lower than those of other -number cages,
higher structural homogeneity would be observed at equilibrium (that
is, only the target T-number cages would form). By contrast, if the
energy differences are small, structural diversity would emerge (that
is, several T-number cages would be populated).

Simulation results show that, for the parameter targeting 7= 3, the
potential energy increases rapidly as the T-number deviates from the
target value. By contrast, for the parameters targeting 7 =13, the poten-
tial energies of T =13 and its neighbouring T-numbers (T=9 and T=16)
are comparable (Supplementary Fig. 7).

Theseresultsindicate that, for high-T cages, the energy differences
betweenadjacent T-numbers are not sufficiently distinct, leading to the
observed structural diversity in this study. This further implies that an
additional size-defining scaffold (for example, RNA or DNAin viruses)
may be required to achieve structural homogeneity in high-T cages®.

Experimental methods
The experimental methods and materials used in this study are mostly
the same methods and materials as described in our previous studies®*°.

Protein expression. Protocol. Synthetic plasmids (100 ng) were trans-
formedintoachemically competent £. coliexpressionstrain, BL21(DE3),
using 10 pl competent cells per reaction, following the protocol of the
manufacturer. Following transformation and recovery, the entire trans-
formation products were used toinoculate1 ml Luria-Bertanimedium
containing 100 pg ml™ kanamycin and grown at 37 °C with shaking at
200 rpmovernight. Of overnight cultures, 500 pl was diluted into 50 ml
TBM-5052 supplemented with 100 pg mi™ kanamycin in 250 ml baf-
fled flasks and incubated at 37 °C with shaking at 200 rpm for18-24 h.
Buffers. All buffers and media were made using Milli-Q filtered water.

Autoinduction medium (TBM-5052): 1.2% (wt vol™) tryptone,
2.4% (wt vol™) yeast extract, 0.5% (wt vol™) glycerol, 0.05% (wt vol™)
D-glucose, 0.2% (wt vol™) b-lactose, 25 mM Na,HPO,, 25 mM KH,PO,,
50 mM NH,CI, 5 mM Na,SO,, 2 mM MgSO,, 10 uM FeCl,, 4 pM CaCl,,
2 UM MnCl,,2 pM ZnS0O,, 400 nM CoCl,, 400 nM NiCl,, 400 nM CuCl,,
400 nM Na,MoO,, 400 nM Na,SeO; and 400 nM H;BO,.

Lysis buffer: 25 mM Tris, 300 mM NaCl, 20 mM imidazole, 10% glyc-
erol and pH 8.0 at room temperature.

Wash buffer: 25 mM Tris, 300 mM NaCl,40 mMimidazole, 10% glyc-
eroland pH 8.0 at room temperature.

Elution buffer: 25 mM Tris, 300 mM NaCl, 300 mM imidazole,
100 mM EDTA, 10% glycerol and pH 8.0 at room temperature.

SEC buffer: 25 mM Tris, 300 mM NacCl and pH 8.0 at room
temperature.

Protein purification. Immobilized metal affinity chromatography.
Cultures were harvested by centrifugation at 4,000g for 15 min, the
culture supernatant was decanted, and pellets were resuspended in
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35 ml of lysis buffer. For cell lysis, 300 pl of PMSF (100 mM in 100%
ethanol) was added immediately before sonication at 70% power for
5min. Then, lysates were clarified by ultracentrifugation at 18,000g
at12 °C for at least 30 min and applied to 1.5-ml of Ni-NTA resin (Qia-
gen) pre-equilibrated with lysis buffer and packed into Econo-Pac
columns (Bio-Rad) for gravity chromatography. The columns were
washed twice with 15 ml of wash buffer and eluted with 10 ml of elution
buffer. Hetero-oligomers were purified according to a similar proce-
dure, except they used the ‘Het’ variants of the lysis, wash and elution
buffers, as this was found to improve the yield of single-His-tagged
complexes over nonspecific multiple-His-tagged complexes, which
can arise at high concentrations and probably dominate binding to
the Ni-NTA resin. Samples prepared for crystallization were treated
similarly, except that 500-ml cultures were used and the lysate was
divided among six gravity columns.

Size-exclusion chromatography. IMAC-eluted samples were concen-
trated using 10k MWCO spin concentrators and were purified using a
Superdex 6 10/300 increase column (Cytiva) in SEC buffer using an
AKTA pure system (Cytiva). SEC traces were also used to qualitatively
determine homogeneity and quantitatively measure total yield by
A280 absorbance integrated over the collected fractions using Uni-
corn(Cytiva).

Sample analysis. Liquid chromatography mass spectrometry.
To identify the molecular mass of each protein and thus verify sam-
ple identity and integrity, intact mass spectra were obtained using
reverse-phase liquid chromatography mass spectrometry on an Agilent
G6230B TOF onan AdvanceBio RP-Desalting column, and subsequently
deconvoluted by way of Bioconfirm using a total entropy algorithm.
Negative-stain electron microscopy. SEC-purified samples were
diluted (0.005 mg mI™for oligomers and 0.05-0.1 mg ml™ for crowns
and cages) using SEC buffer immediately before application for 45 s
to glow-discharged thick carbon film-coated 400 mesh copper grids
(CF400-CUTH, Electron Microscopy Sciences). Grids were then stained
and dried immediately twice using 2% uranyl formate. Dried grids were
screened using a120 kV Talos L120C transmission electron microscope.
The E Pluribus Unum (EPU; FEI Thermo Scientific) software was used
forautomated data collection. Data processing was carried outin Cry-
0oSPARC (Structura Biotechnology).

Aninitial particle set of 100 particles was manually selected in cryo-
SPARCIO, followed by particle extraction and 2D classification. For
dQS_T1, 345 micrographs were collected, which produced 56,692
particles, of which 9,870 particles (17.5%) were selected for 2D clas-
sification. For dQS_T1.5,400 micrographs were collected, 64,684 par-
ticles were extracted and 10,938 particles (16.9%) were used for 2D
classifications. For dQS_T3, 361 micrographs were collected, 22,237
particles were extracted and 1,784 particles (8.0%) were used for 2D
classification. Finally, for dQS_T_hi, 353 micrographs were collected,
and 2D classification was not performed due to the heterogeneity of the
particles.

Cryo-EM data collection. Three microlitres of purified dQS_T3 at
15 uM in 25 mM Tris-HCl and 300 mM NacCl (pH 8) was applied to
glow-discharged 300 mesh R2/2 holey carbon C-flat grids. The grids
were blotted using a Vitrobot Mark IV (Thermo Fisher Scientific)
for 4-5s at room temperature and at about 100% chamber humid-
ity, then vitrified in liquid ethane. Frozen grids were stored in liquid
nitrogen until screening and or data collection. The grids were ini-
tially screened for on-grid sample concentration and appropriate
ice thickness for data collection using a Talos Arctica cryo-electron
microscope (Thermo Fisher Scientific) operated at 200 kV. For data
collection, dQS_T3 grids were imaged in a Titan Krios cryo-electron
microscope (Thermo Fisher Scientific) operated at 300 kV using EPU
data collection software (Thermo Fisher Scientific) and recorded on
a K3 Summit electron detector with a GIF energy filter (Gatan) ata
magnification of 81,000x corresponding to a calibrated sampling of

1.09 A per pixel. Each image was composed of 40 individual frames
with a total accumulated dose of 50 electrons per A2. In total, around
5,100 movie stacks were recorded with a defocus range of -1 um
to-2.5 um.

Cryo-EMimage processing. Micrographs were first motion-corrected
using MotionCor2* and the contrast transfer function of each motion-
corrected image was determined using CTFFIND4*2, An initial particle
setof 100 particles was selected manually in cryoSPARC?, followed by
particle extraction and 2D class averaging. Two-dimensional classes
with recognizable particle features were subsequently used as input
for Template Picking for the entire dataset of 3,346 micrographs, which
produced 109,261 particles that were filtered to a dataset of 65,645
particles using Inspect Picks. The 65,645 particles were extracted at
1,024 pixels (px) and Fourier-cropped to 600 px for further analy-
sis. In two rounds of 2D classification, 2D class averages with strong
particle features were selected, and particles in 2D class averages
with less-resolved features were removed. This resulted in a dataset
of 40,365 particles that we used to generate three C1 ab-initio maps
using cryoSPARC, inwhich one model had clearicosahedral symmetry
with five-fold, three-fold and two-fold features. This map was used as
areference for further non-uniform 3D refinement (cryoSPARC) of
the selected initial model class particle set of 24,393 particles with
icosahedral symmetry imposed, yielding a11.6 A map (0.143 GSFSC
criterion). We thenre-extracted the refined particles to re-centre each
particle using the refined orientations from the icosahedral refine-
ment and symmetry-expanded the dataset with | symmetry, result-
ingin aset 0of 1,074,780 particles centred around each asymmetric
unit. Using afocused mask centred around four trimers, an additional
local refinement in cryoSPARC without imposed symmetry yielded a
7.1 A map.

Model building and analysis. For each refined map described above,
rough atomic models were first generated of the respective assembly
by docking the design model into the density using UCSF Chime-
raX v.1.3 fit-in-map tool****. Each model was then flexibly fit into the
respective density using ISOLDE ChimeraX plug-in until no further
changes in the backbone positioning relaxed into the density were
observed.

Cryo-ET data collection. Three microlitres of purified dQS_T_hi
at15 uMin 25 mM Tris-HCl and 300 mM NacCl (pH 8) was applied to
glow-discharged 300 mesh R2/2 holey carbon C-flat grids. The grids
were blotted using a Vitrobot Mark IV (Thermo Fisher Scientific) for
4 s at room temperature and about 100% chamber humidity and vit-
rified by plunge freezing in liquid ethane. Frozen grids were stored
inliquid nitrogen until data collection. For data collection, the grids
were imaged on a Talos Arctica cryo-electron microscope (Thermo
Fisher Scientific) operated at 200 kV under vacuum and liquid nitrogen
temperature. Tilt series data were collected using SerialEM data col-
lection software® and images were recorded onak3 Summit electron
detector at amagnification 0f22,000x corresponding to a calibrated
sampling of 1.81 A per pixel. Tilt series images were acquired using a
bi-directional dose-symmetric collection scheme*® from negative 60°
to positive 60° at 3° increments starting at 0°. Images were collected
using low-dose settings with adose rate of 3.33 e” A2s'at thesample,
and adefocus range of -2 pumto—4 pm. Eachttilt series was composed of
41lindividual tiltimages, with a total accumulated dose of 115 electrons
per A% Intotal, 33 tilt series were collected.

Cryo-ET subvolume analysis. Subvolume analysis steps were per-
formed using EMAN2 v.2.3 Tomo pipeline®. A total 0f 1,296 tilt-image
movie stacks with 6 frames per movie were motion-corrected using
MotionCor2. The motion-corrected images for each tilt series were
aligned and reconstructed into 3D tomogram volumes using e2_tomo-
gram.py. The contrast transfer function estimation for each tiltimage
was performed using the EMAN program e2spt_tomoctf.py. Owing to
the marked particle-to-particle heterogeneity, analysis focused on sub-
particle regions that could be extracted fromeach particle subvolume.



Article

Atotal of 50 high-signal-to-noise-ratio sub-particle coordinates centred
around visually identifiable pentamer assemblies were manually picked
and extracted from tomograms with varying average defocus values.
Subvolumes were extracted at box size 512 and binned by 4 to abox
size of 128. The subvolumes were then used to generate aninitial model
using e2spt_sgd_new.py with Clsymmetry and fiveiterations. The same
manual picking and initial model generation steps were performed for
50 high-signal-to-noise ratio sub-particles centred around hexamers.
Each volumewasthen used for EMAN2 reference-based picking of sub-
particles withinalltomograms to generate sets of both pentamer and
hexamer sub-particle regions.

For pentamers, the set of 1,416 template-picked and manually
checked subvolumes binned by 4 was iteratively refined using e2spt_
refine_new.py without imposed symmetry to 26.7 A resolution (0.143
GSFSC criterion). The template-picked hexamer dataset, with 13,793
particles binned by 4, was similarly refined t0 20.2 A resolution. Refined
coordinates and orientations of the refined penton subvolumes were
mapped in 3D back to the originating tomogram using the EMAN2
program e2spt_mapptclstotomo.py.

Visualization, figure generation and model docking were performed
using UCSF ChimeraX v.1.3 and its built-in tools.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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parameters (6 and ¢) of the two model structures. The mapped parameters higher T-number cages.



o))
o

I
o

w
o

120

Potential Energy (a.u.) T potential Energy (a.u.) o

(o]
o

Extended DataFig. 3| MD simulations for thermally equilibrated T=3
and T =13 cage structures. (a,b) Time evolution of potential energy during
equilibration of the cages for 10° MD timesteps. Fluctuation along a constant
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Relaxed model structure by MD simulation
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Extended DataFig.4 | MD simulations for thermally equilibrated sub-T3 cages (D6, D3, T symmetries). (left) Relaxed cages by MD simulations for 10 MD

timesteps. (right) Clusters of 6 and ¢ of each cage mapped to the parameter space.




Extended Data Table 1| Designed sequence of dQS_T1, dQS_T1.5, dQS_T3 and dQS_T_hi with a HIS-tag at the C-term

ID Protomer sequence

dQS_T1 GSPELFLODLRSLVEAARILARLARQRGDEHALERAARWAEQAARQAERLARQARKEGNL
ELALKALQILVNAAYVLAEIARDRGNEELLEYAARLAEEAARQAIEIWAQAMEEGNQQLRT
KAAHIILRAAEVLLEIARDRGNQELLEKAASLVDAVAALQQAAAAILEGDVLKAFEAAREAL

KAAEKAGDKDMLKAVAIAVARIIEEAAANDADVEALEKAAEVAREALEAAIKYGLYEEAKK

VVIEVAKLAVKAKNQDVIAKALEVALKAAEKLIKKGVFEEAKEILEELVKALEKLKNLDQDAL

AKAADAAYRIAHEALKQGNLEVALAASKVAMAALKQTGGSGGSHHHHHH

dQS_T1.5 | GSPELFLQDLRSLVEAARILARLARQRGDEHALERAARWAEQAARQAERLARQARKEGNL
ELALKALQILVNAAYVLAEIARDRGNEELLEYAARLAEEAARQAIEIWAQAMEEGNQQLRT
KAAHIILRAAEVLLEIARDRGNQELLEKAASLVDAVAALQQAAAAILEGDVRKAVEAAEEAV
RAAEEAGDIDMLRAAVIAAARVGARAAELGAEPEVLRRAVEVILRALRAAIERGDIDLAVLA
LRALARLIEEITQPEAVDAAILAALEALLEAAELKDPAVEVAVVVVLEAATKKMHLATQDAL
AKIADLAYRLAHEYLKIGNLAVALAASKLAMAALNQTGGSGGSHHHHHH

dQS_T3 GSPELFLODLRSLVEAARILARLARQRGDEHALERAARWAEQAARQAERLARQARKEGNL
ELALKALQILVNAAYVLAEIARDRGNEELLEYAARLAEEAARQAIEIWAQAMEEGNQQLRT
KAAHIILRAAEVLLEIARDRGNQELLEKAASLVDAVAALQQAAAAILEGDVVKAAEAAKEAV
KAAAEAGDEDMLRAAAIAVERIAKKAAEIVTDNEEAEKLVEILVEILKAVAEAGDEDAALKIA
KAVLIAAKVTTNNEAVEKALEAAVEAAEKFVERGDEKAALEFAKAALELLKLLKPESQDALA
KVADRAYRLAHEALKRGNLKVALAFSKVAMAALEQTGGSGGSHHHHHH

dQS_T_hi | GSPELFLODLRSLVEAARILARLARQRGDEHALERAARWAEQAARQAEKLARQARKEGNL
ELALKALQILVNAAYVLAEIARDRGNEELLEYAARLAEEAARQAAEIWAEAARRGNQQLRT
KAAHILLRAAEVLLEIARDRGNQELLEKAQRIVEAVAAAQQVAALALRLAEELDSEEAKKAV
RAIAEAAAAALLAALQGKDEVAKLALKVLKEAIELAKENRSEEALKVVLEIARAAAAAARAA
EEGKTEVAKLALKVLEEAIELAKENRSEEALKVVLEIARAALAAAQAAEEGKTEVAKLALKVL
EEAIELAKENRSEEALKVVLEIARAALAAAQAAEEGKTFIAKAALRILEEAIEMAKENRSEEAL
KQVLEIARAAYDAAEAAREGKGGSGGSHHHHHH

dQS_hex GSPELFLOQDLRSLVEAARILARLARQRGDEHALERAARWAEQAARQAERLARQARKEGNL
ELALKALQILVNAAYVLAEIARDRGNEELLEYAARLAEEAARQAIEIWAQAMEEGNQQLRT
KAAHIILRAAEVLLEIARDRGNQELLEKAASLVDAVAALQQAAAAILEGDVKKAAEAAAEAA
RAAAEAGDLDMLRAVGIAAERIAKEAKKAGDEKEEGLEIFEEIARLLVEAVEKGDKDLAKML
ARGLELAAQLLAAESQDELAKIADQAYRAAHEALKEGNLDAALLASKVAMEALKRTGGSG
GSHHHHHH
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Extended Data Table 2 | CryoEM data collection and map processing statistics for dQS_T3

Data Collection

Microscope Titan Krios

Voltage (kV) 300

Detector Gatan K3

Energy Filter Gatan
BioQuantum Gif

Recording mode Counting

Magnification 81,000 X

Movie micrograph pixel size (A) 1.09

Dose rate (e-/A%s) 9.66

No. of frames per movie micrograph 40

Frame exposure time (s) 0.05

Movie micrograph exposure time (s) 2

Total dose (e-/A2) 50

Under focus range (um) 0.8-2

Number of movie micrographs 3,346

Map Processing

dQS_T3 particle
EMDB ID: EMD-70787

Focused pentamer region
EMDB ID: EMD-70792

Extraction Box Size (pix)

1200 (fourier cropped 720)

1200 (fourier cropped 720)

Initial particle images (no.)

65,645

1,074,780

Final particle images (no.) 24,393 1,074,780
Symmetry imposed I C1
Map resolution (A) 11.3 7.1

FSC threshold 0.143 0.143
Refinement N/A




Extended Data Table 3 | CryoEM data collection and map processing statistics for dQS_T_hi

Data Collection

Microscope Glacios
Voltage (kV) 200
Detector Gatan K3
Energy Filter N/A
Recording mode Counting
Magnification 22,000X
Movie micrograph pixel size (A) 1.81

Tilt scheme Dose symmetric
Starting tilt angle 0°

Tilt series tilt increment 3°
Tomogram tilt range -60° to 60°
Number tilt images per tilt series 41

Dose rate (e-/A%s) 3.33

No. of frames per movie micrograph 6

Frame exposure time (s) 0.14

Tilt movie micrograph exposure time (s) 0.839
Total dose (e-/A?) 115

Under focus range (um) 2-4
Number of movie micrographs 1296
Number of tilt series 33

Map Processing

Focused pentamer
region
EMDB ID: EMD-70797

Focused
hexamer region
EMDB ID: EMD-70798

Extraction Box Size (pix)

512 (4x binned to 128)

512 (4x binned to 128)

Initial particle images (no.)

1416

13,793

Final particle images (no.) 1274 13,103

Symmetry Imposed C1 C1

Map resolution (A) 26.7 20.2
FSC threshold 0.143 0.143
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