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Abstract

Polyhedral protein nanocages have had considerable success as vaccine platforms
(1–3) and are promising vehicles for biologics delivery (4–7). Hence there is considerable
interest in designing larger and more complex structures capable of displaying larger numbers
of antigens or packaging larger cargos. However, the regular polyhedra are the largest closed
structures in which all subunits have identical local environments (8–11), and thus accessing
larger and more complex closed structures requires breaking local symmetry. Viruses solve this
problem by placing chemically distinct but structurally similar chains in unique environments
(pseudosymmetry) (12) or utilizing identical subunits that adopt different conformations in
different environments (quasisymmetry) (13–15) to access higher triangulation (T) number (13)
structures with larger numbers of subunits and interior volumes. A promising route to designing
larger and more complex nanocages is to start from regular polyhedral nanocages (T=1)
constructed from a symmetric homotrimeric building block, isolate cyclic arrangements of these
building blocks by substituting in pseudosymmetric heterotrimers, and then build T=4 and larger
structures by combining these with additional homo- and heterotrimers. Here we provide a
high-level geometric overview of this design approach to illustrate how tradeoffs between design
diversity and design economy can be used to achieve different design outcomes, as
demonstrated experimentally in two accompanying papers, Lee et al (16) and Dowling et al (17).

Main Text

A T=1 cage with icosahedral point group symmetry can be built from 20 homotrimers
aligned along the icosahedral three-fold symmetry axes (Figure 1a and 1b). The centers of the
homotrimers can be visualized as the vertices of 12 pentagonal faces that form the sides of a
dodecahedron (Figure 1b). Higher T-number cages conserve the number of pentagons
(pentons), which are always aligned along the 12 icosahedral five-fold symmetry axes. The
general routes to higher T-number cages described here extract pentons from T=1 cages and
place additional trimers between them to introduce hexagons bridging the 12 pentons. For
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instance, T=4 structures can be built from the pentons forming a T=1 cage by inserting
homotrimers along the icosahedral three-fold symmetry axes connecting three pentons (Figure
1c-e). Other T-number cages can be built by introducing additional trimers between the 12
pentons.

Extracting pentons from T=1 cages requires that one of the three interfaces joining each
trimer with its nearest neighbors be eliminated. This can be accomplished by substituting the
homotrimers with geometrically identical (i.e., pseudosymmetric) heterotrimers composed of two
or three distinct chains with different amino acid sequences. Local symmetry-breaking allows
the interface facing outwards from the penton to be specifically eliminated, isolating the penton
as a free-standing structure that can be used to build larger structures. This hierarchical
approach simplifies the design of high T-number cages through the re-use of trimeric
components and designed interfaces that are compatible with the target high T-number
architecture. As illustrated in Figure 2 and described below, using 3-chain ABC heterotrimers
has the advantages of generating greater structural diversity and precision, while breaking
symmetry using 2-chain AAB (and ABB) heterotrimers has the advantage of design simplicity
and efficiency.

Maximizing diversity and precision by symmetry-breaking using ABC heterotrimers

The first approach, reported by Lee et al. (16), isolates pentons from T=1 structures by
substituting ABC-type pseudo-symmetric heterotrimers consisting of three distinct chains in
place of the homotrimers (Figure 2c, approach 1). The Aout-Bout interface (see the interface
notation shown in Figure 2a) has the same structure as in the T=1 cage but with heterodimeric
sequences, and the Cout interface is replaced by polar residues to block further assembly. This
extracts a cyclic arrangement of five heterotrimers with C5 symmetry (penton) from the T=1
cage. Next, the C subunit of the pentons is docked with DDD homotrimers (generating a
Cout-Dout interface) to form a closed structure, where the pentons and homotrimers are aligned
along the icosahedral five-fold and three-fold symmetry axes, respectively. This results in a T=4
structure (class 1 by the definition of Goldberg (18)) consisting of 4 unique chains (A, B, C, and
D) and 6 distinct interfaces (Ain-Bin, Ain-Cin, Bin-Cin, Din-Din, Aout-Bout, and Cout-Dout). Similarly, T=7
cages (class 3) can be built using two different ABC-type heterotrimers and one homotrimer
(GGG), which requires 11 distinct interfaces (Figure 2e). T=9 cages (class 1) can be generated
using three different ABC-type heterotrimers and 14 distinct interfaces (Figure 2f). Thus, in this
design approach, the required number of unique chains and distinct interfaces linearly increases
as the T-number increases (Figure 2d-2f). Although this scaling makes it more challenging to
design high (T≥9) T-number cages compared to the strategy described below, the approach has
considerable advantages. First, since each designed interface is unique, monodisperse
preparations of precisely the target assembly are obtained; alternative structures or mixtures of
assemblies are not possible. Second, the structures of each trimeric component and interface
can be independently controlled, which allows the design of any T-number cage in any class
(Figure 2d-2f) and variation of the detailed geometry within a given cage architecture (Figure 2f
and 2g).
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Maximizing simplicity and efficiency by symmetry-breaking using AAB heterotrimers

The second approach, reported by Dowling et al. (17), isolates pentons from T=1
structures by substituting homotrimers with AAB-type pseudo-symmetric heterotrimers
consisting of two distinct chains (Figure 2c, approach 2). The five heterotrimers forming a
penton interact with each other through Aout-Aout interfaces (see the interface notation shown in
Figure 2h), and the Bout interfaces pointing outward from the penton are redesigned. Although
the Aout-Aout interfaces of such two-chain heterotrimers could theoretically associate with each
other in unproductive configurations, the highly cooperative assembly of hierarchically
structured cages we have observed experimentally (17, 19) results in such transient
associations having no practical effect. Similar to approach 1, docking the pentons to CCC
homotrimers produces T=4 structures (Figure 2i) comprising 3 unique chains (A, B, and C) and
5 distinct interfaces (Ain-Ain, Ain-Bin, Cin-Cin, Aout-Aout, and Bout-Cout). The next T number that can be
designed using this approach is T=9 (class 1), which only requires one more type of
heterotrimer derived from two of the existing chains (ABB). This requires the design of one new
interface (Bin-Bin), but other than that, all other interfaces in T=4 cage are reused. Thus, only 3
unique chains and 6 distinct interfaces are needed for T=9 cages. Compared to approach 1, this
approach—like virus capsids—combines pseudosymmetry and quasisymmetry to more
efficiently use genetic information to expand the T number from T=4 to T=9. This efficiency
grows remarkably at higher T numbers: by introducing only one more homotrimeric component
from the existing B chain (BBB), the T number can scale infinitely from T=16 onwards to
generate extremely large assemblies with no additional design (Figure 2k). However, this
approach in turn has its limitations. First, because assemblies with T numbers greater than 16
are constructed from the same set of four oligomeric components, mixtures of different species
are obtained. As shown in Dowling et al., this can be partially, although imperfectly, controlled by
varying the stoichiometry of the components during assembly. Second, the reuse of chains and
interfaces in quasisymmetric environments places certain geometric restrictions on the diversity
of structures that can be obtained. Nevertheless, cages with a wide variety of shapes and sizes
can be constructed from a minimal number of unique chains and interfaces using this approach.

Outlook

The symmetry-breaking strategies described above can be used to generate a wide
variety of protein nanomaterials beyond the constraints of strict point group symmetry. Regular
polyhedral nanostructures serve as testing grounds from which symmetric substructures such
as pentons can be extracted and combined with other building blocks to generate novel
structures. Moving forward, the rich conformational and chemical diversity of proteins together
with the control afforded by computational protein design should enable the creation of a
remarkable variety of sophisticated functional protein nanomaterials.
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Figure 1. General design route to T=4 icosahedral cages using substructures extracted from
T=1 cage. Twelve pentagonal substructures (pentons) are docked to twenty homotrimers to
form a closed cage structure, which creates hexagonal local structures (transparent red
hexagons) placed between pentons (transparent yellow pentagons).
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Figure 2. Two design approaches for generating high T-number icosahedral cages using
pseudosymmetric building blocks. (a, h) Interface notation used in the main text. (b) Icosahedral
T=1 cage consisting of 20 homotrimers. (c) There are two different approaches to extract a
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cyclic arrangement of trimers from a T=1 cage. (left) One is to replace the homotrimers with
ABC-type heterotrimers, and (right) the other is to replace the homotrimers with AAB-type
heterotrimers. (b, d-g) Design approach 1 (diversity and precision) for constructing high
T-number cages using ABC-type heterotrimers. (b, i-k) Design approach 2 (simplicity and
efficiency) for constructing high T-number cages using AAB- and ABB-type heterotrimers. Nchain

and Ninterf are the number of unique components and interfaces required for each target
architecture, respectively.
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