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Awooden house frame consists of many different lumber pieces, but because

of theregularity of these building blocks, the structure can be designed using
straightforward geometrical principles. The design of multicomponent protein
assemblies, in comparison, has been much more complex, largely owing to the
irregular shapes of protein structures'. Here we describe extendable linear, curved
and angled protein building blocks, as well as inter-block interactions, that conform
to specified geometric standards; assemblies designed using these blocks inherit
their extendability and regular interaction surfaces, enabling them to be expanded or
contracted by varying the number of modules, and reinforced with secondary struts.
Using X-ray crystallography and electron microscopy, we validate nanomaterial
designs ranging from simple polygonal and circular oligomers that can be
concentrically nested, up to large polyhedral nanocages and unbounded straight
‘train track’ assemblies with reconfigurable sizes and geometries that can be readily
blueprinted. Because of the complexity of protein structures and sequence-structure
relationships, it has not previously been possible to build up large protein assemblies
by deliberate placement of protein backbones onto ablank three-dimensional
canvas; the simplicity and geometric regularity of our design platform now enables
construction of protein nanomaterials according to ‘back of an envelope’ architectural

blueprints.

There has been considerable recent progress in the design of protein
nanomaterials including cyclic oligomers®*, polyhedral nanocages® 8,
one-dimensional (1D) fibres®!, 2D sheets'"? and 3D crystals'*® by
docking together® or fusing®* protein monomers or cyclic oligomers.
Although powerful, these methods have two limitations that arise
from the irregularity of almost all protein structures. First, because
the shapes of the constituent components are generally complex,
they cannot be assembled into higher-order structures on the basis
of simple geometric principles; instead, large-scale sampling calcula-
tions are required to identify shape-complementary interactions for
each case, and there is no guarantee that designable interfaces canbe
found. Second, as for the myriad protein complexesin nature, the size
of a designed protein assembly cannot be readily scaled; it is nearly
impossible to make a smaller or larger but otherwise nearly identical
version of assemblies generated using current design methods. By
contrast, designed materials that extend along just one dimension, such

asa-helical coiled coils and repeat proteins, can be grown or shrunk by
simply varying the length of the chain. There is arich history of design-
ing coiled coils using simple geometric principles; this extensibility and
designability have made them widely used constituents of designed
protein materials®.

Wesetout to develop ageneral approach for designing expandable
higher-order protein nanomaterials with the simplicity and program-
mability of coiled-coil engineering. We reasoned that ifamodular and
regular toolkit of building blocks and interactions could be gener-
ated consisting of linear building blocks constructed from (1) repeat-
ing sequence elements that extend without twisting as additional
sequence repeats are added (Fig. 1b,c(top),d), (2) curved building
blocksthattrace outarcs of circles of different radii (Fig. 1c(bottom),d)
and (3) non-covalent arrangements that hold two building blocks in
pre-specified relative orientations (Fig. 1e), then building up new nano-
structures could in principle be carried out by inspection in amanner
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Fig.1|Overview of THR proteinblocks and interaction modules. a, Building
ahouse frame from standardized wooden building blocks. b, THR internal
geometry. Blocks are constructed fromidealized straight a-helices with an
angle of rotation between adjacent helices of A@; the remaining degrees of
freedomthat contribute to the repeat trajectory are alsoindicated. ¢, Changing
A6 (while holding the other parameters constant) specifically changes the
curvature of therepeat trajectory. d, Single-chain THR modules. e, THR
interaction modules.Image of house frame (a, top) by mmaxer, Can Stock Photo.

analogous toblueprinting ahouse frame (Fig.1a). Furthermore, as with
ahouseframe, theregular structures of the constituent building blocks
could enable scaling the dimensions of the final architecture (area
or volume) by simply altering the size of the constituent monomers,
and structural reinforcement by placement of additional buttressing
elements.

Design of twistless helix repeats

Natural and previously designed proteins exhibit a wide range of heli-
cal geometries with local irregularities, kinks and deviations from
linearity' that makeit difficult to achieve the propertiesillustratedin
Fig.1thatenable simple nanomaterial scaling (beyond the one dimen-
sion accessed by varying the number of repeats in a repeat protein or
coiled coil). To achieve these properties, we designed a series of new
building blocks constructed from ideal a-helices with all helical axes
aligned. Restricting helical geometry toideal straight helices with zero
helical twist in principle considerably limits what types of structure
could be built, but this is more than compensated by the great sim-
plification of downstream material design, as illustrated below. We
construct twistless helix repeat (THR) protein blocks from identical
straight a-helices (typically 2-4 helices in each unit); the length of the
blocks can be varied simply by varying the number of repeat units. In
contrast to existing natural and designed repeat proteins”, THRs are
constructed to enable modular nanomaterial design: linear blocks
are perfectly straight, allowing nanomaterials to be extended and
contracted with no alteration in the angles between the constituent
monomers; curve blocks have smoothly curving trajectories that stay
in-plane; and turn as well asinteraction modules enable placement of

two blocksin precise relative orientations with angles appropriate for
regular material design.

We blueprint THRs by explicit placement of these straight helix struc-
tural elements using an extension of the principles used in coiled-coil
and helical bundle design'*'®. A first helix a,, part of the zerothrepeat,
is placed at the origin and aligned to the z axis. A copy of a, called a,
isthen placed at a new location to set the rigid body transformation
between the zeroth and first (and all subsequent) repeat units. After
this, any other helices (b, ¢, ...) that will be part of the repeating unit
areplaced asappropriate between a,and a, to provide more helices to
pack against for stability, and the helices are connected with loops™;
repetition of this basic unit then generates backbones with the desired
geometries” (Fig.1b,c). Asthe helices are perfectly straight and paral-
lelto the z axis, the overall repeat protein trajectory is fully defined by
the following transformation parameters froma, to a,: the distance of
displacement in the x-y plane from helical axis to helical axis (d), the
change in displacement in the z axis direction (Ah) and the change in
helix phase (A6; Fig. 1b). The remaining degrees of freedom for the
positions of helices by, c, ..., which define the internal geometry of
the repeat, are extensively sampled, sequences are designed using
Rosetta FastDesign or ProteinMPNN'?°, and designs are selected for
experimental characterization onthe basis of packing and sequence-
structure consistency metrics (Methods). We obtained synthetic genes
encoding the selected designs, expressed them in Escherichia coli
and purified the proteins using nickel-nitrilotriacetic acid immobilized
metal affinity chromatography. Designs that were solubly expressed
were analysed by size-exclusion chromatography (SEC) to determine
oligomerization state, and in the case of assemblies a subset was ana-
lysed by negative-stain electron microscopy (ns-EM). Experimental suc-
cessrates and structural homogeneity for different classes of designs
are summarized in Supplementary Figs.1and 2 and Supplementary
Discussion.

To generate straight, linear THRs, we set AGto zero. Asillustratedin
Fig.2a,b, thisresultsin perfectly straight repeat proteinsin whicheach
repeat unit is translated but not rotated relative to the previous unit.
There are two subclasses: setting Ah = 0 generates repeat proteins with
eachrepeat unit simply displaced in the x-y plane (Fig. 2a), whereas
setting Ahtoanon-zero value generates repeat proteins that also step
along the z axis (Fig. 2b). We tested 33 linear THRs (with Ah = 0) with
helices either about 20 or about 40 residues in height; 23 of 33 tested
designs were solubly expressed, and 13 of 19 designs analysed by SEC
were primarily monomeric as designed (Supplementary Figs. 1a,b
and 2). Structural characterization of the linear building blocks by
X-ray crystallography individually and/or cryogenic EM (cryo-EM) in
the context of assemblies (see below) revealed that both the detailed
internal structures and the overall straight linear geometry were suc-
cessfully achieved. The backbone root meansquare deviations (RMSDs)
between the design models and crystal structures of three 20-residue
helix designs (THR1, THR2 and THR3) and two 40-residue helix designs
(THR5 and THR6) were 0.8, 0.8, 0.4, 0.6 and 1.3 A, respectively, and in
all five cases the relative rotation of successive repeats is nearly zero
(Fig. 2a and Supplementary Fig. 6a). We found that we could not only
control A@= 0, but also program values of the inter-repeat distance d:
the crystal structure of a design with d set to a compact helix packing
value of 8.7 A had a very close value of 8.6-8.8 A at its central interior
(THR3), in contrast to most others designed at 10.0 A (Supplemen-
tary Fig. 6b). For structural validation of blocks with non-zero Ah, the
cryo-EMstructure of an assembly constructed from such ablock (THR4)
exhibited alinear stair-stepping structure nearly identical to the design
model, (backbone RMSD of 1.0 A; Fig. 2b and Supplementary Fig. 1a).

To generate turn blocks, we blueprint an additional helix c, lined
up with agand a, that can be assigned any specified phase difference,
which can be utilized in fusion operations to produce a turn that is
equalto 6. - 0, (Supplementary Fig. 5d,e). As for all of the THR blocks
described here, because of the ideality of the block construction,
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Fig.2|1Dand 2D shapes from THRs. a,b, The linear THR designs (rainbow)
arenearlyidentical to the experimentally determined structures (grey).
Side-chain sticks between a-carbon and -carbon are shown toindicate helical
phasing. a, Left: the 2.5-A-resolution crystal structure of the short, linear
THR1hasa0.8 ACARMSD to the design. Theinset below shows repeat packing
inthe THRinterior. Right: the 2.7-A-resolution crystal structure of the tall,
linear THR5 hasa 0.6 A CARMSD to the design. b, Bottom: Comparison of the
stair-steppinglinear THR4 design model to the cryo-EM structure (determined
as partofananocage assembly; Supplementary Fig.16). The CARMSD
between the cryo-EM structure and the design modelis1.0 A.¢, C,and C,
polygons generated from four-helix turn module THRs as illustrated on the left.
C,square 90_C4_B (middle) and C,triangle 120_C3_A (right) oligomers with
representative ns-EM 2D class averages for comparison (raw EM micrographs
areinSupplementary Fig. 1f). Chain breaks are at the ends of the rainbow
sections. Scale bar, 4 nm (for the design models); class averages are not to
scale.d, Uncapped curve THRs generate cyclic ring oligomers. The 12-repeat
ring design (tested as C,) R12B has acryo-EM 3D reconstruction overlaid on
the model; the two are nearly identical. A 2D class average with the individual
straight helicesresolvedisshown left of the ring. e, The 20-repeat ring design
(tested as C,) R20A has an ns-EM reconstruction density overlaid on the model,
and araw micrographis showninside.Scalebar,10 nm. f, The 30-repeatring
design (tested as C;) R30A represented inasimilar mannertoe.Scalebarine,
10 nm (for the design models with reconstruction maps overlaid in d-f); class
averagesare nottoscale. Theasymmetric unitis colouredin rainbow.

the same sequence interactions can be used for the intra-block and
inter-blockinteractions; we refer to blocks in which the terminal repeats
haveidentical sequences to theinternal repeats as uncapped, and those
in which the terminal helices have polar outward-facing residues to
prevent self-association (like the linear blocks above) as capped. We
experimentally characterized uncapped turn modules that generate
rotations of 360/n, inwhich nis 3,4, 5 or 6; if the geometry is correct,
these should oligomerize to form closed polygons with i subunits.
ns-EM 2D class averages of the n = 3 designs clearly show the designed
triangular shape with flattened corners (Fig. 2c and Supplementary
Fig.1f), and for n = 4, the designed square shapes (Fig. 2c and Supple-
mentary Fig. If) including fine details such as the lower density around
the corner helix are observed. For n=5and n = 6, success rates were
lower, probably because their hinge regions involved less-extensive
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helix-helix interactions, but we did obtain designs with the expected
polygonalsstructures for both after using reinforced cornersonthe C,
design (Supplementary Fig. 1f and Supplementary Discussion). Thus,
by controlling the phase rotations between adjacent helices, turns can
be encoded while maintaining overall parallel helical architecture. We
alsomade polygonal designs with combinations of linear THRs and new
straight helix-heterodimer corner junctions instead of turn modules
(Supplementary Discussion and Supplementary Figs. 1g, 9 and 10).

Togenerate curve THRs, weincorporate a phase change (A8) between
repeating elements (Fig. 1c) that generates a curved trajectory rather
thanalinear one. We choose A@to be afactor of 360° so that perfectly
closed rings can be generated. The size of the closed ring can be con-
trolled by specifying A and the distance d between repeats (Sup-
plementary Fig. 7). To access a broad range of d parameter values, we
add additional helices to the repeat unit; for circular rings we used
four helices per repeat unit. A full curve THR ring with nrepeats canbe
divided into smaller chains each with m repeats, in which mis a factor
of n; n/muncapped repeats can associate to generate the full ring with
cyclicsymmetry?. To facilitate gene synthesis and protein production,
we characterized such split oligomeric versions of the rings rather
than synthesizing very long single chains. We designed rings with 12,
18,20 and 30 repeats ranging from 9 to 22 nminoutside diameter. The
12- and 20-repeat rings were tested as C, designs, whereas the 18- and
30-repeatrings were tested as C, designs. Designs for all four ring sizes
were remarkably uniform with ns-EM micrographs densely covered
with circular assemblies with few to no defects or alternative struc-
tures present (Supplementary Fig. 7). Two-dimensional class averages
showed that designs for all four sizes were close to the intended size
(Fig.2d;10,1and 9 unique designs yielded distinct ring shapes for 18-,
20- and 30-repeat rings (Supplementary Figs. 1e and 2)). The small-
est rings with 12 repeats have solvent-exposed helices exterior to the
ring placed to facilitate outward-facing fusions without disrupting
the core packing of the ring; these are clearly visible in the 2D class
averages and 5.2-A-resolution cryo-EM reconstruction of R12B (Fig. 2d
and Supplementary Fig. 1e) that matches the designed patterning of
the helices. ns-EM of the 18-, 20- and 30-repeat rings (with outside
diameters of 12,14 and 22 nmrespectively) showed that many designs
formed remarkably monodisperse populations of ring-like structures
closely consistent with the design models (Fig. 2e,fand Supplementary
Fig. 1e). ns-EM class averages of these designs had the smooth and
round shape of the design models, and were in most but not all cases
homogeneous (some designs assembled into closed-ring species that
ranged by 1 chain of the desired number, resulting in some slightly
oblong shapes; Supplementary Fig. 1e). These designs highlight the
control over ring curvature that can be achieved by specifying building
block repeat rotation parameters.

The simplicity of our blocks in principle enables the reinforcing of
designed materials using struts rigidly linking distinct structural ele-
ments. As afirst test of this, we sought to build concentric ring assem-
blies from pairs of rings that have different sizes but repeat numbers
that share large common denominators. For example, 2 repeat units
of a20-repeat ring can be combined with 3 repeat units of a30-repeat
ring as 10 copies generate a complete ring in both cases (Fig. 3a, left).
Rings were segmented into matching cyclic symmetries, the rotation
and z displacement of one ring relative to the other was sampled,
and linear THRs were placed to connect the inner and outer rings.
We constructed single-component C,, concentric ring assemblies by
connecting a three-repeat-unit curved block and a two-repeat-unit
curvedblock that both generate a36° (360°/10) rotation with aradially
oriented strut. Two-dimensional class averages of ns-EM images of the
designed strutted assemblies show both rings clearly present (Fig.3a,
right; some 11-subunit rings were observed in addition to the target
10-subunitstructure). We similarly connected three repeat units with
a20° rotation per repeat, and five repeat units with a 12° rotation per
repeat, with aradial strut; the resulting composite subunits map out



Fig.3|Design of strutted doublerings. a,b, Two different size rings built from
curve THRs for whichintegral multiples generate the same rotation can be
concentrically nested and connected by struts. a, Three repeats of an outer
ring (12° per repeat) are combined with two repeats of aninner ring (18° per
repeat) that both generate a36° rotation. Connection of the two pieces with a
linear THR generates a C,, single-component ring (strut_C10_8); an asymmetric
unitis highlightedin the second ringimage. An ns-EM 3D reconstructionin Cy,
symmetry is shown overlaid with the design model next to 2D class averages
andarepresentative micrograph. b, Fiverepeats of an outer ring (12° per repeat)
arecombined with three repeats of aninner ring (20° per repeat) thatboth
generatea60°rotation. Connection of the two pieces withalinear THRand an
additional chainbreakin the outer ring generates a C, two-component ring
(strut_Cé6_21); an asymmetric unitis highlighted in the second ring image with
the two chainsindifferent colors. A cryo-EM 3D reconstruction in C;symmetry
isshown overlaid with the design model next to cryo-EM 2D class averages and
arepresentative ns-EM micrograph (additional cryo-EM details are provided in
Supplementary Fig. 8c). Scale bars, 20 nm (a,b). An asymmetric unitis outlined
ontop ofthedesign model, and repeats are sectioned with dashed lines.

a60°rotationofinner and outer rings such that six subunits generate
afull 360° ring. The resulting two-component C, strutted assembly
yielded 2D class averages that showed both rings with all chains pre-
sent, and a 5.1-A cryo-EM reconstruction was very close to the design
model (RMSD 2.7 A) with very similar outer diameter (19.7 nm versus
20.1 nm; Fig. 3b and Supplementary Fig. 8c). The helix positioning in
theinnerringand thestrutarealso very close to the design model (Sup-
plementary Fig. 8c, insets). Thus, the modularity of the THRs enables
designing complex structures by inspection, and enables buttress-
ingtoincrease structural robustness (Supplementary Discussion and
Supplementary Fig. 8).

Expandable nanomaterials

The regularity of our blocks in principle enables scaling the size of
nanomaterial designs simply by changing the number of repeatsin the
constituent THRs without altering any of the inter-block interfaces.
How the THRs must be aligned to enable expandability differs for each
architecture, as described below.

To construct expandable cyclic assemblies, the linear THRs must
be placed such that the propagation axis is normal to the cyclic sym-
metry axis. For cyclic designs with this property (those built from
turn modules or heterodimers; see Supplementary Discussion), add-
ing or removing repeats simply changes the length of the oligomer
edge without affecting the interface between monomers. We tested
this expandability with a C, ‘square’ (sC4) oligomer for which we had
obtained a cryo-EM reconstruction with 1.6-A-backbone RMSD (Sup-
plementary Fig. 10). This subunit consists of acentral linear THR flanked
by straight-helix heterodimers that produce a90° turn. To expand this
structure, we inserted two additional repeat units (six helices) into the
linear THR portion of the subunit. Cryo-EM 2D class averages for both
the original and expanded square show close agreement to the design
models and clear expansion; the helices clearly remain aligned to the
z axis as designed (Fig. 5a).

Experimental Simulated
data data

Fig.4|Modular construction of protein nanocages from THRs. a, Inbox:
regular nanocages are constructed from curve THRrings with linear arms
projecting outwards that can be linearly extended (left) and designed
handshake C,interfaces (right) that hold the rings at the angle required for the
desired polyhedral symmetry. THR chains that are fused into one chainare shown
inblue, withidentical backbone and sequence areas used for concatenation
indicated in dotted outlines. b-e, C, handshake modules generating the
required angles (top leftin each panel, b-e) are combined with either C; (b-d)
or C, (e) versions of the ring (shown below the box ina) to construct nanocages
inb-e.Design models are shown as helix cylinders, with the asymmetric unit
inblue, and the remaining copiesin purple. Each cageis overlaid with the 3D cryo-
EMreconstruction or ns-EM (marked with an asterisk here and in subsequent
figures) reconstruction, with representative paired 2D classes on the right (left
isexperimental; rightis computed from design model). The blue dots indicate
thelocation of the handshake anglein the cage. b, The T, tetrahedral design
cage_T3_101usesaCsringanda70.5° C,handshake. ¢, The O;octahedral design
cage_03_20usesaC;ringandal09.5° C,handshake.d, The /sicosahedral
design cage_I13_8usesaC;ringandal38.2° C,handshake. e, Th O, octahedral
designcage_04_34 usesaC,ringanda90.0° C,handshake.Scalebars,20 nm (b),
27nm(c),52nm(d) and 22 nm (e).

Architectures with polyhedral nanocage symmetry can be similarly
expanded provided that the linear THR propagation axis is parallel
to the plane formed by the two symmetry axes spanned by the THR
(Supplementary Fig. 11a). To generate such architectures, and ena-
ble further access to construction in three dimensions, we designed
out-of-planeinteractions between building blocks. We first focused on
designing C,symmetric interfaces in which the angles between linear
THRs correspond to the angles needed to generate regular polyhedral
symmetry (Fig. 4) when combined with planar C; or C, components,
while also satisfying expandability criteria. For an octahedral ‘cube’
(0,) built from flat objects with C, symmetry that lie on the ‘cube faces’,
thisangleis 90°. For tetrahedra(T;), octahedra (0O,) and icosahedra (/;)
built from flat C;-symmetric objects, the out-of-plane handshake angles
that are needed to join the flat objects are 70.5°,109.5° and 138.2°,
respectively”>?. Handshake C, homodimers were generated by fixing
this out-of-plane angle and keeping the linear THR propagation axes
parallel to each other, sampling only the offset spacing between the
THRs® (Supplementary Fig. 12).

To generate expandable nanocages, flat cyclic components that
form the faces of the cages were linked through noncovalent hand-
shake interactions at the specified angle. For the flat cyclic compo-
nent, we used aring design with 12 repeats (R12B; Fig. 2c) constructed
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from curve units, and split the 12 repeats into either 3 subunits with 4
repeats each (G;) or 4 subunits with 3 repeats each (C,; Supplementary
Fig.3d), depending onthe desired polyhedral symmetry architecture.
Wethen fused linear THR arms onto each subunit constrained to point
outward parallel to aradial vector emanating from the symmetry axis,
but offset such that when the G, interface is formed, the C, axis is along
aradial vector (Fig.4aand Supplementary Fig.12). Tetrahedral, octahe-
dral‘cubic’andicosahedral structures with C; rings at respective axes
(T5, O5and 1), and octahedral structures with C, rings at the respec-
tive axes (0O,) were constructed by incorporation of the appropriate
C, interface. For example, to make a ‘cubic’ octahedral nanocage, we
incorporateinto the C,ringarmthe 90° C,handshake module (Fig. 4€)
by simple sequence concatenation. Synthetic genes were obtained
for 13 nanocage designs; all 13 expressed solubly, 10 had SEC elution
profiles that suggested cage formation, 8 yielded particles with the
expected size by ns-EM, and 7 gave 2D class averages and symmetric 3D
reconstructionsthat resembled the design models. Successful designs
foreacharchitecture are showninFig.4b-e and Supplementary Figs. 1j
and 12. Designed geometric features including the spindle-like two-
fold handshake interface and the flat ‘in-plane’ ring areas with distinct
holes are clearly evident. For the 75 and O, cages, the correct species
dominated, butin O, and /; cages there were noticeable populations
of species that were either partially formed or broken under ns-EM
conditions (Supplementary Fig. 13). A 7.5-A cryo-EM reconstruction
and an experimental model were obtained for the cubic cage built
from tetrameric rings on the faces (cage_04_34) that were very close
to the design model, with the straight helices clearly evident and only
very slight deviationsin the armalignment (Fig. 4e and Supplementary
Fig.14). A 4.0-A cryo-EM reconstruction and an experimental model
for the tetrahedral cage_T3_101 were similarly very close (Fig. 4b and
Supplementary Fig.41). These results illustrate the robustness of struc-
turesthat can be assembled from our regularized building blocks using
simple ‘snapping together’ of complementary pieces in three dimen-
sions, and show that with additional reinforcing mechanisms such as
cooperativity, structural specificity can be achieved without traditional
‘knob-and-hole” helix-helix interactions®.

Wetested the expansionin all three dimensions of the cubic design
(Fig.4e and Supplementary Fig.14) by increasing the number of repeat
units in the linear arm. We generated four different sizes of the cage_
04_34 byincreasing the number of THR helicesinthearmby +0, +4,+8
or+12 helices (Fig. 5b and Supplementary Fig.13). For all sizes, ns-EM 2D
class averages (Fig. 5b, bottom row) show all three symmetrical views
with the designedincreasesinsize but otherwise close preservation of
architecture. Three-dimensional ns-EM reconstructions were consist-
entwith corresponding design models, with the overall cube shape and
ring circular pore clearly visible in each of the sizes (Fig. 5b, top row).
Thefirst three sizes of cage show primarily intact assemblies across the
ns-EM grids; for the largest size (+12), some incomplete assembly was
alsoobserved (Supplementary Fig.13). Additional single-component
expandable nanocage designs are described in Supplementary Figs. 13,
16 and 17 and the Supplementary Discussion.

We next designed two-component expandable nanocages by locking
therotation degrees of freedom of a THR-containing building block to
maintain the expandability constraint (Methods), and then docking it
againstafreely sampling partner oligomer to form an O,; architecture
(Fig. 5¢, Supplementary Discussion and Supplementary Figs. 19-23).
Expandability over four different sizes was achieved with cage_043_129
(+0, +4, +8 and +12 helices). The internal structure of the oligomers is
clearly resolvedin cryo-EMreconstructions for the first three sizes and
in ns-EM reconstruction of the largest size; the distance between the
centre of mass of the tetramer component to the centre of mass of the
trimer componentacross the different sizesis 7.9,9.4,11.3and 11.7 nm
respectively (Fig. 5c and Supplementary Fig. 21). Views down each of
the three symmetry axes (twofold, threefold and fourfold) are clear for
each size (except for the threefold view in the largest size) with slight
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Fig.5|Extendable THR-based nanomaterials. a, An extendable C, square.
Left: the base design (sC4); right, an expanded version with six additional
helices per chain (sC4_+6). Far leftand right: representative cryo-EM
micrographs (scale bars,100 nm) with adjacent 2D class averages. A3D
reconstructionissuperimposed on the base size design model. Chain breaks
areinthered heterodimer region. Thelength of the side of the square (bar
labeled x) isindicated beneath the 2D class averages. b, Expandable O,
octahedral handshake nanocage, cage_O4_34.Top left toright, design models
and cryo-EM or ns-EMreconstructions (the asterisk denotesns-EM on +8 and
+12) of designs extended by 0, 4,8 and 12 helices. Bottom (left): ns-EM 2D

class averages along three symmetry axes (rows) for increasing size designs
(columns). Theinserted helices are showninyellow for each case.Scalebars,

30 nm (for 2D class averages). The length of aside of each cube (x, measured
betweenthe outside corners of the handshake) determined from the EM map
volumesisindicated beneath the class averages. ¢, Anexpandable two-
component O,;nanocage cage_043_129. Bottom row: the second size (+4;
lowest deviation cryo-EMreconstruction) is shown with asymmetrized design
model. For the othersizes, individual oligomers were fitted into the EM density
(cryo-EM for +0 and +8 sizes; ns-EM for +12 size) so that rotational deviations
fromtheideal designs canbeanalysed (Supplementary Fig. 22). The extendable
trimer componentisinblue and the constant tetramer componentisinred.
Right, above 3D cage models: ns-EM 2D class averages along the three symmetry
axes for each of the four sizes. The dimensionxis the experimentally determined
distance between the centre of mass of neighbouring C,and C;components.
Scale bar, 25 nm (for 2D class averages).

rotational deviations of the fourfold cycliccomponent compared to the
design model, whereas the rotation of the threefold cyclic component
holding the THR remains unperturbed as designed (Fig. 5c and Sup-
plementary Fig.22). Afifth size (16 additional helices) assembled into
cage-like structures but the populations were too heterogeneous for
detailed characterization (Supplementary Fig. 21).

For unbounded architectures that extend along one or more axes,
extensibility requires that the linear THR propagation axes be parallel
to the extension axes. We constructed an antiparallel assembly with
anoverall train track shape from THR modules (Fig. 6a). The ‘rails’ of
the track are linear THRs that are uncapped to allow for unbounded
linear assembly end-to-end, and G, ‘ties’ dock onto branch interfaces
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Fig. 6 | Designed train trackfibres.a, Components of the train track designs:a
branchmodule, asplit module and a C, interface module. b, Train track designs.
Theasymmetric unitis outlinedin the top left design; red and blue are unique
protein chains. Taking advantage of the extensibility of the building blocks,
four different train track designs were created, starting with the design at the
top left. Top right: increasing the spacing between rungs by expanding the split
module. Bottom left, increasing the length of the rungs by expanding the C,
module. Bottomright:increasing both rung spacing and length by expanding
both the splitand C, modules. Inserted segments areinyellow. c, Anns-EM
micrograph of the design at the top left of b. Scale bar, 25 nm. d, ns-EM 2D class
averages of the four designsinb, shownin the same overall layout. The design
models are overlaid on the class averages at1:1scale. Scale bar, 25 nm.

on the sides of the rails, organizing them into strutted antiparallel
pairs. Adding repeats to the rails increases the spacing between ties
(along the helical axis) and adding repeats to the ties increases the
separation distance between rails along a different axis (Fig. 6b). We
used 12-helix addition to the rail to double the spacing between ties,
and 8-helix addition to the tie to roughly double the length of the tie.
For the four combinations of component sizes, we obtained ns-EM 2D
class averages consistent with the design models (compare Fig. 6b and
Fig.6d). Traintrack assembly was robust to fusion of mScarlet-i on rails
both at termini and in an internal loop (Supplementary Fig. 24b), and
sfGFP on the ties®?®, as monitored by ns-EM, with density observed for
the GFP, Supplementary Fig. 24c).

Discussion

On determining the first low-resolution model of the structure of a
globular protein (myoglobin),John Kendrew wrotein1958 that “Perhaps
the most remarkable features of the molecule areits complexity and its
lack of symmetry. The arrangement seems to be almost totally lacking in
thekind of regularities which one instinctively anticipates””. More than
sixdecades of structural biology research have shown thistobe agener-
ally appropriate description of protein structure’. Figures 2-5show that
this complexity isnotaninherent feature of the polypeptide chain: the
simplicity and regularity of our designed materials approaches that of
the wooden beams used for constructing a house frame. This enables
theresizing of designed materialsin two and three dimensions simply
by changing the numbers of repeat unitsinthe THR modules with little
or no need for detailed design calculations; previously this has been
possible only with coiled coils and repeat proteins with open helical
symmetries (propagating along a single axis)*'>*. The flat surfaces
and regular geometry have immediate applications to the design of
bio-mineralizing systems: THR monomers presenting carboxylate
groupsinregulararrays nucleate the mineralization of carbonate into
calcite”, and expandable THR systems such as the cubic assemblies
in Fig. 3 presenting such arrays could provide a route to hierarchical
protein—mineral hybrid materials.

There are exciting paths forwards to further increase the capa-
bilities of our programmable THR platform. First, our current multi-
subunit assemblies have high symmetry, and assembly of arbitrary

nanostructures would require breaking symmetry—one approach to
achieving this would be to build heterodimeric and heterotrimeric
interfaces between THRs, which would enable considerable shape
diversification and addressability of each protein chain. This would
allow access to a broad range of asymmetric nanostructures, as with
DNA nanotechnology bricks, tiles and slats® *, but with the higher
precision and greater functionality of proteins. Second, the materials
generated here all form through self-assembly, but as the number of
components increases the overall yield of the desired product could
decrease. This limitation could potentially be overcome by stepwise
solid-phase assembly with crosslinking after addition of each THR
component (as in solid-phase peptide or DNA synthesis, but in three
dimensions with the location of addition specified by non-covalent
interactions between the THRs; the analogue in constructionis nailing
lumber pieces together after alignment). The combination of symmetry
breaking and stepwise assembly would enable the design of a very wide
range of protein nanomaterials based on simple geometric sketches
that could be readily genetically modified to present a wide variety
of functional domains in precisely controllable relative orientations.
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Computational and experimental methods are all provided in the
Supplementary Information.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data and design models are available in the main text or the Sup-
plementary Information. EM maps have been depositedin the Electron
Microscopy DataBank (R12B: EMD-43318; strut_C6_21: EMD-29893; cage_
04_34:EMD-29915; cage_04_34_+4:EMD-41907; cage_043_129: EMD-
42906; cage_043_129 +4:EMD-42944; cage_043_129_+8:EMD-42031;
sC4: EMD-29974; cage_T3_101: EMD-41364; cage_03_10: EMD-40070
(C,asymmetric) and EMD-40071 (octahedral symmetric); cage_T3_5:
EMD-40075 (C, asymmetric), EMD-40074 (tetrahedral symmetric),
EMD-40073 (C,, 1 chain missing) and EMD-40073 (1 trimer missing);
cage T3_5_+2: EMD-40076). Crystallographic datasets and cryo-EM
structures with resolved side chains have been depositedinthe Protein
Data Bank (THR1: 8G9J; THR2: 8G9K; THR5: 8GA7; THR6: 8GA6; sC4:
8GEL; cage_T3 101:8TL7; cage_043_129:8V2D; cage_043_129_+4:8V3B).

Code availability

An example RosettaScripts script and input for generating THR
building blocks are provided at https://github.com/tfhuddy/20
23-manuscript-materials. The example script was confirmed to suc-
cessfully run with Rosetta version 3.13 as available at https://rosetta-
commons.org/ (ref. 19). Documentation for ProteinMPNN sequence
design is available at https://github.com/dauparas/ProteinMPNN
(ref. 20). Designs were filtered with AlphaFold 2 available at https://
github.com/google-deepmind/alphafold (Supplementary Methods).
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Life sciences study design

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

Sample size Sample size for each design goal was selected based on many factors such as researchers' approximations of how many designs would be
needed to obtain multiple characterizable successes for each effort (function of how many new elements are in the particular set) and how
many diverse designs passed computational filtering thresholds for each goal. In all cases, sampling could have been done with finer
geometric grid sampling as well as more unique sequences generated for each backbone, leaving room for more similar design successes.

Data exclusions  There is no data exclusion in this study.

Replication Nanocage and strutted ring designs that received cryo-EM characterization were often expressed and purified separately from the original
experiment that led to nsEM characterization. Similarly, for the proteins which yielded crystal structures, the preparation of sample for
crystallization was done independently of initial screening.

Randomization  Randomization is not relevant to the study.

Blinding Blinding is not relevant to the study.
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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,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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