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Protein nanomaterial design is an emerging discipline with appli-
cations in medicine and beyond. A long-standing design approach
uses genetic fusion to join protein homo-oligomer subunits via
a-helical linkers to form more complex symmetric assemblies,
but this method is hampered by linker flexibility and a dearth of
geometric solutions. Here, we describe a general computational
method for rigidly fusing homo-oligomer and spacer building
blocks to generate user-defined architectures that generates far
more geometric solutions than previous approaches. The fusion
junctions are then optimized using Rosetta to minimize flexibility.
We apply this method to design and test 92 dihedral symmetric
protein assemblies using a set of designed homodimers and repeat
protein building blocks. Experimental validation by native mass
spectrometry, small-angle X-ray scattering, and negative-stain
single-particle electron microscopy confirms the assembly states
for 11 designs. Most of these assemblies are constructed from
designed ankyrin repeat proteins (DARPins), held in place on one
end by a-helical fusion and on the other by a designed homodimer
interface, and we explored their use for cryogenic electron micros-
copy (cryo-EM) structure determination by incorporating DARPin
variants selected to bind targets of interest. Although the target
resolution was limited by preferred orientation effects and small
scaffold size, we found that the dual anchoring strategy reduced
the flexibility of the target-DARPIN complex with respect to the
overall assembly, suggesting that multipoint anchoring of binding
domains could contribute to cryo-EM structure determination of
small proteins.
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here is considerable interest in the design of novel protein

assemblies, for example, to develop cryogenic electron mi-
croscopy (cryo-EM) scaffolds to aid in structure determination
(1, 2) and protein nanoparticle vaccines (3, 4). Many studies have
utilized 1) genetic fusion of a-helices at N and C termini or 2)
protein interface design to drive assembly of symmetric protein
homo-oligomers into a larger symmetric nanoparticle or lattice.
The genetic fusion route was originally demonstrated with the
creation of a tetrahedral protein nanocage and fiber (5) and has
since been used to generate two-dimensional (2D) layers (6), a
porous cube (7), additional tetrahedra (8, 9), octahedra (10), and
icosahedra (11, 12). Strengths of the fusion approach are that it
is relatively straightforward, not inherently destabilizing, and
guarantees the intended stoichiometry and specificity between
fusion partners. Despite its simplicity and success, several aspects
of genetic fusion complicate its use. Genetic fusion is best applied
with a-helical termini, as this imparts some rigidity between the fused
domains, but termini are not always a-helical or physically accessible.
Furthermore, the number of possible sequence alignments between
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any given pair of building blocks is finite and this, in turn, limits
the number of geometric solutions for a desired symmetric ar-
chitecture. This can complicate or preclude the use of fusion
methods in assembly design, especially when a particular protein
building block is required for a downstream application. Finally,
flexibility is often introduced at the point of fusion, even with
a-helical linkers and certainly with disordered linkers. In the best
cases, model deviations are subtle (8, 13); however, varying levels
of unintended assembly products are also commonly observed.
In contrast, the noncovalent protein interface design approach
bypasses considerations of termini and their alignment. Interface
design is compatible with the free rotation and translation of
building blocks along their axes (14), so the set of valid geometric
solutions is technically unlimited. The drawback to interface
design is that it requires the creation of a new soluble and specific
interface without destabilizing either protein. Like fusion, the in-
terface design route to the protein nanomaterial production has
achieved considerable success (4, 15-20).

Among applications for genetic fusion is the creation of cryo-
EM scaffolds (1, 2, 21-23): If a small target protein can be
immobilized and rigidly bound onto a larger symmetric assembly,
EM particle images can be more readily aligned and classified,
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and structures too small to analyze alone could then become
amenable to structure determination. Yeates et al. demonstrated
the potential of this approach by fusing a designed ankyrin re-
peat protein (DARPIn) (24, 25) to the outside of a previously
designed protein nanocage (1); the bound green fluorescent
protein (GFP) target was resolved at 3.8 A resolution with only a
single a-helical fusion anchoring the DARPin.

A Computational Method for Rigid Three-Body Symmetric
Fusion

We set out to develop a computational method for generating
symmetric assemblies by gene fusion that explores many more
combinations than previous methods and enforces rigid con-
nections between the building blocks. Previous genetic fusion
studies have focused on 1) fusing symmetric oligomeric building
blocks together at their N and C termini. We reasoned that a
much larger set of possible configurations could be generated by
2) incorporating a variable length rigid monomeric protein
spacer between the two oligomers, and 3) allowing fusions at
internal residues (not just the termini). The number of accessible
configurations in a set of building blocks is on the order of

1. N(oligomer;) x N(oligomer,) for standard fusion at building
block helical termini.

2. N(oligomer;) x N(oligomer,) x N(spacer), with the addition
of spacer domains.

3. N(oligomer;) x N(oligomer;) x N(spacer) x N(fusion sites
per oligomer;) X N(fusion sites per oligomer,) X N(fusion
sites per spacer)® when both spacers and internal fusion sites
are allowed. The quadratic term is because the spacer is fused
twice (i.e., in both N- and C-terminal directions).

We explored the third option and found that it generally
produces thousands of geometric solutions from our small
starting set of de novo building blocks, while the first option
(pursued in previous studies) produces few or no solutions with
the same error tolerances. To ensure rigid junctions between the
building blocks, we only allow fusion via alignment and super-
position of shared helices from both building blocks being fused
and disallow a-helical extension, as DARPin-fusion studies have
shown that shared helix fusion (i.e., where the connecting helix is
integral to both domains being connected) improves junction
rigidity (26, 27). Our use of internal fusion (to access more
geometric combinations) causes truncation that would destabi-
lize most globular proteins; to avoid this, we use idealized repeat
protein building block spacers (and oligomers, when possible)
where every repeat unit is nearly identical. Such proteins are
amenable to truncation or fragmentation without undermining
folding and stability (28-31).

Geometric matches to the desired symmetry are identified for
each (oligomer;, spacer, and oligomer,) tuple by the following
procedure, which is illustrated schematically in Fig. 1: First, all
rigid body transforms (T;) on oligomer, are enumerated that super-
impose one of its helical segments onto one from the spacers. Rigid
body transforms T, (applied to oligomer,) are calculated identically to
identify possible fusions between oligomer, and the spacer.
Second, for each (T; and T,) combination, the transforms are
applied to both oligomers, and the arrangement of the axes of
the two oligomers is tested for compatibility with the target ar-
chitecture. For D, symmetry, axes must intersect at 90°, and for
D3, 60°. Since the actual angles between the axes will deviate
from these ideal values, each homo-oligomer is then rotated
about its corresponding shared helix segment center-of-mass so
that the axes meet perfectly at the required angle. In cases where this
last rotation (a measure of nonideality) is less than the configured
error tolerance, three-dimensional (3D) models of the resulting as-
semblies are built by superposition of the repositioned structures.
Models are discarded if homo-oligomer interface positions are
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modified, or there are backbone clashes; sidechain clashes are
acceptable since redesign can eliminate them.

In selecting helical segment pairs for fusion in the first step of
the above procedure, we use several criteria to try to ensure
fusion rigidity. First, we require superpositions with a low
backbone rmsd (default 0.5 A) over multiple residues (default 8,
minimum) to ensure the shared helix geometry is consistent with
both building blocks. The stringency of backbone rmsd and
overlap length is configurable. Unlike traditional symmetric fu-
sion with o-helical linkers, overlapping fusion preserves prox-
imity and sidechain packing of the fusion region with remaining
secondary structures from the original building blocks, which
reinforces the structure. For efficiency, the rmsd and overlap
length thresholding is carried out early in the procedure during
geometric-match identification, when alignments are initially
computed. Second, we rank fusions based on the number of likely
sidechain contacts between secondary structures of previously separate
building blocks. This ensures that significant cross-building-block
contacts can be made to buttress the interactions along the shared
helix. This step also occurs prior to sidechain redesign, so Ca-Cp
vectors are used in place of contact counts as a measure of desig-
nability. Third, we redesign with Rosetta the regions adjacent to the
new building block junctions to eliminate steric clashes and improve
packing between newly joined regions. Fusion-related truncation
often exposes hydrophobic residues that were previously buried, so
these regions must be redesigned as well.

Design and Characterization of D, and D; Symmetric
Oligomers

As a proof of concept, we applied the three-body fusion method
to design dihedral symmetric assemblies from de novo designed
repeat protein monomers and oligomers. Two different designed
C, dimers were fused as described above with a repeat protein
monomeric spacer such that the C, axes intersect at 90° for D,
structures or 60° for Dj structures (Fig. 2). Two different design
rounds were performed targeting D, and D3 symmetries. Even in
the second design round, where fewer building blocks and ad-
ditional selection criteria were imposed, millions of tripartite
alignment combinations were scanned per symmetry, nearly
10,000 fusions matched the target geometry within the angular
error tolerance (5°), and several hundred passed junction rigidity
metrics. The sequences at the junction regions in these assem-
blies were then optimized using Rosetta as described in SI Ap-
pendix, Methods S1.

In a first design round, 28 D, and 9 D5 assemblies that
matched the geometric selection criteria and had low energy
junctions were selected for experimental characterization and
recombinantly produced in Escherichia coli. Of these 37 designs,
7 (3 D, and 4 D;) were both soluble and eluted as single
monodisperse peaks by size exclusion chromatography (SEC)
(8I Appendix, Fig. S1). Scattering profiles and radius of gyration
determined from small-angle X-ray scattering (SAXS) data were
consistent with design models for the three D, designs and for
two of the four D5 designs (Fig. 2 and SI Appendix, Fig. S2). Of
these designs, native mass spectrometry (native-MS) verified the
expected oligomeric states for all of the assemblies. Despite the
limited dataset, clear trends emerged; for example, all five de-
signs corroborated by SAXS data incorporated a C-terminal ankyrin
homodimer, which was present in only 60% of the tested designs.
In addition, four of five SAXS- and native-MS—corroborated
designs incorporated the same N-terminal three-helix homo-
dimer “rop20” despite it being present in only ~40% of tested
designs. The set of 12 designs that combined both the N-terminal
rop20 and C-terminal ankyrin dimer contained four of the five
successes. Meanwhile, no designs using hairpin helical bundle
dimers were successful.

A second round of design was performed with the same pro-
cedure, this time using primarily the rop20 helical bundle at the
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Fig. 1. lllustration of the tripartite design strategy for the D3 architecture. (A) The final structure is composed of two homo-oligomers (dimers, top and
bottom; the partner subunit is shown as a surface in gray) and a DHR protein (middle). (B) All possible nonclashing backbone alignments are geometrically
analyzed and filtered to generate a three-component fusion, which is idealized to the target geometry by small rigid body rotations and redesigned to
improve core packing and remove exposed hydrophobics. (C) The result is a D3 assembly with symmetric C, axes (black) that correspond to those of the

original homodimers and a new Cs axis orthogonal and through the center.

N terminus and any of the three similar ankyrin dimers at the C
terminus that had been successful in the first round. We also
introduced two additional design constraints with the aim of
improving the designs’ suitability as cryo-EM DARPin scaffolds.
First, structures with fewer total secondary structures (helix
count) were selected, anticipating that they would be more rigid.
Although the design method reinforces the point of fusion, the
de novo helical repeat (DHR) spacers, and especially the ankyrin
dimer building blocks, have small cross-sectional areas, so each
additional repeat likely adds flexibility. Second, we selected designs
with the ankyrin binding groove facing away from the assembly
center (SI Appendix, Fig. S3) to reduce the chance of steric hin-
drance in multivalent target binding. A total of 31 D, and 24 D;
designs were ordered, of which 15 and 12, respectively, had high
levels of soluble expression and single major peaks by SEC. SAXS
and native-MS agreed with the design models of four D, designs
and four Dj; designs (Fig. 3). Designs D2-21.29 and D2-21.30 have
85% sequence identity and were not considered independent
successes; only D2-21.29 was fully characterized.

With the exception of designs D2-21.22 and D3-1.5A2, which
may exhibit lower stability, negative-stain EM 2D class averages
and 3D reconstructions recapitulated the expected shape for all
designs that passed both native-MS and SAXS screening. Most
designs have a pronounced central cavity that makes their top
views readily identifiable in micrographs. An unusual structural
aspect of our D3 designs is their subunit connectivity; in natural
Dj; architectures, subunits related through C; rotations normally
make direct contact, but in ours, they typically do not. It is
noteworthy that the successful assemblies were built in large part
from building blocks without crystal structures. Of the 10 suc-
cessful and sequence-independent designs, 2 do not use a single
crystal-verified building block (D2-1.4H and D3-19.24) and
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another 7 use only one crystal-verified building block out of three
(SI Appendix, Table S2).

Cryo-EM of Coassembled DARPin and GFP

In prior studies, imaging scaffolds have been constructed through
fusion of a DARPin onto existing symmetric protein assemblies
via a shared helix or a-helical extension (1, 2). Our constructs
differ in that they incorporate a designed ankyrin homodimer, so
the ankyrin (or DARPin postinterface grafting) is anchored to the
scaffold through both helical fusion and back-to-back dimerization.
To evaluate the designs as cryo-EM scaffolds, we grafted the sur-
face binding residues from a GFP-binding DARPin (25) into six
constructs: D2-1.1D, D2-1.4H, D3-1.5C, D2-21.8, D2-21.29, and
D3-19.20, taking care not to alter the ankyrin homodimerization
interface in the base construct (S Appendix, Fig. S4). As ankyrins
are repeat proteins, the DARPin alignment can be shifted up or
down by one or more consensus repeats, which we did to create
variants. After SEC purification and cryo-EM of GFP-scaffold
cocomplexes, a majority of constructs exhibited high levels of pre-
ferred orientation or outright aggregation (SI Appendix, Table S3),
but D2-1.4H and D2-21.8 derivatives were promising. Second-round
design derivative D2-21.8.GFP.v2 (SI Appendix, Fig. S9) was resolved
at a low resolution, while D2-1.4H.GFP.v1 was derived from the flrst
round design scaffold D2-1.4H and was reconstructed at 4.78 A
resolution (Fig. 4), as measured by the standard Fourier shell cor-
relation (FSC) = 0.143 criterion. The core scaffold is more ordered
than the GFP, with local resolutions of ~4.5 and 5.0 A, respectively,
based on CryoSPARC (32, 33) local resolution estimates.

Cryo-EM of Coassembled DARPin Scaffold with Human
Serum Albumin

All cryo-EM scaffolding studies based on the GFP-binding DARPin
had the benefit of an available cocomplex crystal structure, but in the
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Fig. 2. Characterization of first-round designs. EM, native-MS, and SAXS experiments are consistent with the formation of intended architectures for four
designs: three D, designs (A) and one D3 design (B). Negative-stain 3D reconstructions are overlaid with the design models, whose asymmetric units are
colored according to the constituent building blocks (N- and C-terminal oligomers, green; DHR, blue; shared alignment, yellow). Native-MS deconvolutions
show the relative abundance of the determined masses, and the peaks are labeled with their assigned oligomeric states. SAXS plots compare the theoretical
(cyan) and experimental (black) scattering intensities (log scale) as a function of q as well as radius of gyration (Rg).

general use case, cocomplex structural information will be absent,
and we sought to assess the feasibility of integrating DARPins in
such a scenario. Toward this aim, we incorporated a previously
unpublished DARPIn sequence targeting human serum albumin
(anti-HSA DARPin “C9”; see SI Appendix, Table S3) into second-
round scaffolds D2-21.8 and D2-21.29. As before, the DARPin
sequence was aligned and grafted onto the assembly scaffold, taking

40f8 | PNAS
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care to only graft surface residues away from the ankyrin homo-
dimer interface so as not to disrupt it. Four sequence-grafted de-
signs were expressed (two scaffolds X two variants where the grafted
surface residues are shifted by a repeating unit of the ankyrin). One
design based on the D2-21.8 base scaffold proved more soluble
than the others (D2-21.8. HSA-C9.v2), and SEC with sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Vulovic et al.
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Fig. 3. Characterization of second-round designs. EM, native-MS, and SAXS experiments are consistent with the formation of intended architectures for six
designs. Negative-stain 3D reconstructions are overlaid by design models, whose asymmetric units are colored according to the constituent building blocks
(N- and C-terminal oligomers, green; DHR, blue; shared alignment, yellow). Native-MS deconvolutions show the relative abundance of the determined masses,
and the peaks are labeled with their assigned oligomeric states. SAXS plots compare the theoretical (cyan) and experimental (black) scattering in-
tensities (log scale) as a function of q as well as Rg. Native-MS for D3-19.24 shows a small amount of 12-mer, likely formed through the association of two

designed hexamers.

confirmed binding to HSA, which appeared to be substoichiometric
based on SDS-PAGE of column fractions.

The HSA complex was reconstructed by cryo-EM to 4.0 A
resolution with local refinement and 4.53 A without (Fig. 5), as
determined by the FSC = 0.143 cutoff. Consistent with the
substoichiometric binding suggested by the SEC and SDS-PAGE
results, the HSA binding mode sterically precludes full binding
site occupancy, and each face of the dihedral ring has one HSA
instead of two. Occupied binding sites occur either directly
across or along the diagonal—image classification and refine-
ment focused on the former species. The volumetric map elu-
cidates the binding mode: aromatic residues on the DARPin
overlap a hydrophobic patch in domain II of HSA, away from the
site where HSA binds to neonatal Fc receptor (FcRn). FcRn
binding enables HSA escape from endosomal degradation and
long serum half-life, so the noninterference indicates that the
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HSA DARPin “C9” may serve as a fusion domain for half-life
extension. These results demonstrate the feasibility of integrating
DARPins and retaining binding, even with the added complex-
ities of maintaining the scaffold homodimer ankyrin interface
and lack of prior structural information.

Discussion

The multifusion assembly design method introduced here rem-
edies two of the long-standing drawbacks to fusion-based as-
sembly construction: the low number of geometric solutions and
linker flexibility. Our results demonstrate the feasibility of per-
forming multiple fusions, ranking, and redesign in a single workflow
to produce intended architectures with low levels of off-pathway
assembly. It is notable that all successful designs in the present work
incorporated at least one, usually two, and occasionally even all
three design models lacking high-resolution structural validation

PNAS | 50f8
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Fig. 4. Cryo-EM characterization of DARPin-grafted scaffold with GFP. (A) Design model of four GFP (two in front, two behind) bound to the scaffold D2-
1.4H.GFP.v1. GFP-binding DARPin “3G124nc" (24) residues are grafted onto the assembly subunit of D2-1.4H while preserving core residues and homo-
oligomer interfaces to form the hybrid structure capable of binding GFP. (B) View of the entire assembly colored by local resolution as calculated by Cry-
0SPARC. Resmap calculates the mean resolution at 5.25 A and median at 5.0 A. (C) Surface and clipped (through the central chromophore) views of the GFP
p-barrel and DARPin region of the scaffold, colored by local resolution. (D) FSC curves calculated by cryoSPARC. Resolution is 4.78 A based on the 0.143

FSC level.

(SAXS validation only); it is possible that using X-ray crystal
structures of the building blocks rather than computational design
models might lead to greater success. On the other hand, the suc-
cess using design models bodes well for future applications of this
approach as far more plausible building block structures can be
designed than can be solved by X-ray crystallography.

We had hypothesized that DARPins would be more rigidly
embedded in our designed assemblies than in the previous de-
signs by Liu et al. (1, 23), as in the present work they form
structural components of the assembly and are held in place by
both a designed interface and fusion. Indeed, the secondary
stabilization provided by the homodimer interface appears to be
effective since the DARPin is well-resolved in the overall com-
plex even without multibody refinement. The previous study
resolved the GFP target at higher resolution (3.8 A), but this was
after multibody refinement on account of DARPin flexibility
relative to the core scaffold. The benefits of our secondary sta-
bilization strategy were likely counteracted by a combination of
inherent flexibility of the core scaffold and preferred orientation
in cryo-EM; consistent with this, the HSA-scaffold resolution
improved appreciably with the use of a tilt series for cryo-EM
micrograph collection, so preferred orientation appears to have
an impact. The use of tetrahedral or higher-order scaffolds could
favor more viewing angles and alleviate the preferred orientation
effects. The poorer results with the second-round designs suggest
that while shorter closure paths may increase rigidity, they also
bias toward smaller designs that are likely more sensitive to
destabilization when grafting in the hydrophobic DARPin in-
terface (indeed, D2-1.4H.GFP.vl, which yielded the best GFP
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density, contains the largest DHR building blocks). Our determi-
nation of the DARPin—-HSA binding mode using the double teth-
ering method in the absence of prior structure information
illustrates the potential of the method for cryo-EM structure deter-
mination; using bulkier building blocks and higher-order symmetry
nanoparticles should make this approach even more powerful.

Beyond scaffolds for cryo-EM structure determination, the
rigid three-body fusion method introduced here is an effective
general strategy for constructing protein assemblies. This has
been further demonstrated recently by the use of this method to
create cyclic, tetrahedral, octahedral, and icosahedral assemblies
as described elsewhere (34, 35).

Methods

All experimental methods applied in this article have been published pre-
viously. Detailed procedures are described in the S/ Appendix, as are further
details of the computational design method put forth in the main text. The
SI Appendix, Methods describe 1) protein expression with Studier’s auto-
induction (36) and purification, 2) oligomeric state determination by online
buffer exchange mass spectrometry (37-41), 3) SAXS sample preparation and
analytical tools for data collected at the Structurally Integrated Biology for
Life Sciences (SIBYLS) Beamline (42-44), 4) negative-stain EM procedures and
tools (32, 33, 45, 46), and 5) cryo-EM sample preparation and processing
schemes (32, 33, 46-57).

Data Availability. Cryo-EM maps have been deposited in the Electron Mi-
croscopy Data Bank (see S/ Appendix for details), and the fusion method
implementation is available on GitHub (archived with Zenodo at https:/
zenodo.org/record/4771121) (58). Additional supporting data is deposited
with Zenodo (https:/zenodo.org/record/4771103) (59) and all other data is
included in the article or supporting information.
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Fig. 5. Characterization of anti-HSA DARPin assembly in complex with HSA. (A) A cartoon model of scaffold D2-21.8.HSA-C9.v2 and HSA cocomplex docked
into a locally refined cryo-EM map obtained from the map below, which is colored by resolution (A). The density map surrounding the indicated two helices is
shown as a transparent gray surface with the model docked. (B) A model of the relative HSA-binding positions of the DARPin and FcRn is built by super-
position of this cryo-EM structure (DARPin scaffold + HSA) and an existing crystal structure of HSA with FcRn (Protein Data Bank 4K71). Several hydrophobic

DARPIn residues involved in binding are shown as sticks.
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