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Pseudosymmetric hetero-oligomers with three or more unique subunits with
overall structural (but not sequence) symmetry play key roles in biology, and
systematic approaches for generating such proteins de novo would provide
new routes to controlling cell signaling and designing complex protein
materials. However, the de novo design of protein hetero-oligomers with three
or more distinct chains with nearly identical structures is a challenging
unsolved problem because it requires the accurate design of multiple protein-
protein interfaces simultaneously. Here, we describe a divide-and-conquer
approach that breaks the multiple-interface design challenge into a set of more
tractable symmetric single-interface redesign tasks, followed by structural
recombination of the validated homo-oligomers into pseudosymmetric
hetero-oligomers. Starting from de novo designed circular homo-oligomers
composed of 9 or 24 tandemly repeated units, we redesigned the inter-subunit
interfaces to generate 19 new homo-oligomers and structurally recombined
them to make 24 new hetero-oligomers, including ABC heterotrimers, A2B2
heterotetramers, and A3B3 and A2B2C2 heterohexamers which assemble with
high structural specificity. The symmetric homo-oligomers and pseudosym-
metric hetero-oligomers generated for each system have identical or nearly
identical backbones, and hence are ideal building blocks for generating and
functionalizing larger symmetric and pseudosymmetric assemblies.

Pseudosymmetric hetero-oligomers in Nature likely evolved from
homo-oligomers composed of identical subunits which, following
gene duplication, underwent divergence and specialization, leading to
structures where each subunit is structurally similar but can have dif-
ferent specialized functions™? (Supplementary Fig. 1). Specialization of
binding surfaces can create hetero-oligomeric assembly hubs where
each subunit can recruit a unique set of auxiliary proteins. For exam-
ple, the eukaryotic pseudosymmetric heteroheptameric and

heterohexameric complexes of Sm and LSm proteins, which share a
common ancestor with the bacterial homohexamer Hfg**, mediate a
wide network of RNA-protein interactions via specific combinations of
protomers®®, Another example, PCNA, acts as a homotrimeric DNA-
modifying protein recruitment hub in eukaryotes but forms pseudo-
symmetric heterotrimers in archaea with unique protein binding sites
on each subunit and a different assembly pathway®. More generally,
evolution has used pseudosymmetrization as a route to enhance the
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functionality of originally homo-oligomeric assemblies. As in Nature,
pseudosymmetrization of oligomers could enhance the functionality
and complexity of designed protein assemblies. For example, pseu-
dosymmetrization provides a route from designed polyhedral assem-
blies with triangulation number =1 and 60 identical subunits to more
complex higher triangulation number assemblies with multiple dis-
tinct subunits and much larger interior volumes for packaging
cargoes’®. However, while there has been considerable progress with
the computational design of asymmetric protein hetero-oligomers™®,
with the exception of heterodimers™ and coiled coils™***®, there are no
systematic design protocols for homogenous pseudosymmetric
hetero-oligomeric protein complexes with nearly identical protomer
backbones but different sequences. This is a challenging problem
because for a pseudosymmetric cyclic n-mer with n distinct chains in
the target ground state oligomer there are off-target assemblies on the
order of n™, all with similar or identical backbone geometry. There-
fore, the specificity for the intended heteromeric complex must come
from the amino acid sidechain identities.

We set out to develop a general de novo design approach for
creating pseudosymmetric hetero-oligomers (Fig. 1) inspired by the
likely evolutionary route from symmetric homo-oligomers to hetero-
oligomers (Supplementary Fig. 1). We focused on architectures in
which the interfaces between different subunits are structurally dis-
joint; in the cyclic case these correspond to circular ring-like assem-
blies with each subunit forming part of the arc of the ring
(Supplementary Fig. 2). With these architectures, we can indepen-
dently evaluate each interface in the context of individually experi-
mentally characterized homo-oligomers. We aimed to make each of
these inter-subunit interfaces distinct and specific from each other by
incorporating different hydrogen bonding networks (HBNets) that
work through implicit negative design; because there is a large ener-
getic penalty disfavoring burial of polar groups, interfaces with
extensive hydrogen bond networks have higher specificity than purely
hydrophobic interfaces, with reduced off-target interactions'®. HBNets
have been used previously to create a large number of orthogonal
heterodimeric interfaces on helical bundle backbones®.

In this work, we developed a stepwise design strategy for gen-
erating pseudosymmetric hetero-oligomers with distinct HBNets at
each subunit-subunit interface (Fig. 1). First, we diversify the interface
of a homo-oligomeric scaffold and experimentally characterize mul-
tiple variants, each with distinct HBNets at the inter-subunit
interface®, increasing the variety of HBNets that can be

Interface f—
Diversification | W/
S
- & & | W
A X/ — | 4 -
e O
S8,
&/
Starting Intermediate

Homo-oligomer

Fig. 1| Overview of pseudosymmetric structural recombination design
approach. Diagram of our stepwise hetero-oligomer creation strategy. Flowing left
to right, the interface of the starting parental homo-oligomer is redesigned to
generate variant homo-oligomeric interfaces, followed by junction splicing to
assemble them into hetero-oligomers. Cartoons represent trimers with colored
interfaces that match up (separated by a small white gap in the cartoon) and have
unique sequences according to their color. Interfaces on the same chain are con-
nected via a homology region in dark gray, which has the same sequence and
structure across all protomer variants. In this strategy, the interface of an existing

Homo-oligomers

incorporated by introducing backbone perturbations in the secondary
structure elements present at the interface®. Second, we structurally
recombine experimentally validated homo-oligomers to generate
pseudosymmetric  hetero-oligomers. This divide-and-conquer
approach avoids the highly error-prone approach of designing multi-
ple interfaces simultaneously (i.e. one-shot design) and also generates
a large number of hetero-oligomers through the structural recombi-
nation of a small set of homo-oligomers (Supplementary Fig. 3a).

Results

Pseudosymmetrizing a computationally designed

9-repeat toroid

We chose as a first model system a circular Tandem Repeat Protein or
CcTRP composed of three identical subunits forming a ring (Supple-
mentary Fig. 2a, Supplementary Note 1). The interface between sub-
units of this ring bears a strong resemblance to the helical bundles
used with HBNet previously®*?, giving confidence in the applicability of
the method here. Because Rosetta’s HBNetMover is very sensitive to
small backbone displacements®, we enhanced HBNet sampling with-
out drastically altering the interface by generating small backbone
variations at the interface using normal modes (NM) relaxation®
restricted to the interface (NM design set) or by complete backbone
resampling of the C-terminal helix which is on the outer ring of helices
and forms the interface in conjunction with two inner ring helices. In
the latter resampling, we varied the internal geometry of the helix
using the Crick alpha-helix parameters® starting from the closest fit
parameters to the C-terminal helix and varying ro, Wo, W1, @g, @;, and
Az. With a new loop, we rejoined the new helix to the C-terminus (HR-C
design set) or, in an effort to add an additional implicit negative design
element, attached itanew to the N-terminus (HR-N design set). The HR-
N design set was expected to be orthogonal to the parental design and
the HR-C and NM designs (which retain the C-terminal outer helix) due
to steric hindrance imposed by mismatching terminal helices (clashing
in one case, a large gap with reduced hydrophobic contacts in the
other). Following backbone perturbation, HBNets were installed into
backbones using HBNetMover (Fig. 2a), and the sequences of the
helices comprising the interface were redesigned with flexible back-
bones using FastDesign®.

We obtained synthetic genes encoding 20 His6-tagged redesigns
of BGLO (named BGLO1-20; Supplementary Data 1) and BGLO (Sup-
plementary Note 2) and produced the proteins in E. coli. The proteins
were purified by immobilized metal affinity chromatography (IMAC)
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homo-oligomer (left; a homotrimer in this example) is redesigned symmetrically
(termed Interface Diversification), with the junction regions remaining unchanged.
Homo-oligomers that assemble correctly (middle column) are cut at the same point
within their common homology regions and then spliced back together (termed
Structural Recombination), making two-chain hybrids with two different interfaces
(Supplementary Fig. 3b) which assemble into heterotrimers (right column). It is
possible to create two different heterotrimers with the same interfaces by rear-
ranging the order of the interfaces (Supplementary Fig. 3c).
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