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ABSTRACT: Proteins are nature’s primary building blocks for the construction of
sophisticated molecular machines and dynamic materials, ranging from protein complexes
such as photosystem II and nitrogenase that drive biogeochemical cycles to cytoskeletal
assemblies and muscle fibers for motion. Such natural systems have inspired extensive efforts
in the rational design of artificial protein assemblies in the last two decades. As molecular
building blocks, proteins are highly complex, in terms of both their three-dimensional
structures and chemical compositions. To enable control over the self-assembly of such
complex molecules, scientists have devised many creative strategies by combining tools and
principles of experimental and computational biophysics, supramolecular chemistry,
inorganic chemistry, materials science, and polymer chemistry, among others. Owing to
these innovative strategies, what started as a purely structure-building exercise two decades
ago has, in short order, led to artificial protein assemblies with unprecedented structures and
functions and protein-based materials with unusual properties. Our goal in this review is to
give an overview of this exciting and highly interdisciplinary area of research, first outlining

the design strategies and tools that have been devised for controlling protein self-assembly, then describing the diverse structures of
artificial protein assemblies, and finally highlighting the emergent properties and functions of these assemblies.
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1. INTRODUCTION

Life likely emerged through the self-assembly and organization
of a primordial mixture of ions, minerals, and small, 4ngstrom-
scale organic molecules.'™* Yet, the complexity of living
systems we know today largely rests on the existence of
extended biological polymers such as polypeptides, poly-
nucleotides, and polysaccharides, in which molecular compo-
nents are covalently linked into linear arrays in a modular,
genetically encoded fashion.”® The stable, covalent prearrange-
ment of their components allows biopolymers to arrange into
elaborate nano- and microscale architectures, endowing them

with the ability to act as recognition elements and store energy
(polysaccharides),”™"" maintain and transmit genetic informa-
tion with high fidelity (polynucleotides),'”~"> and record and
transduce chemical, physical, and mechanical information
(polypeptides).'*~*’

From the point of chemical versatility, polypeptides reign
supreme among biopolymers, as they are composed of 20
distinct amino acid components. The compositional complex-
ity of these linear polymers with 20 different building blocks
creates an incalculable number of chemical interactions
between the building blocks and the environment surrounding
them.”®*” Despite this, polypeptides have the ability to fold
into discrete and often singular architectures with nanometer
dimensions, namely proteins.’’ > Such a well-defined spatial
organization of 20 functionalities in three-dimensional space
enables proteins to interact with and act upon almost any other
type of matter (organic or inorganic, biological, or abiological)
or external stimuli with high precision.'®™>” Importantly,
proteins can also associate with copies of themselves or of
other proteins in a specific fashion to form larger complexes
and assemblies.”> ™’ Protein—protein interactions are critical
not only for the high-fidelity transmission of chemical
information in a cell but also for the construction of large
(several nm’s to um’s) protein assemblies that execute
complex, multistep biochemical processes or form structural
materials that shape the cell and allow it to dynamically
interact with the environment (Figure 1).>*~*

The scaling of structural and functional diversity with the
increasing hierarchical organization and dimensions of proteins
is illustrated in Figure 2. While the folding of polypeptide
chains into tertiary protein structures engenders the essential
functions of an autonomous cell (e.g., catalysis, recognition
and binding, signaling, electron transport, etc.),so_53 it is the
assembly of proteins into supramolecular and extended
structures that provides organisms with the necessary func-
tional complexity.*"*>*>*»*%35 Inspired by these sophisticated
machines and materials, there has been great interest in the
control of protein self-assembly by design. As we aim to
capture in this review, this exciting new field has witnessed
tremendous advances in just over a decade, progressing from
the construction of simple protein dimers to the design of 3D
protein crystals, megadalton-scale protein cages, in vivo active
enzymes, and stimuli-responsive materials with unprecedented
properties and functions.

At a first glance, protein self-assembly and protein folding
may appear quite similar to one another in that they are driven
by the same intermolecular forces: van der Waals, hydro-
phobic, electrostatic, hydrogen bonding, metal-coordination,
disulfide, solvation/desolvation, solvent and configurational
entropy.”””” Thus, one may be tempted to think that the task
of rationally designing or predicting protein self-assembly is
also similar to designing and predicting protein folding.
However, the two processes are quite dissimilar. Folding of a
polypeptide into a tertiary structure is a self-contained,
intramolecular process that is largely independent of environ-
mental parameters (at or near ambient conditions) or
concentration (at low volume fractions). The process is self-
specific (there is little cross-talk with other species in solution),
almost always proceeds under thermodynamic control, and is
dominated by rather stringent steric/dihedral constraints of the
polypeptide backbone.*”*® These constraints, coupled with
appropriate amino acid side-chain interactions, enable most
polypeptide sequences to spontaneously fold into singular 3D
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structures, as postulated by Anfinsen.””*® Indeed, the
sequence-folding patterns contained within the immense
repository of experimentally determined protein structures
have been used to develop knowledge-based tools and deep-
learning methods to predict 3D protein structures a priori from
amino acid sequences with atomic-level accuracy.”””** In
parallel, it has also been possible to develop computational
platforms based on the same empirical parameters to design
novel protein folds from scratch.”~"°

The challenge of designing protein assembly is an altogether
different matter. Unlike folding, the self-assembly of a protein
is both environment- and concentration-dependent, can be
complicated by crosstalk with other species in solution, is not
subject to any prescribed steric constraints, and does not
always operate under thermodynamic control, meaning that it
can be pathway-dependent and lead to different structural
outcomes under different environmental conditions.”*”'~"* It
is well-appreciated in nanoscience that most nanoparticles
(such as proteins) that interact via strong, short-range
attractive forces tend to form amorphous aggregates rather
than ordered structures.”® Indeed, as anyone who has dabbled
in protein crystallization can attest to, the most probable
outcome of protein self-assembly is heterogeneous aggregation.
At the same time, it is also frequently observed that a single
protein can crystallize in several different space group
symmetries, featuring various protein—protein contacts that
can be hard to rationalize in terms of their thermodynamic
favorability even a posteriori. This is because the free-energy
landscape for the self-assembly of any protein is multidimen-
sional, shallow, and marked by many energy minima whose
magnitudes are readily altered by external perturbations.

While such a complex energy landscape makes the
prediction and design of protein self-assembly difficult, this
complication is not unique to proteins. It also applies to the
self-assembly and crystallization of small molecules, inorganic
complexes, nanoparticles, and even large colloids, which have
been extensively investigated over the last several decades.”*™*’
Consequently, there exists a knowledge base and a good
understanding of how self-assembly can be controlled across
different length scales through the manipulation of the intrinsic
properties of objects (e.g., shape, charge, size), through the
design of chemical/physical interactions between them, and
through the use of concepts such as symmetry and templating.
Indeed, these concepts of molecular/nanoscale self-assembly
and supramolecular chemistry have been combined with the
tools of protein design and engineering in many creative ways,
fueling the rapid progress of protein self-assembly by design.

Excellent reviews have covered the topic of protein self-
assembly and highlighted its broad reach across protein design
and engineering, chemical and structural biology, bio- and
nanotechnology, and materials science.””*'™'°" Our primary
goal is not only to update those reviews with the most recent
examples from the literature but also to provide a logical
framework that we believe aptly describes the progression of
the field from structure-building to property- and function-
building. Although we acknowledge the key importance of
disordered or heterogeneous protein ensembles, our focus here
will be entirely on the design and construction of structurally
well-defined, compositionally uniform protein assemblies,
which lend themselves more readily to establishing design—
structure—property—function relationships. This review will
also not include the topic of peptide engineering and assembly,
which is a diverse field in its own right and has been extensively

. . . . o 102-109
covered in many reviews, including one in this issue.

Section 2 will start with a summary of modes of protein self-
assembly in natural systems, followed by a description of
different tools and strategies that have been employed to
design artificial protein architectures. Section 3 will focus on
the design and construction of different classes of structures
using the tools described in section 2. Pivoting from structure
to property and function, section 4 will focus on artificial
protein assemblies with emergent physical, material, and
functional properties and dynamic behavior. We will conclude
by giving an overview of the field of protein assembly by design
and directions for future exploration.

2. DESIGN PRINCIPLES AND TOOLS FOR PROTEIN
ASSEMBLY

2.1. Construction Principles of Natural Protein Assemblies

Natural evolution has created countless examples of functional
protein assemblies that have inspired the design efforts covered
in this review. Before describing these examples, we will briefly
summarize the general design parameters of natural protein
assemblies, namely their shape/structure/dimensionality,
symmetry, compositions, and connectivity, and how these
relate to biological functions. We also note that by “protein
assemblies” we refer exclusively to protein complexes that act
as a unit and are sufficiently long-lived to be structurally
characterized by conventional tools such as crystallography,
electron microscopy, nuclear magnetic resonance spectroscopy
(NMR), atomic force microscopy (AFM), small-angle X-ray
scattering (SAXS), etc.

Most generally, protein assemblies can be structurally
characterized as closed/finite or open/ extended.''® Finite
protein assemblies (Figure 3a) are dimeric or oligomeric (i.e.,
consisting of three or more protein monomers) and physically
bounded. Although the functions of finite protein assemblies
are quite diverse, they are typically involved in the execution of
biochemical processes such as signaling, catalysis, and binding/
recognition.' '’ Importantly, most of these biological functions
derive explicitly from the formation of larger protein
assemblies; in other words, they cannot be performed by the
monomeric components in isolation. A classic example is
hemoglobin (Figure 3a-ii), whose ability to bind O, with
positive cooperativity and in an allosterically controllable
fashion (by pH, CO,, or 2,3-bisphosphoglycerate (BPG)) is
wholly dependent on its tetrameric assembly state and central
to its biological role as a regulable O, transporter.''' In
contrast, the monomeric myoglobin is incapable of coopera-
tivity and allosteric control and acts in O, storage and delivery
(rather than transport).''> Another inherent benefit of protein
dimerization or oligomerization is the stabilization of the
protein subunits through the formation of intermolecular
bonds and the reduction of exposed protein surfaces.'*

Extended protein assemblies (Figure 3b) are polymeric (i.e.,
consisting of many monomers), usually possess crystalline
order, and are characterized by their dimensionalities, 1D, 2D,
or 3D, that span nm-to-ym length scales. Rather than
performing biochemical tasks, extended protein assemblies
serve as mechanical/architectural elements and in scaffolding/
transport of other cellular components, commensurate with
their dimensionalities. For example, 1D cytoskeletal filaments
(e.g, actin (Figure 3b-vi) and microtubules)' >~ are
involved in controlling cellular shape, movement, and intra-
cellular transport; 2D protein arrays (e.g., bacterial S-layers,
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Figure 1. Complexification of protein assembly, from angstrom-scale amino acids to extended, micron-scale protein structures. Individual amino
acids are first covalently linked to form unstructured polymers, termed polypeptides. Polypeptides adopt secondary structure motifs, such as a-
helices and f-strands, that combine to determine the tertiary structures of proteins. Discrete, folded polypeptides with either identical or distinct
tertiary structures can assemble via noncovalent interactions into supramolecular complexes, termed quaternary structures. Further noncovalent
interactions at the interfaces of symmetric quaternary structures can give rise to extended structures, exemplified here by a bacterial S-layer

structure.

Figure 3b-vii)''®""” act as protective layers or selective

membranes; 3D protein lattices (e.g, crystals of insulin in
pancreatic f-cells, cypovirus polyhedrin, Figure 3b-viii, and
peroxisomal alcohol oxidase)''*~'*" serve as stable platforms
for storage, scaffolding, and catalysis. A particular class of finite
protein assemblies are 0D, cagelike architectures (e.g., ferritin
(Figure 3a-iv), virus capsids).'”>'*> Although such assemblies
are typically more “polymeric” rather than “oligomeric” in
terms of component quantity and also primarily serve in
scaffolding and encapsulation, they are physically bounded and
thus categorized structurally as finite or closed.

Protein assemblies can also be classified according to
whether they possess symmetry or not. Symmetry is a powerful
design element that is ubiquitous in natural protein
assemblies.''® Tt allows the formation of large protein
complexes from a small number of building blocks while also
minimizing the numbers of distinct contact types and
associative surfaces between proteins.110’124 These advantages
of symmetry are not only important for the natural evolution
but also for the rational, bottom-up construction of protein
assemblies, as they minimize the genetic and therefore the
design burden. Consequently, the majority of natural protein
assemblies are symmetric, with cyclic, dihedral, or cubic point
group symmetries in the case of closed architectures, helical or
cyclic + translation symmetries in 1D structures, plane group
symmetries in 2D assemblies, and space group symmetries in
3D arrays.

Protein assemblies can be homomeric (i.e., composed of one
type of protein monomer) (Figure 3a-i, iii, and iv) or
heteromeric (i.e, composed of two or more different types
of protein monomers) (Figure 3a-ii and v). A large fraction of
symmetrical protein assemblies is homomeric, while a much
smaller fraction of symmetrical protein assemblies is
heteromeric. The functional complexity of protein assemblies
generally scales with their heteromeric composition, in that the
different types of protein subunits within an assembly perform
different functions. For example, photosystem II (PSI], itself a
C, symmetric heteromer, Figure 3a-v) consists of ~20 different
protein subunits,'** enabling PSII to perform many coupled
tasks (light-harvesting, long-distance energy and electron
transfer, charge separation, water oxidation, generation of
proton-motive force), which would be impossible to
accomplish with a smaller or a homomeric protein assembly.

The key determinants of the structures, properties, and
functions of protein assemblies are the connections between
protein monomers. Along with the protein subunits
themselves, protein—protein interfaces dictate the geometry/
shape of an assembly, its rigidity or flexibility, if it can
associate/dissociate or change its structure in response to a
stimulus, or whether it contains a functional cofactor or an
active site. Protein—protein interfaces (Figure 3c) in natural
assemblies are mediated by the same noncovalent and covalent
interactions that stabilize tertiary folds (e.g, electrostatic/polar,
disulfide bonds (Figure 3c-ix), metal-coordination (Figure 3c-
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x), hydrophobic (Figure 3c-xi), solvation/configurational
entropéy) but can vary widely in shape, composition, and
size."” Although most interfaces tend to be flat (Figure 3c-xi),
they can also have quite irregular, nonuniform shapes (Figure
3c-ix). Hydrophobic hot spots or extended patches are
common features of stable protein—protein interfaces. Most
protein—protein interfaces have buried surface areas of 1000—
2000 A?, yet some can be smaller (e.g., ~600 A 2 in the Zn-
mediated dimer interface of Rad50) or much lar%er, with many
dimeric interfaces burying more than 5000 A2>

2.2. Tools and Strategies for the Design of Artificial
Protein Assemblies

In a traditional engineering-based approach, a design task
ideally starts with the questions “what function should the
designed object serve? what properties should it have?”,
followed by “what form should the object possess to fulfill the
desired function or properties” and “what are the available
building blocks and how should they be put together?” A look
at the chemical and structural sophistication of natural protein
assemblies (Figure 3) quickly reveals the challenges in posing
the design questions in this order. First, the molecular
interfaces that connect the protein subunits in natural
assemblies are often too extensive and heterogeneous to be
routinely designed from scratch. Second, we have a limited
understanding of structure—property or structure—function
relationships in proteins, though we have certainly learned that
a static 3D picture of a protein or a protein assembly (even at
atomic resolution) is hardly sufficient for predicting its
properties and functions with great accuracy. Given these
two ability/knowledge gaps, the majority of efforts in the area
of designing protein assemblies have been directed at obtaining
target structures or shapes (a great challenge in its own right)
through the development of bottom-up construction strategies.
Importantly, these strategies have not only yielded numerous
examples of novel protein architectures (section 3) but also
lent themselves well to generating and discovering new
functions and properties (section 4). The latter point
emphasizes the value of structure-building tools regardless of
functional intent.

In this section, we will provide an overview of the different
strategies that have been developed over the last two decades
to control protein self-assembly and to construct supra-
molecular or extended protein architectures (Figure 4).
Further details on these strategies will be provided when
discussing specific examples in section 3. There are two take-
away points: (1) There has been tremendous progress in the
rational and computational design of protein structures and
protein—protein interfaces. (2) Rational design of protein
assembly in the laboratory is not limited by the biochemical
constraints of the cellular environment and an adherence to the
construction strategies that nature uses. Thus, scientists have
been able to adapt tools and materials from various disciplines
(supramolecular and inorganic chemistry, reticular chemistry,
inorganic and DNA nanotechnology, and polymer chemistry)
to devise many innovative design approaches for protein
assembly.

Regardless of the approach used, the concept of symmetry
has featured prominently in the design of artificial protein
assemblies, from protein cages to 1D, 2D, and 3D protein
crystalline arrays.'”’~"*" Recently, Laniado and Yeates
compiled a rule set for designing symmetric protein assemblies
from oligomeric components and identified 124 distinct types

Figure 2. Protein evolution entails the incorporation of a small
structural module into a larger, functional tertiary fold, which can then
associate with other functional domains to form quaternary assemblies
with diverse, multicomponent functions. This process is exemplified
here with the faf motif-containing Rossmann fold, which is part of
protein complexes with functions spanning histone deacetylation
(sirtuin), DNA repair (photolyase), and dinitrogen reduction
(nitrogenase). In all three quaternary assemblies, the Rossmann fold
functions as the nucleotide-binding domain.

of symmetry-combination materials."”>’ The readers are
referred to this article and the many excellent reviews that
articulate the importance of symmetry considerations in the
design of ordered protein assemblies™” " #*71** a5 well as in
the synthesis of supramolecular and reticular materials."**~"**

2.2.1. Symmetric Protein Fusion. Most approaches for
constructing protein assemblies directly involve the design or
modification of a protein—protein interface (vide infra). One of
the earliest studies, wherein the rational design of protein
assemblies was explicitly articulated, used an alternative
approach, which we refer to as symmetric protein fusion.
This method was introduced by the Yeates Group and exploits
the natural, self-associative interfaces of oligomeric proteins to
drive self-assembly. It is based on the principle that most
symmetric objects and extended materials can be generated
from the proper combination of two symmetry elements, as
summarized by Padilla, Laniado, and Yeates,'*”**! and earlier
in the supramolecular chemistry literature."*™"** In the
symmetric protein fusion method, this combination is achieved
by genetically fusing the monomeric subunits of natively
oligomeric proteins that possess appropriate symmetries
(Figure 4a). The proper orientation of subunits with respect
to one another is central to obtaining the desired assembly
geometry and requires a careful integration of a rigid peptide
linker domain.

In the first demonstration of this strategy, Padilla et al. fused
the monomeric components of C, and C; symmetric protein
oligomers with an a-helical linker. This generated a construct
that assembled into a tetrahedral cage, enabled by the fusion-
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Figure 3. Finite and extended natural protein assemblies. (a) Examples of finite protein assemblies: Interleukin-5 (i, PDB ID: 1HUL), hemoglobin
(i, PDB ID: 1HHO)), insulin (iii, PDB ID: 1ZNI), human heavy chain ferritin (iv, PDB ID: 6B8F), and photosystem II (v, PDB ID: 1AXT). (b)
Examples of extended protein assemblies: 1D actin filament (vi, PDB ID: 6BNO), 2D S-layer (vii, PDB ID: SN8P) and 3D infectious cytoplasmic
polyhedrosis virus protein crystal (viii, PDB ID: 20HS). (c) Close-up views of protein—protein interfaces of interleukin-S (ix), insulin (x), and
ferritin (xi) highlighting noncovalent, covalent, and metal-mediated interactions. In addition to these enthalpic contributions, the expulsion of
waters upon the burial of interfacial amino acid residues (i.e., the “hydrophobic effect”) represents an important entropic contribution to interface

stability.

enforced orientation of the resulting C, and C; symmetric
interfaces at the desired angle (~54.7°)."*” A second fusion
constructed from the subunits of two C, symmetric dimers
(with nonintersecting symmetry axes) led to the formation of
1D protein filaments, further providing proof—of—principle.127
Using a similar strategy, Sinclair et al. combined protein
building blocks with matching rotational symmetries to
construct 1D and 2D crystalline arrays.'*® Linker length and
rigidity played central roles in determining whether or not
fusion constructs would form assemblies with long-range
order.'”® To make genetic protein fusion a more versatile tool
for self-assembly, an increasing diversity of domains has been
used as building blocks, including de novo-designed coiled

140—142

coils. Cannon et al. recently assembled an icosahedral

cage using a doubly fused, three-component construct
comprised of a dimer, pentamer, and trimer.'*’

An inherent challenge of the fusion approach is the linker
design and the requirement to choose natively oligomeric
protein building blocks with appropriate symmetries/top-
ologies. To enable geometrically specific assembly, the linker
must be of optimal length/rigidity and positioned accurately
while the stability of the monomers is maintained. The high
association constants of the native protein—protein interfaces
may also increase the likelihood of kinetically trapped
aggregates. The use of externally tunable (i.e, nonobligate)
protein—protein interfaces along with algorithms that accu-
rately model linker lengths/placement could greatly increase
the scope of the symmetric protein fusion approach.
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Figure 4. Schematic representation of the design tools and strategies for protein self-assembly, which encompass noncovalent, covalent, and metal-
mediated interactions. Each strategy has been successfully used to construct both finite and extended assemblies with a wide array of protein
building blocks. Selection of the design strategy is largely dictated by the desired stability, selectivity, and reversibility of the target assembly.

2.2.2. Computational Interface Design. The computa-
tional design of self-assembling supramolecular or extended
protein architectures involves the modeling of the geometric
arrangement of multiple protein units to form a desired
architecture, followed by the design of energetically favorable
protein—protein interfaces to stabilize that architecture (Figure
4b). All computational protein design calculations contain an
energy function with which to evaluate a protein struc-
ture. **'* Energy functions used in protein modeling can be
molecular mechanics-based functions similar to those used in
molecular dynamics simulations,'**™!°! or they can be
statistical functions derived from rotamer configurations and
sequence patterns obtained from a database of protein
structures.”>>~'>* The former is often too computationally
expensive to reproducibly and accurately evaluate in protein

design calculations, whereas the latter cannot effectively model
unfamiliar structures that do not frequently appear in the
structural database.'** As a result, energy functions used in
protein design frequently use a combination of physical terms,
such as electrostatic and van der Waals’ interactions, and
statistical terms, such as torsion angle probabilities.' >

In principle, an accurate energy function, combined with a
method for traversing the energy landscape, is sufficient to
predict a protein’s folded structure given its sequence.
However, the protein design problem is in some ways the
inverse of the protein folding problem.”” Rather than
attempting to predict the lowest energy structure of a protein
given its sequence, the aim of protein design is to predict a
sequence that will stabilize a desired structure. Complicating
matters is the fact that many amino acid side chains can adopt
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multiple conformations, or rotamers, and therefore the number
of rotamers that must be sampled is much larger than just the
number of natural amino acids. While most protein design
calculations use discrete rotamer libraries that help limit the
search space,'**7'°* even the smallest rotamer libraries are
impossible to exhaustively sample except in the case of
calculations involving only a few Eositions. There are several
ways to address this problem.'*> Most commonly, Monte
Carlo methods are employed to randomly sample the design
space and attempt to converge on a favorable sequence.lés_”o
Because of the inherent stochasticity of these searches, multiple
iterations are frequently required to obtain the best sequence
or sequences. Alternatives to Monte Carlo searches include
dead-end elimination,'””'”* in which physically incompatible
rotamers are first identified and excluded and an exhaustive
search is then performed with the remaining rotamers, and
mean-field calculations,'”>"”* in which sequences are evaluated
by considering the average positions of all possible rotamers of
an amino acid. Dead-end elimination methods have been
successfully used for small proteins®®'**'7>'7¢ but are usually
too computationally expensive for larger proteins, whereas
mean-field calculations perform well with hydrophobic core
residues but are less effective with surface residues.'*>'®

A protein’s sequence and tertiary structure can be designed
with a suitable energy function and a method to explore the
search space of possible rotamers. However, the design of
supramolecular protein assemblies also requires the optimiza-
tion of the rigid-body orientations of the protein subunits. This
can be accomplished by protein docking calculations, which
attempt to predict the quaternary structure of two or more
protein domains.'”” Docking calculations typically start with a
global search of the degrees of freedom of the system using
simplified representations of the proteins, such as by excluding
amino acid side chains. This low-resolution docking step is
then followed by an all-atom, high resolution docking stage
with finer perturbations.'”” As with protein sequence design,
protein docking calculations can be performed with a variety of
energy functions and approaches to sample the degrees of
freedom of the system. Notable examples include fast Fourier
transform (FFT) docking,178 which largely assesses surface
complementarity, docking with Monte Carlo methods,'” and
docking based on biochemical interaction data."®® In addition,
several servers that integrate multiple docking calculations to
predict multimeric protein structures have been devel-
oped. 1182

As discussed above, multiple tools have been developed for
each part of the computational protein design process, and
different calculations have been combined to design protein
oligomers.'”® However, the most frequently used software for
the computational design of protein assemblies is currently
Rosetta'®® which has been used to construct dimers,'** small
oligomers,185 protein cages,186 1D helical filaments,'®” and 2D
protein arrays,"*® which will be discussed in more detail in
section 3.

As evidenced by this large array of artificial protein
structures, computational design has emerged as a powerful
tool for designing and optimizing noncovalent protein—protein
interactions. However, this approach still requires a consid-
erable amount of trial-and-error and is inherently geared
toward finding deep-energy minima primarily through hydro-
phobic/packing interactions, which is suitable for optimizing
association energies and specificities, but not for dynamics. It is
important to note that there has been steady progress in the

computational design of polar/H-bonding interactions."*'*

With additional improvements in scoring functions and
protocols to effectively model polar interactions, protein
solvation, and metal-coordination, it will increasingly be
possible to computationally design protein assemblies not
only with desired structures but also with complex dynamic
behavior and functions.

2.2.3. Metal-Coordination. Although natural protein—
protein interfaces are primarily formed through noncovalent
interactions, it is estimated that 5—10% of oligomeric Proteins
contain interfacial metal ions or metallocofactors.”’ Such
naturally occurring interfacial metal centers drive protein self-
assembly or stabilize quaternary structures, mediate transient
protein—protein interactions, and act as catalytic centers.'”?
From a structure-building perspective, metal-coordination
bonds are highly appealing, as they are considerably stronger
than noncovalent interactions but reversible, enabling the
formation of protein—protein interfaces on a small design
footprint and under thermodynamic control.'”” These criteria
are satisfactorily met by mid-to-late first-row transition metal
ions (Mn*" to Zn*"), which are labile for ligand substitution yet
can form thermodynamically stable complexes. Metal—ligand
bonds are highly directional, meaning that the stereochemical
preferences of metal ions can dictate the symmetry and
structures of protein assemblies.'”* Furthermore, metals have
inherent reactivities and their coordination bonds are
inherently environment-sensitive (e.g., to solution pH, redox
potential, or the presence of extrinsic chelators), thus providing
a facile means to control the thermodynamics and kinetics of
protein self-assembly and to construct stimuli-responsive or
reactive protein assemblies.!”>1%° Finally, metal-mediated
protein—protein interactions can be designed using a variety
of natural amino acids (predominantly, histidine (His),
aspartic acid (Asp), glutamic acid (Glu), cysteine (Cys)) as
well as synthetic, nonbiological ligands (e.g,, phenanthroline,
hydroxyquinoline, bi- or terpyridine) to access diverse
modalities of protein self-assembly (Figure 4c).'””'?®

The advantages of metal-coordination have been widely
exploited in molecular self-assembly'**~"* and were first
adapted explicitly for the design of supramolecular protein
assemblies in 2007 by the Tezcan Group.'”” An obvious
challenge in using metal-coordination for controlling protein—
protein interactions is the potential lack of selectivity that
stems from the fact that the surface of any protein is replete
with metal-binding amino acid side chains. To circumvent this
challenge, two pairs of metal-chelating, i/i+4 bis-His motifs
were incorporated on the surface of cytochrome cbyg, (cyt
cbss,), a monomeric, four-helix-bundle protein. Despite its
minimal design footprint, the resulting construct (termed
MBPC1) formed a discrete D, symmetric tetramer upon
binding four Zn®*' ions in a tetrahedral coordination
geometry.'”” Notably, the same building block self-assembled
into two other discrete oligomers upon binding Ni** (a C;-
symmetric trimer) and Cu** (a C,-symmetric dimer), as
dictated by the stereochemical preferences of the metal ions,""*
thus showing the unique versatility of metal-coordination in
directing protein—protein interactions. Building up on these
proof-of-principle experiments, the approach of Metal-Directed
Protein Self-Assembly (MDPSA) has been broadly adopted to
construct protein assemblies with a variety of structures and
dimensionalities,"**°°72%* as well as dynamic,zoz_204 stimuli-
responsive,l%’204 and functional architectures,”®>™*%” usin
both natural'””*** and non-natural metal-binding motifs****
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installed on protein surfaces. These examples are discussed in
detail in sections 3 and 4.

Despite these advantages, the lack of selectivity in metal—
protein interactions still represents an important hurdle in
MDPSA, often requiring trial-and-error as part of the design
process. This selectivity issue can be particularly exacerbated in
the crowded and heterogeneous cellular environment (i.e., for
in vivo applications) wherein metal concentrations are tightly
controlled. These challenges can in part be ameliorated by
combining the design of metal-coordination on protein
surfaces with the computational design of protein—protein
interfaces. This combined approach has indeed been shown to
yield metalloprotein oligomers that efficiently form in bacterial
cells by selective binding of metal ions and catalyze enzymatic
reactions in vivo.””>”'" Another area of improvement for
MDPSA is a better understanding of the energetics of metal—
protein interactions. Compared to the relatively well-described
hydrophobic packing interactions and, increasingly, polar
interactions,”' there are still no accurate energy or scoring
functions for the computational modeling of metal-coordina-
tion in proteins,212 even for closed-shell metal ions such as
Zn***'* Once such energy/scoring functions are established,
MDPSA and computational design may provide a particularly
powerful combination in the design of functional protein
assemblies.

2.2.4. Covalent Bonding. As in the case of metal-
coordination, covalent bonding offers a powerful tool for
structure-building, primarily in the form of disulfide bonds
(Figure 4d). With bond dissociation energies of up to 60 kcal/
mol,*** disulfide bonds are more than an order of magnitude
stronger than typical noncovalent bonds, yet they are reversible
through a two-electron redox equilibrium. This allows
disulfides to stabilize protein structures on very small
interaction footprints, while also enabling responsiveness to
external stimuli (solution pH, redox potential/state) and
enzymatic regulation.”’> Although commonly found in
cytosolic proteins for intrachain cross-linking of tertiary folds,
disulfide bonds also frequently serve to stabilize quaternary or
extended protein structures through interchain bonding (e.g.,
in antibodies and extracellular proteins).*'>""

In analogy to metal-coordination, the combination of high
stability, reversibility, and stimuli-responsiveness of the
disulfide bond has made it a popular tool in the self-assembly
of synthetic supramolecular complexes and generation of
dynamic covalent libraries.””"”>** In terms of protein self-
assembly, an important feature of disulfide bonding is its self-
selectivity: a Cys side chain will only couple with another Cys
side chain. Indeed, this can be exploited to readily generate
disulfide-bonded protein homodimers. In one case, Banatao et
al. prepared homodimers of three different single-Cys variants
of lysozyme and demonstrated that these variants formed 3D
crystals with morphologies inaccessible with the monomeric
protein.223

Unlike homodimerization, however, the self-assembly of
most oligomeric or extended protein architectures would
necessitate the formation of more than a single disulfide bond,
in turn requiring the building blocks to possess more than one
surface Cys residue. In such cases, it is imperative that the
multiple Cys residues be placed in precise positions to pair
correctly and yield the desired assembly structures. This is
relatively easily accomplished with toroidal building blocks,
such as the homohexameric Hemolysin-coregulated protein 1
(Hcpl), whose top and bottom faces can be tailored with

symmetry-related Cys residues to yield 1D nanotubes
continuously linked by interhexamer disulfide bonds (see
section 3.4.2).”** Alternatively, building blocks that possess 2D
or 3D symmetry, such as the C, symmetric ;-rhamnulose-1-
phosphate aldolase (RhuA) and the octahedral ferritin, can be
engineered in their vertices with Cys residues to self-assemble
into disulfide-mediated 2D lattices (see section 3.5.2).**°7>*%
Particularly, the 2D “**RhuA lattices, described in more detail
in section 3.5.2, illustrate the key importance of the
reversibility of disulfide bonds in the formation of defect-free
lattices, while also highlighting how the flexibility of these
bonds can give rise to coherent lattice dynamics (section
4.2.2).*37%*7 Other types of covalent linkages have also been
used to drive protein self-assembly, such as native chemical
ligation,229 Tyr dimerization,””’ and sulfo-NHS/EDC cou-
pling;**" however, the irreversibility of these linkages generally
translates into a lack of order and structural homogeneity.

It is apparent that disulfide bonds provide unique advantages
toward designing protein assemblies, but they also suffer from
a lack of selectivity and a reliance on accurate geometric
alignment. For example, in the case of nonsymmetric protein
building blocks, ensuring the geometrically specific formation
of multiple disulfide bonds during protein self-assembly would
require additional design elements. At least in one case (cyt
cbsg,), such specificity was achieved through the simultaneous
incorporation of metal-coordination and computationally
designed noncovalent interactions, which yielded the for-
mation of tetrameric architectures containing up to six
interfacial disulfide bonds.”'******* Further specificity could
potentially be attained through the implementation of
abiological covalent bonds such as boronate esters, imines,
and triazines,”>*™>*” particularly if the relative instabilities of
these bonds in aqueous media can be ameliorated.

2.2.5. Host—Guest Interactions. As amply demonstrated
in natural systems and in supramolecular chemistry,”** **!
“host—guest” interactions can be readily applied to drive
protein self-assembly in a modular fashion. Generally, a “host”
is defined as a large molecule or a macromolecule (even a
protein) that specifically recognizes a smaller “guest” molecule
through a synergy of noncovalent interactions.”*”~>** The high
specificity and reversibility of host—guest interactions allow for
self-assembly with high fidelity and readily lend themselves to
the generation of dynamic, switchable, and stimuli-responsive
complexes.”* 7>

Depending on the nature of the chemical components, the
host—guest pairs can be either biological or synthetic. The most
common biological host—guest pairs for protein assembly are
streptavidin—biotin and cytochrome/myoglobin-heme pairs,
featuring high-affinity interactions between the host protein
and cognate cofactor.”*"~**® For example, Ringler and Schulz
generated a quadratic network by mixing the C,-symmetric
enzyme RhuA labeled with biotin with the D,-symmetric
streptavidin.128 Similarly, the Hayashi lab exploited heme-
apocytochrome/apomyoglobin interactions to build various
supramolecular protein assemblies.”>>*>" Synthetic host—guest
pairs used for protein self-assembly often comprise macrocyclic
hosts (e.g, cyclodextrins, cucurbiturils, calixarenes) and
various small molecule guests, which are widely employed in
the self-assembly of synthetic supramolecular complexes.”””***
The Brunsveld Group developed synthetic host—guest pairs for
protein assembly, obtaining protein heterodimers stabilized
exclusively by molecular recognition between cyclodextrin and
lithocholic acid.”*” Follow-up studies have expanded this
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strategy to obtain both discrete and extended assemblies driven
by selective recognition between synthetic macrocycles and
small molecule ligands.”*"~>%*

Host—guest interactions represent a versatile tool to drive
protein self-assembly that does not require extensive interface
design and often incorporates nonproteinaceous building
blocks, yielding multicomponent assemblies with relative ease
(Figure 4e). One potential drawback of using this tool is its
dependence on chemical modification of the protein with the
host/guest molecules. The linkers that connect host/guest
molecules to the protein building blocks are often long and
flexible, which may preclude the formation of structurally
ordered protein assemblies. To address these challenges, future
work in host—guest recognition driven protein self-assembly
could involve more widespread utilization of host—guest
interactions between a synthetic host and native amino acid
residues of a protein building block (e.g, sulfocalixarene-
lysine), which would eliminate the need for bioconjuga-
tion.”>”*°°7>%” A particular advantage of synthetic host—guest
pairs is their modularity, which can potentially allow the
interprotein complexation affinities and specificities to be
tuned by synthetic modifications to the guest or the host.””’

2.2.6. Electrostatic Interactions. Electrostatic interac-
tions are widely utilized in both natural and designed protein
assemblies,”’' ~*"* as they can be implemented both locally
through salt bridges and globally between oppositely charged
domains (Figure 4f). To drive assembly through local
electrostatic interactions, researchers leverage amino acid
residues with ionic side chains (i.e., Glu, Asp, arginine (Arg),
and lysine (Lys)) to generate charge anisotropy across specific
interfaces of the protein building block.””> To drive assembly
through global electrostatic interactions, one can extend charge
anisotropy across an entire protein surface or use charged
protein spheres as macromolecular point charges.””®>”” The
Debye lengths of typical electrolyte solutions can extend well
over several nm’s (i.e., on the same length scale as most protein
building blocks) 72 meaning that electrostatic interactions can
exert a sizable energetic influence on self-assembly thermody-
namics and kinetics at long distances. In both a local and global
context, the overall charge of the protein interface/surface
(characterized by the isoelectric point) varies with pH, giving
rise to assemblies whose affinity and association kinetics can be
readily controlled by solution conditions.””® Researchers have
generated protein assemblies of a wide structural variety, from
discrete oligomers to superlattices, via local and global
electrostatic interactions.””>*’°~**" These assemblies have
incorporated multiple different protein building blocks and
even nonproteinaceous building blocks like nanopar-
ticles.””>*”’

Because the free energy of a salt bridge interaction is
relatively small in well-solvated environments (3—4 kcal/
mol),”*” a multivalent display of oppositely charged residues or
a high overall net charge may be required to exploit
electrostatically driven self-assembly. In a recent example,
Simon et al. found that positively and negatively “super-
charged” variants of the asymmetric superfolder green
fluorescent protein (sfGFP) assembled via electrostatic
interactions to form discrete particles with 8-fold symmetry
(section 3.2.2).7° In this context, highly symmetric protein
building blocks are particularly appealing, as they require fewer
surface mutations to obtain highly charged states and can more
readily arrange into desired assembly geometries due to their
symmetry.”’> These advantages are well illustrated by the

electrostatically driven, binary 3D lattices of cowpea chlorotic
mottle virus (CCMV) capsid””® and ferritin.””” In addition to
proteins, researchers have utilized RNA, nanoparticles, and
dendrimers as building blocks for electrostatically stabilized
lattices.””>*"#*7727%280 Electrostatic interactions represent an
intuitive and powerful tool for the design and construction of
tunable, multicomponent assemblies.

2.2.7. Hybridization with Nonproteinaceous Compo-
nents. The design strategies for artificial protein assemblies
discussed thus far rely on optimizing the geometric arrange-
ment of protein building blocks and/or engineering the
protein—protein interfaces between subunits. Such protein-
centered design approaches can be complemented by the
incorporation of nonproteinaceous components to build
hybrid assemblies (Figure 4g). As evident in many natural
protein assemblies and biomaterials (e.g., nucleoprotein
assemblies like the ribosome and nucleosome),”*¥*** and
extensively demonstrated in nanotechnology, polymer chem-
istry, and supramolecular chemistry, hybrid systems are often
synergistic.””*** The combination of two different types of
building blocks gives rise to emergent properties that would
not be accessible using just one type of building block.”®’~**
Importantly, hybridization of proteins with nonproteinaceous
components (e.g., nucleic acids, inorganic nanoparticles,
synthetic polymers)*°~*** expands the structural and func-
tional scog)e of the proteins, creating new-to-nature func-
tions””>*” and enabling access to self-assembly modes beyond
what is possible based on a polypeptide-only composition.

Nonproteinaceous building blocks can be biological (i.e.,
nucleic acids, sugars) or abiological (i.e., synthetic polymers,
metal nanoparticles, and carbon nano-
tubes)?27%277/278280290295297-302 114 impart a high degree of
tunability in the control of protein self-assembly. In this regard,
the high specificity of Watson—Crick base-pairing interactions
is quite powerful, as highlighted by the remarkable structural
diversity and rogrammability of artificial DNA-based
nanostructures.””>°° In one of the earliest examples of
DNA-dependent protein self-assembly, the Finn Group
prepared CMPV—DNA conjugates, which could be tunably
arranged into 2D hexagonal arrays and extended 3D a§$regates
by varying the assembly temperature (section 3.6.4). %7 More
recently, the Mirkin Group demonstrated, through several
examples, exquisite control over the 3D lattice arrangements of
proteins covalently conjugated to single-stranded DNA
sequences (section 3.6.4).””%%% Like DNA, synthetic polymers
and inorganic nanoparticles offer considerable structural
tunability in terms of protein self-assembly, while also
imparting novel mechanical and functional properties. As
described in section 4.3.4, the Kostianen Group harnessed
electrostatic interactions between spherical or cylindrical
protein building blocks (ferritin, CCMV, tobacco mosaic
virus (TMV)) and inorganic nanoparticles or polymeric
dendrimers to mediate the assembly of hybrid 1D wires and
3D lattices with new optical, magnetic, and mechanical
features.””®>% As detailed in section 4.4, Zhang et al
integrated ferritin crystals with hydrogel networks to render
3D crystalline hybrid materials that were capable of isotropic
expansion/contraction and self-healing.*”

Potential size mismatches between the protein and non-
proteinaceous building blocks and the inherent flexibility of
protein—DNA or protein—polymer linkages can be an obstacle
to the formation of ordered assemblies. Similarly, site-specific
conjugation of DNA or polymers to proteins is often laborious
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and low-yielding. Nevertheless, as in the case of host—guest-
interaction-driven self-assembly, the hybridization of proteina-
ceous and nonproteinaceous components brings the important
advantage of modularity and the possibility of creating
inherently multifunctional materials without extensive interface
design and modification.

3. FINITE AND EXTENDED PROTEIN ASSEMBLIES

3.1. Dimers

Dimeric proteins are the simplest and by far the most abundant
form of protein assemblies in nature.”’’ The design of homo-
and heterodimeric proteins is a stringent test of our
understanding of the principles underlying protein—protein
interactions. Importantly, the approaches developed for
designing dimeric protein assemblies are relevant for higher-
order protein assemblies, which inherently consist of binary
protein interfaces. One widely used approach to designing
dimeric assemblies, chemically induced dimerization, is
exclusive to dimers and has been extensively covered in
previous reviews.*”?'"*'> In this section, we will discuss the
distinct design strategies for protein dimerization, including
domain swapping, computational design, and metal-mediated
assembly, which have also been applied to form protein
oligomers and higher-order protein architectures.

3.1.1. Dimerization by Domain Swapping. Domain
swapping is a mode of oligomerization found in natural
proteins in which one protein domain is exchanged with the
identical domain from a second copy of the same
protein.Sm’314 In essence, the pre-existing intramolecular
interface between two domains within the monomeric protein
is repurposed into a new intermolecular interface between two
proteins.”’® As such, domain swapping typically requires
minimal interface redesign and has been exploited to design
new protein assemblies.

Early cases of domain swapping in engineered proteins
involved stabilizing domain-swapped states that were discov-
ered serendipitously. For example, a six-residue deletion in a
surface loop of staphylococcal nuclease was found to result in a
solution-stable dimer.”'® A crystal structure revealed that the
deletion strained the loop and forced an a-helix into an
unfavorable extended conformation. This conformation was
stabilized by a second copy of the protein, which, through
domain swapping of the a-helix, allowed the helix to make
native-like contacts with the second protein. Meanwhile,
recombinant expression of the protein CD2 fused to
glutathione S-transferase (GST) yielded a domain-swapped
dimer of CD2.”"” While mutations intended to stabilize the
dimeric form of CD2 had little effect, mutations that
destabilized the monomeric form significantly increased the
fraction of protein that assembled into the domain-swapped
dimer in solution. Similarly, a single-point mutation to the IgG-
binding domain of protein L resulted in low yields of a
domain-swapped dimer.”'® To obtain an obligate dimer of
protein L, the interface of the domain-swapped dimer was
computationally redesigned to incorporate three mutations,
which led to a dimer dissociation constant that was comparable
to that of many naturally occurring protein dimers.

Geiger and co-workers have explored the domain swapping
behavior of human Cellular Retinol Binding Protein II
(hCRBPII) in detail and used it to design protein switches.
Initially, they found that mutation of Tyr60 to hydrophobic
residues produced domain-swapped dimers, with L60 and 160

13711

variants producing 80—100% dimer.”’? Crystal structures
revealed a 150° rotation about the ¥ angle of Thr56 in the
dimers compared to the monomers, which reversed the
orientations of Asn59 and residue 60 (Figure Sa, b). Because

Figure 5. Conformational changes in domain-swapped hCRBPIL (a)
Structure of the W60 hCRBPII domain-swapped dimer. (b) Overlay
of the hCRBPII monomer (red) and the W60 hCRBPII domain-
swapped dimer (cyan). (c) Comparison of the apo (green) and holo
(magenta) states of the DS1 hCRBPII domain-swapped dimer.
Binding of retinal results in significant conformational changes. (a)
Adapted with permission from ref 319. Copyright 2016 Elsevier. (b)
Adapted with permission from ref 319. Copyright 2016 Elsevier. (c)
Adapted with permission from ref 320. Copyright 2019 ACS.

AsnS9 partially occupies the hCRBPII ligand-binding site in
the domain-swapped state, the authors then hypothesized that
ligand binding could result in conformational changes in the
domain-swapped state. They identified an additional residue,
Thr51, where mutations to bulkier amino acids also resulted in
domain-swapped dimers which, significantly, could be crystal-
lized in both the apo and ligand-bound states (Figure 5c).**’
Incorporation of a disulfide bond along the interface of the two
domains led to two new apo and ligand-bound conformations,
thus expanding the total number of available conformations.
Finally, installing a His,Cys metal-binding site along the
domain interface resulted in a Zn-binding site with micromolar
Zn affinity in the apo state, but a S-fold lower affinity in the
ligand-bound state.

The Loh Group developed an approach to induce domain
swapping termed “mutually exclusive folding”, which involves
inserting a small protein domain, called the “lever”, into a
surface loop of a second protein, called the “assembler” (Figure
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6).*" If the distance between the N- and C-termini of the lever
is greater than the distance between the ends of the selected

Figure 6. Domain swapping by mutually exclusive folding. (a)
Insertion of Ub into a loop in RBP. (b) Schematic of domain
swapping by mutually exclusive folding. (c) Activation of protein
function by domain swapping. Adapted with permission from ref 322.
Copyright 2015 Elsevier.

loop, then the lever in its folded state exerts strain on the
assembler, disfavoring its monomeric state. While this was
initially predicted to lead to unfolding of the “assembler”,
insertion of ubiquitin (“lever”) into barnase (“assembler”)
instead resulted in a mixture of oligomers, of which the purified
dimers were structurally confirmed to assemble via domain
swapping.”>' The same approach was applied with several
other proteins as either the “lever” or “assembler”. Insertion of
ubiquitin in to any one of four loops in ribose binding protein
(RBP) led to domain swapping and partial reactivation of a
deactivated RBP for ribose binding.”*” Replacement of
ubiquitin with the protein FKBP, which transfers from a
partially unfolded apo state to a folded state upon the binding
of the ligand FK506.9, enabled FKS06-dependent activation of
RBP, as well as staphylococcal nuclease, upon insertion of FKBP
into a loop.***

In addition to the mutually exclusive folding strategy
above,**! a second domain-swap approach that has been
applied to multiple proteins was reported by Gosavi and co-
workers.”** This approach utilizes a hydrophobic QVVAG
hinge loop that has been implicated in domain swapping of the
natural protein stefin B (Figure 7a).>** The authors first
created three variants of single-chain monellin, a protein which
does not domain-swap, where each variant had a different loop
replaced by the QVVAG motif. All three loops in question
connected two f-strands. Of the three variants, two gave a
mixture of monomers and dimers, while a third resulted in
pure dimers. A crystal structure of the most successful variant
revealed that it did indeed dimerize via domain swapping, as
the inserted motif formed an extended f-strand instead of a
loop (Figure 7b). The authors then created an additional
variant of monellin in which two of the loops were replaced by
the QVVAG motif and obtained a double domain-swapped
dimer in high yield (Figure 7c). Finally, the motif was
engineered into a loop in the proteins MKO0293, Sso7d, and
ubiquitin, which yielded solely dimers, dimers with a small
fraction of monomers, and a mixture of oligomeric states,
respectively. Thus, the QVVAG motif can be engineered into
loops to induce domain swapping in a variety of proteins,
though it does not always yield a single oligomeric state.

3.1.2. Dimerization through Computational Interface
Design. One approach to designing a dimeric protein complex
involves grafting a structural motif from one member of an
existing protein—protein interface onto a new, evolutionarily
unrelated protein. While the resulting protein—protein inter-
face should mimic the pre-existing interface, the new protein
scaffold can provide benefits over the natural protein scaffolds,
such as increased stability. In general, motif grafting involves
several steps (Figure 8). First, a starting protein scaffold is
selected, which can be done by choosing a certain protein fold
(e.g, a three-helix bundle)*** or by searching the Protein Data
Bank (PDB) for proteins with similar backbone structures to
the motif to be trelnsple\nted.326_329 Next, the desired motif is
computationally inserted into the selected scaffold. The
insertion process can be carried out in a number of ways.
Initial approaches involved grafting just the amino acid side
chains of the structural motif onto regions of the scaffold

Figure 7. Domain swapping by insertion of a QVVAG motif. (a) Cartoon depiction of domain swapping via the QVVAG hinge loop. (b) Structure
of the MNEI single domain-swapped dimer. (c) Structure of the MNEI double domain-swapped dimer. Adapted with permission from ref 324.

Copyright 2019 NPG.
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Figure 8. Computational and experimental steps for the transplantation of a structural motif to a new scaffold. Scaffolds can either be chosen by
searching the PDB for existing structures or by designing a desired fold around the motif using ab initio folding calculations. Adapted with

permission from ref 328. Copyright 2011 AAAS.

protein with similar backbone structures to the initial
motif.>****” Later approaches enabled the entire structural
motif, including both the side chains and the backbone
conformations, to be transplanted into the scaffold, either by
deleting segments of the target scaffold and replacing them
with the motif’***** or by folding simple protein topologies
around the motif.*** Once the motif has been inserted into the
new protein scaffold, surrounding residues are computationally
designed to optimize the scaffold for the incorporation of the
motif. Finally, the top-scoring designs are selected for
experimental validation. Any variants that are able to bind
the target can be further optimized by generating libraries and
performing phage display or related high-throughput binding
assays. Motif graftin% has been used to design proteins capable
of binding HIV**°~*** and respiratory syncytial virus (RSV)**®
monoclonal antibodies, as well as cancer-associated pro-
survival proteins.”””>*" The designed antibody-binding pro-
teins recapitulate the native antibody—antigen interface and
have the potential to lead to new vaccine candidates.

Motif grafting can be an effective approach in part because it
relies on a pre-existing protein—protein interface. Designing
protein—protein interactions from scratch presents a more
difficult challenge. Several groups have demonstrated the
redesign of monomeric proteins to generate solution-stable
homodimers. Kuhlman and co-workers took advantage of f-
strand pairing to redesign the y-adaptin appendage domain
into a symmetric homodimer via the formation of an
intermolecular S-sheet.’*> Of the four computationally
designed candidates that were experimentally tested, one

expressed well and formed a homodimer in solution. The
crystal structure of that dimeric variant closely matched the
design model. Mayo and co-workers redesigned the engrailed
homeodomain into a symmetric homodimer by designing an
a-helical interface instead.'”® Following library generation and
screening, they obtained a variant that formed a dimer in
solution, and an NMR structure of the dimer aligned well with
the design model.

In designing new protein—protein interfaces from scratch,
researchers have frequently attempted to recapitulate general
properties of natural interfaces. Most protein—protein
interfaces feature some degree of shape complementarity
between the constituent proteins’ backbones, which contrib-
utes to the burial of large portions of solvent-exposed surface
area along the interface. Therefore, protein docking calcu-
lations are often an important first step in designing new
protein—protein interfaces. Once backbone-complementary
orientations of the two proteins are found, residues along the
nascent interface can be designed to stabilize the dimeric
conformation. Several groups have used protein docking
calculations followed by computational sequence design to
generate heterodimeric complexes, though these have not been
thoroughly structurally characterized.”””**

More recently, Baker and co-workers have used computa-
tional docking and interface design calculations, followed by
affinity maturation, to develop Ankyrin repeat proteins capable
of binding Frizzled subtypes with high affinity and selectivity
for certain subtypes over others.”*> Key to the selectivity of the
binding proteins was the computational docking (Figure 9),
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Figure 9. Computational docking calculations can be used to sample
possible binding modes, from which the resulting protein—protein
interface can be designed to obtain dimeric complexes. Adapted with
permission from ref 33S. Copyright 2019 NPG.

which allowed for the design of large interfaces that included
both the highly conserved Frizzled lipid-binding site and
regions with less conservation among Frizzled subtypes. Maly
and co-workers also used docking, interface design, and affinity
maturation to develop designed helical repeat proteins that
selectivelz bind to different drug-bound states of the NS3a
protease.”® These different dimeric complexes could sub-
sequently be used to translate drug inputs into diverse outputs.

In addition to shape complementarity, natural protein—
protein interfaces typically contain several “hot-spot” residues
that contribute a large fraction of the total binding energy.”*’
To exploit this concept, a protocol for designing protein—
protein interfaces was developed that first places disembodied
amino acids to form such key interactions with a target protein
(Figure 10).%** The PDB is then searched for suitable scaffolds,
which are docked against the target protein to identify binding
modes that can accommodate the hot-spot residues. Once the

hot-spot residues are incorporated into the scaffold protein, the
remaining residues around the interface are redesigned and the
best designs are selected for experimental characterization and
affinity maturation, as necessary. Using this protocol, Baker
and co-workers designed proteins with nanomolar affinity
toward the conserved stem region of influenza hemaggluti-
nin,*** a heterodimeric complex between an Ankyrin repeat
protein and the protein PH1109,"** as well as proteins capable
of binding to and inhibiting hen egg lysozyme.”* In all three
studies, affinity maturation was used to obtain the final,
optimized proteins. A crystal structure of a complex of
influenza hemagglutinin and one of the evolved binders
revealed good agreement with the computational model,*** as
did a crystal structure of the designed hen egg lysozyme
inhibitor.”** Structural characterization of the Ankyrin repeat-
PH1109 complex, however, revealed that, following affinity
maturation, the relative orientation of the two proteins was
flipped 180° compared to the computational model.'**
Nonetheless, many of the designed hot-spot interactions
along the protein—protein interface were preserved. The
diversity of targets for which new binding proteins have been
designed via this approach demonstrates the importance of
hot-spot residues in the design of new protein—protein
interfaces.

3.1.3. Dimerization through Metal-Coordination. The
relatively low success rate of individual computational designs
and frequent need for affinity maturation to obtain high-affinity
protein complexes underscores the challenges of designing
protein—protein interfaces strictly through noncovalent inter-
actions. An alternative approach is to use metal—ligand
interactions, which are stronger than noncovalent interactions
and capable of driving protein self-assembly without requiring
an extensively designed interface.'”******' The resulting

Figure 10. Overview of protein—protein interface design via “hot-spot” residues as applied to the design of proteins that bind to influenza
hemagglutinin. Adapted with permission from ref 338. Copyright 2011 AAAS.
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interfaces can then be redesigned to stabilize the oligomeric
assembly with or without metal ions.'”

Tezcan and co-workers have applied metal-mediated
assembly to design homodimeric protein complexes, along
with other homo-oligomeric states, using the four-helix bundle
hemoprotein cyt cbsg, as a scaffold protein. In one study, two i/
i+4 bis-His motifs were designed on the surface of helix 3 of
cyt chgg, to yield a variant termed MBPC1."”* Addition of Cu?*
resulted exclusively in the dimerization of MBPC1 in solution,
and a crystal structure of the copper-bound protein revealed an
antiparallel dimer held together by two Cu’*:His, sites with
square planar geometries (Figure 11a)."”* In another study,

Figure 11. Metal-mediated dimerization of cyt cbgg, via (a) Cu®
binding to a pair of i/i+4 bis-His motifs or (b) Ni** binding to a His
residue and a hydroxyquinoline chelate in an i/i+7 arrangement. (a)
Adapted with permission from ref 194. Copyright 2009 ACS. (b)
Adapted with permission from ref 197. Copyright 2010 ACS.

metal-mediated oligomerization was expanded to include the
use of non-natural Iigands.197 A cyt cbsg, variant was designed
with a single His residue and a hydroxyquinoline chelate
covalently attached to a Cys residue in an i/i+7 arrangement.
The addition of half-molar equivalents of the divalent metal
ions Co*, Ni**, Cu®¥, and Zn*' resulted in the formation of
dimeric species in solution, with dissociation constants on the
order of 107 M or lower. A crystal structure of the nickel-
bound dimeric complex revealed a V-shaped dimer with a
single Ni*" ion bound to the His and hydroxyquinoline
moieties of the two monomers in a distorted octahedral
geometry (Figure 11b).

Kuhlman and co-workers designed a homodimeric assembly
by incorporating metal-binding functionalities into the
computational interface design process.”*” Rosetta was used
to place pairs of His residues on the surface of a-helical
scaffold proteins. The second copy of each monomer was then
placed to form C,-symmetric dimers with two tetrahedral
metal-binding sites, and the resulting dimeric interfaces were
redesigned. Of eight tested computational designs, one design,
termed MID1, expressed well and formed a dimer with or
without Zn**, though Zn-binding significantly increased the
affinity of two monomers for each other. Crystal structures
revealed that the overall conformation of the Zn-bound dimer
closely resembled the design model, although only three out of

four His residues coordinated to Zn*" (Figure 12). Though
unanticipated, these coordinatively unsaturated Zn sites

Figure 12. Design model and structure of MID1. (a) Computational
design model of MID1. (b) Comparison of the MID1 design model
(tan) and crystal structure (cyan). Adapted with permission from ref
342. Copyright 2012 ACS.

enabled the design and evolution of enzymatic activity toward
hydrolysis and Diels—Alder reactions, as discussed in more
detail in Section 4,707

The function of most natural metalloenzymes relies on a
stable protein scaffold that exerts control over the metal-
coordination environment and tunes metal reactivity.**>**
Such a metal-independent, highly preorganized architecture is
challenging to achieve via metal-mediated protein self-
assembly, because in this approach the structure of the protein
scaffold tends to be directed by the coordination preferences of
the metal ions instead. To overcome this challenge, Rittle et al.
developed a simple approach, termed metal active sites by
covalent tethering (MASCoT), in which two proteins are first
covalently tethered by the formation of a disulfide bond
between single Cys residues on their surfaces (Figure 13a).*"
Incorporation of metal binding residues subsequently allows
the conformation of the nascent protein—protein interface to
be locked into place upon addition of metal. Using this
approach, the researchers made a suite of metal-binding
proteins with tunable primary and secondary coordination
spheres (Figure 13b—e). These metal binding sites featured
unusual asymmetric coordination environments due to
constraints imposed by the disulfide bond and bound all
first-row transition metals from Mn** to Zn*" with unusually
high affinities for designed proteins. Furthermore, a variant
with a penta-His metal binding site was able to bind nitric
oxide, suggesting that metal binding sites developed through
the MASCoT approach have the potential to bind ligands and
act as active sites for catalysis.

3.2. Small Oligomers

Nature uses protein oligomerization to generate structural and
functional complexity through the self-assembly of individual
protein domains into larger protein oligomers.”>* From an
engineering perspective, designing new oligomeric protein
assemblies is beneficial for (1) increasing the intrinsic stability
of proteins, (2) controlling the shape, composition, and size of
protein complexes for target functions, and (3) creating novel

intermolecular interfaces for new enzymatic active sites or
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Figure 13. Metal active sites by covalent tethering (MASCoT). (a) Implementation of MASCoT. The C96—C96 disulfide bond covalently tethers
two proteins, forming a nascent protein—protein interface that is locked into place upon metal addition. (b—e) Formation of metal binding sites
with different primary and secondary coordination spheres. Adapted with permission from ref 347. Copyright 2019 NPG.

allosteric regulation of supramolecular structures.''® In this
section, we will focus on protein oligomerization aided by
computational design, based on the generation of genetic
fusion and domain swapping constructs, and mediated by
electrostatic interactions and protein—metal interactions.
3.2.1. Oligomerization through Computational Inter-
face Design. Symmetry enables the formation of large
architectures from simple building blocks through the design
of a small number of associative surface patches.”*® Schulz and
co-workers took advantage of symmetry by rationally designing
protein—protein interfaces between homo-oligomeric protein
building blocks, which enabled the formation of larger homo-
oligomers with only a few mutations.”*’ The researchers first
attempted to build dimers out of the monomeric protein 6-
phospho-f-galactosidase (Pga) by stabilizing two different
crystallographic interfaces through the introduction of addi-
tional large, nonpolar residues (i.e., Phe, Trp, Met). This
resulted in four variants with dimer yields between 3% and
56%, although none of the dimers yielded crystals for structure
determination. The researchers then set out to generate
tetramers out of the homodimeric proteins O-acetylserine
sulthydrylase (Oas) and urocanase (Uro) and construct
octamers out of the homotetrameric protein RhuA. In each
case, the researchers aligned two copies of the protein building
block along its molecular symmetry axis (2-fold rotational axis
for the dimers, 4-fold rotational axis for the tetramer) and
performed a one-dimensional search along the relative rotation
angle to find suitable orientations for the two copies of the
protein to form a new protein—protein interface. Mutations

were then rationally made to stabilize the interface. Three
variants of the Oas dimer yielded only small amounts of
tetramer in solution and failed to crystallize. In contrast, a
variant of the Uro dimer yielded a tetramer in 80% yield, with
the crystal structure revealing that the tetramer was similar to
the designed assembly. However, a slight shift in the relative
orientation of the monomers broke the designed D, symmetry
and instead resulted in four local C, symmetries. Meanwhile,
three variants of the tetramer RhuA, which had only one or
two mutations, all resulted in quantitative yields of the octamer
in solution, and crystal structures indicated that one formed
the octamer as designed, whereas another formed an octamer
with displaced 4-fold axes. This example illustrated the
possibility of designing higher-order homo-oligomers with
only a small number of mutations through the use of
symmetric building blocks.**’

Many natural proteins contain modular, monomeric
structures and are believed to have evolved by the duplication
of structural elements to form symmetric homooligomers,
followed by the fusion of these domains to form a monomeric
protein.”>”>>" This process can be reverse engineered by
designing symmetric proteins and then breaking them into
smaller monomers that assemble to form oligomeric analogues
of the original monomer. Meiler and co-workers used this
approach to design a perfectly symmetrical eight-stranded fa-
barrel protein.’>> The researchers took half of an asymmetric
(Ba)g-barrel protein, HisF, and connected two copies of the
half-protein to reform the full (fa)g-barrel, but with perfect 2-
fold symmetry (Figure 14a). They then used the Rosetta suite
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Figure 14. Design of symmetric homo-oligomers from proteins with
repeating units. (a) Design of a 2-fold symmetric (ffa)g-barrel. The
two halves are soluble as monomeric proteins that assemble into a
dimeric barrel. (b) Crystal structures of Pizza6 proteins with different
oligomeric states. From left to right: wild-type protein used as a
template for Pizza6 design, Pizza2 (trimer), Pizza3 (dimer), and
Pizza6 (monomer). (a) Adapted with permission from ref 352.
Copyright 2011 ACS. (b) Adapted with permission from ref 353.
Copyright 2014 National Academy of Sciences.

to optimize the protein sequence and side-chain packing and
expressed the variant with the best score according to Rosetta
energy units. A monomer consisting of half of the designed
protein assembled into a dimer whose crystal structure closely
matched that of both the single-chain (fa)g-barrel and the
design model.>** Similarly, Voet et al. designed a perfectly
symmetrical -propeller protein.”>® Starting with a six-bladed
P-propeller protein, the sensor domain of a protein kinase from
Mycobacterium tuberculosis, the researchers replaced each blade
with the third blade of the protein to form a perfectly
symmetrical template. They optimized the sequence of the
blade using Rosetta and fused the identical blades to form
two-, three-, and six-bladed monomers, named Pizza2, Pizza3,
and Pizza6. All monomers expressed well, and the two- and
three-bladed proteins assembled into six-bladed oligomers
whose structures almost exactly matched the six-bladed
monomer (Figure 14b).

While both of the previous examples used pre-existing
proteins as building blocks, Bradley and co-workers developed
a computational strategy (Figure 15) for the de novo design of
symmetrical proteins consisting of repeating structural motifs
that form closed, toroidal structures."®> The protocol first
defined the secondary structure of the repeat motif, as well as

the number of repeats of that motif and the geometrical
parameters of the final structure (inter-repeat rise and
curvature). Ab initio folding calculations were then performed
to generate backbone conformations that match those criteria
and determine the amino acid sequence to yield each backbone
conformation. The resulting protein candidates were filtered to
remove poor designs and clustered to identify recurring
packing arrangements. Finally, low-energy designs from those
clusters were further assessed by repredicting their structures
based on their sequences. The researchers applied this protocol
to design left-handed oa-helical repeat proteins that formed
closed toroids of various sizes.'® Variants corresponding to
four toroidal architectures were crystallized and revealed
structures that closely matched the design models. A 9-repeat
design was then split into a 3-repeat fragment that was
expected to assemble into a 9-repeat trimer. Instead, the
fragment formed a 12-repeat tetramer, suggesting that the
repeat sequence was compatible with both 9- and 12-repeat
structures.

The aforementioned studies involved the design of
oligomeric assemblies by breaking a symmetric protein into
smaller monomers that assemble to reform the initial protein.
In an alternative approach, Baker and co-workers sought to
design cyclic homo-oligomers by starting with de novo-
designed af-proteins”* or monomeric repeat proteins.”’>
Although oligomers based on af-protein building blocks
formed multiple oligomeric species in solution, several
monodisperse oligomers were formed with the repeat protein
scaffolds. The researchers began by docking the selected
scaffold proteins in cyclic geometries using a low-resolution
docking protocol. Because low-resolution docking ignores side
chains, predicting which docked geometries yielded the most
readily designable interfaces presented a challenge. This
challenge was addressed by precompiling a database of
favorable interactions between pairs of residues and binning
them based on the rigid-body orientations of the pairs of
residues. For a pair of residues along a nascent interface in a
docked model, their side-chain-independent orientations were
used to find the Rosetta energy of the most favorable potential
interaction in the database, and the sum of these energies over
all pairs of residues along the nascent interface was used to
score the docking geometry (Figure 16). The best scoring
geometries were then subjected to sequence design to optimize
the protein—protein interfaces, and ~100 circularly symmetric,
homo-oligomeric designs (ranging from dimers to hexamers)
were selected for experimental characterization. A large
fraction of these variants was soluble, and ~20% had
oligomeric states that matched the design model as determined
by SEC-MALS. Furthermore, crystal structures and SAXS
patterns of several designs were consistent with computed
models. Mohan and co-workers then used this approach to
design dimers of an Ankyrin repeat protein that could bind to
the cytokine receptor EpoR, which dimerizes in response to its
protein—ligand.**® By modifying the size and orientation of the
Ankyrin repeat dimers, the researchers were able to examine
and tune the cellular response induced by EpoR dimerization.

There has also been progress in designing oligomeric
assemblies by focusing on hydrogen bond networks, which
can impart specificity in protein—protein interactions. How-
ever, hydrogen bond networks can be challenging to design
due to the precision with which polar residues must be placed
and the energetic penalties associated with buried, unsatisfied
hydrogen bond donors or acceptors. Boyken et al. therefore
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Figure 15. Computational design of a-helical toroids. The protocol consists of (a) ab initio folding to generate backbone conformations, (b)
sequence design of conformations, (c) filtering to remove poor designs, (d) clustering of results to identify recurring packing arrangements, (e)
resampling of structures from the clusters, and (f) a final assessment of results by repredicting the designed structures from their sequences.

Adapted with permission from ref 185. Copyright 2015 NPG.

Figure 16. Computational design of cyclic homo-oligomers. (a) Monomers are first docked in cyclic geometries using low-resolution, symmetric
docking. (b) Docked oligomers are then scored using a residue-pair transform (RPX) method which models side-chain interactions implicitly. (c)
The best scoring geometries are finally subjected to interface design. Adapted with permission from ref 355. Copyright 2016 NPG.

developed a computational sequence design method, HBNet,
which precomputes all possible hydrogen bonding interactions
between all possible polar residues at a given set of positions
and is thus more efficient at identifying possible hydrogen
bonding networks than traditional sequence design meth-
ods.”'' To design homo-oligomers with HBNet, the
researchers first generated a large number of a-helical,
coiled-coil backbone arrangements consisting of multiple
copies of two-helix monomeric subunits. They then used

HBNet to identify backbone arrangements capable of
accommodating hydrogen bond networks spanning the
protein—protein interface(s) and involving at least three
residues. Finally, traditional Rosetta sequence design was
employed to optimize the remaining residues outside of the
hydrogen bond networks (Figure 17). Of the >100 top-ranked
designs that were experimentally tested (including dimers,
trimers, and tetramers), more than half formed the designed
oligomeric state. Furthermore, the crystal structures and
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Figure 17. Design of coiled-coil oligomers via HBNet. (a) HBNet
precomputes the hydrogen bond and repulsive interaction energies
between side chains for all possible rotamers at a set of selected
positions. This information is stored in a graph structure; traversing
the graph reveals the combinations of hydrogen bonding rotamers
that form a hydrogen bond network. (b) Design of homo-oligomers
by sequentially designing coiled-coil backbones, using HBNet to
identify hydrogen bonding networks that connect two-helix
monomers, and designing the remaining residues around the
hydrogen bonding network to accommodate the network. Adapted
with permission from ref 211. Copyright 2016 AAAS.

solution SAXS scattering patterns of several variants confirmed
that most of the hydrogen bond networks closely matched
their corresponding design models. This study demonstrated
that it is possible to computationally design a wide range of
hydrogen bonding networks at protein—protein interfaces to
achieve different assembly geometries, which is reminiscent of
the sequence-dependent programmability of DNA. HBNet has
since been applied to design a set of orthogonal heterodimers
that can be used to make pH-switchable assemblies and
protein logic gates.'®”'?%*%’

Having developed a method for computationally designing
hydrogen bond networks, Lu et al. surmised that they could
use the method to design transmembrane proteins.”>® Because
of the hydrophobicity of the lipid bilayer, specific protein—
protein interactions in transmembrane proteins cannot be
designed by burying hydrophobic residues along the interface.
Instead, buried hydrogen bonds can play a key role in
determining protein interaction specificity in the membrane
environment. The researchers therefore used HBNet to create
buried hydrogen bond networks in four-helix bundles and
subsequently added a ring of amphipathic aromatic residues to
define the extracellular side and a ring of positively charged
residues to define the cytoplasmic side. Hydrophobic residues
were then placed at surface-exposed positions between the
amphipathic and positively charged rings to generate trans-
membrane regions. The researchers expressed the four-helix
bundles either as monomers or as dimers of two-helix
monomers. Dimers with longer transmembrane regions and a
monomer expressed well, localized to the membrane of cells,
had high thermal stability and exhibited the expected

oligomeric state. The crystal structure of one of the dimers

Figure 18. Crystal structures of de novo-designed transmembrane oligomers. (a) Model of the dimeric transmembrane protein, indicating the
position of the amphipathic (YW) and positively charged (RK) rings. (b) Comparison between the crystal structure and design model of a
transmembrane dimer. (c) Crystal structure and design model of the transmembrane tetramer. Adapted with permission from ref 358. Copyright

2018 AAAS.
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closely resembled the design model (Figure 18a, b). Addi-
tionally, the researchers used the same approach to design a
six-helix transmembrane trimer and a transmembrane tetramer
with eight membrane-spanning helices (Figure 18c), both of
which were expressed and formed the expected oligomeric
state.

Building on these studies, Xu et al. designed a-helical
proteins that assemble into transmembrane pores.”>” Using
HBNet and protocols they had previously developed for the
design of a-helical oligomers, the researchers started by
designing water-soluble two-helix proteins that assembled
into hexamers or octamers with central solvent channels. They
experimentally tested three hexameric and 15 octameric
designs and found one hexameric and two octameric variants
that formed homogeneous assemblies with the correct
oligomeric state. Crystal structures of the hexameric variant
(Figure 19a) and one of the two successful octameric variants

Figure 19. Computationally designed, oligomeric transmembrane
pores. (a) Overlay between the crystal structure (blue) and design
model (gray) of the water-soluble hexamer. (b) Overlay between the
crystal structure (blue) and design model (gray) of the water-soluble
octamer. A slight tilt in the monomers results in a greater deviation
from the design model than in the hexameric case. (c) Cryo-EM
structure of the tetrameric transmembrane pore. Adapted with
permission from ref 359. Copyright 2020 NPG.

(Figure 19b) confirmed that the structures of the assemblies
closely matched the design models. The researchers then
converted the structurally characterized, water-soluble
oligomers into transmembrane pores by replacing solvent-
exposed residues in the intended transmembrane region with
hydrophobic residues. Both the hexameric variant and the
octameric variant were expressed and purified from the
membrane fraction of E. coli cells, and the hexameric variant
formed the correct oligomeric state. Meanwhile, the oligomeric
state of the transmembrane version of the octameric variant
was ambiguous, but a tetrameric version formed by linking two
monomers more clearly formed the correct oligomeric state
(Figure 19c).

3.2.2. Oligomerization through Electrostatic Inter-
actions. Forming oligomeric protein assemblies strictly
through noncovalent interactions typically requires the design
of extensive protein—protein interfaces. By contrast, Ellington,
Glotzer, and co-workers demonstrated that discrete oligomers
can also be formed sim7p1y by combining pairs of oppositely
supercharged proteins.””® Using GFP as a model system, the
researchers observed that various pairs of oppositely charged
GFP variants, such as Ceru+32 and GFP-17 (with total charges
of +32 and —17, respectively), formed large oligomeric species
when combined in solution (Figure 20a, b). The sizes of these
species depended on solution conditions. At high salt
concentrations and/or low pH, the predominant species
were either monomeric with a diameter of ~6 nm or formed
oligomers with a diameter of 12 nm. In contrast, at low salt
concentrations and pH 7.4, the predominant species were

Figure 20. Oligomerization of oppositely supercharged Cerulean
(Ceru) and GFP variants mediated by electrostatic interactions. (a)
Hypothesized model of symmetric oligomers and long-range assembly
of oppositely supercharged monomeric proteins. (b) Supercharged
GFP variants engineered by mutating the surface residues of sfGFP to
basic (blue) or acidic (yellow) residues. (c) Cryo-EM reconstruction
of the Ceru™?/GFP~Y7 16-mer at 3.47 A resolution in three different
orientations. Adapted with permission from ref 276. Copyright 2019
NPG.

large, 1,300 nm diameter oligomers. These solution behaviors
suggested that the oligomers formed by supercharged GFP
variants assembled via specific intermolecular interactions,
even though no such interactions were explicitly designed. A
high-resolution cryogenic electron microscopy (cryo-EM)
structure of the ~12 nm oligomer revealed a D, symmetric
oligomer consisting of two stacked octameric rings (Figure
20c). The researchers hypothesized that the large number of
charged residues on the monomers provides an abundance of
potential interaction sites, enabling the monomers to find
modes of interaction that mediated the formation of larger
assemblies. The ability of multiple supercharged GFP variants
to form oligomeric assemblies when paired with monomers of
the opposite charge, along with the fact that supercharging has
been demonstrated for various proteins in addition to GFP,
suggests that supercharging could serve as a simple, broadly
applicable method to obtain noncovalent oligomers.

3.2.3. Oligomerization by Genetic Fusion and
Domain Swapping. Globular proteins have evolved both
intramolecular and intermolecular interactions to stabilize and
maintain the rigidity of their 3D structures.””’ From the
perspective of artificial protein self-assembly design, the intra-/
intermolecular interactions of pre-existing motifs/domains can
be repurposed to form new assembly interfaces between
protein building blocks. In this subsection, we will discuss how
genetic fusion can be used to this effect.
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The genetic fusion strategy for designing artificial protein
assemblies is based on introducing connectivity between two
independent domains. Arai and co-workers used WA20-Foldon
fusion proteins as a building block: the WA-20 unit served as
the main framework in the homodimeric state, and Foldon was
a connector to mediate homotrimer assembly (Figure 21).3°

Figure 21. Genetic fusion strategy for self-assembly of WA2—Foldon
fusion proteins using native trimerization of Foldon. Adapted with
permission from ref 360. Copyright 2015 ACS.

Trimerization of monomeric Foldon in the fusion protein
induced the self-assembly of the building blocks into four
unique nanostructures: S (6-mer), M (12-mer), L (18-mer),
and H (24-mer). Solution SAXS results indicated that S-form
oligomers had a barrel shape, while M-form oligomers formed
a tetrahedron. The same research group also utilized the
homodimer assembly of WA20 to construct both closed and
open structures.’®’ Two WA20 monomers were linked by two
types of peptide linkers whose amino acid sequences prefer the
formation of an a-helix or random coil. Such fusion dimers
preferentially formed cyclized, chainlike homo-oligomers
ranging from dimer to pentamer regardless of linker types.
Conversely, when the fusion WA20 dimer was mixed with the
original WA20 dimer as a stopper and all intermolecular
interactions were reconstituted, the fusion WA20 dimers
preferentially formed extended, chainlike assemblies. Further-
more, shape analysis of the repeating units using SAXS
indicated that the conformational details of the chains depend
on the types of linkers used at the fusion point. The fusion
dimer with the helix-favoring linker showed a linear alignment
whereas the random coil-favoring linker showed a compact
alignment.

Taking advantage of the high stability and folding efficiency
of green fluorescent protein (GFP), Jung and colleagues
utilized the sfGFP protein as a building block for designed
protein oligomers inside cells (Figure 22).3°* The 11 f-strand

GFP was first split to two fragments: f-strand 11 of GFP
(GFP11, residues 215—330) and the rest of the GFP structure
(GFP1-10, residues 1—214). Then, GFP11 was transplanted
to the N-terminus of GFP 1—10 via a short peptide linker,
which did not allow the intramolecular association between
GFP11 and GFP1-10 within the same monomer. This genetic
fusion construct underwent intermolecular incorporation of
the f-strand from GFP11 into the empty space in the f-barrel
of GFP10, thereby forming polygonal GFP assemblies ranging
from dimer to decamer (Figure 22). The linker length was the
most critical factor to promote cellular self-assembly. This
strategy was further developed to stabilize the polygonal GFP
assemblies by incorporating negative charges on the GFP
surface. It was also expanded to control polygonal
morphologies by adding a functional fusion pair to the N-
and C-termini of GFP or coexpressing capping GFP, which
suppressed circular oligomerization of the fusion constructs.
This study demonstrated that genetic fusion could be used to
reengineer a protein monomer to promote self-assembly into
oligomeric states with defined structures or varied higher-order
assemblies inside cells.

Munoz and co-workers designed a variant of chymotrypsin
inhibitor 2 (CI2) to assemble into a hexameric ring upon fold
switching.**> They began by noticing that CI2 always
crystallized in a hexagonal space group and that some
crystallization conditions resulted in domain-swapped dimers.
The researchers therefore set out to engineer a variant of CI2
that destabilized the native fold in the hope that a change in
the fold of the protein would expose new residues that could
stabilize the hexameric conformation. The resulting protein,
CI2,, was largely monomeric at low concentrations but
formed mostly hexameric and some dodecameric species at
high concentrations. Circular dichroism (CD) and solution
NMR experiments strongly implicated a fold switch in the
CI2,,, monomer as being responsible for its assembly into the
larger oligomers, and the cryo-EM structure of the dodecamer
revealed that the alternate fold of CI2,,, exposed a previously
buried hydrophobic patch that formed a new interface with an
adjacent monomer in the assembly. Further mutagenesis
increased the yield of hexameric and dodecameric species in
solution, and the researchers could take advantage of the
conformational changes involved in oligomerization to
reversibly assemble and disassemble the oligomers (see also
section 4.2.1).363

3.2.4. Metal-Mediated Oligomerization. Metal-binding
interactions are considerably stronger than common non-
covalent interactions, and metal-mediated oligomerization can
capture many salient features of noncovalent protein—protein

Figure 22. Discrete formation of GFP polygons by GFP1—10 with N-terminal-fused GFP11. The intermolecular incorporation of #-strand 11 into
the fB-barrel of GFP1—-10 guides the stable assembly of dimeric to decameric structures. Adapted with permission from ref 362. Copyright 2015

NPG.
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Figure 23. MDPSA and MeTIR strategies for metal-mediated oligomerization. In MDPSA, metal-chelating motifs are installed on the surface of
target proteins, thereby guiding protein self-assembly through metal-coordination. In the MeTIR strategy, metal-directed protein assemblies are
redesigned using noncovalent interactions and a covalent linker at the protein—protein interface. The sequential design approach through MDPSA
and MeTIR results in the formation of stable oligomers without the aid of metal ions. Adapted with permission from ref 84. Copyright 2016

Elsevier.

Figure 24. Metal-mediated protein oligomers based on cyt cbsg, as a building block. (a) Design of cyt cbsg, oligomers using the MDPSA approach.
In the MBPC2 variant, surface-exposed bis-His clamps are located at residues 59/63 and 73/77. Depending on the metal ion coordination
preferences, different oligomerization states are achieved—Ni,:MBPC1; trimer (top), Cu,:MBPC1, dimer (middle), and Zn,:MBPC1, tetramer
(bottom). (b) In the MBPC2 variants, the R62D and D74A mutations give rise to the Zn,:MBPC2, tetramer where the orientation of the protein
monomers is inverted. (c) MeTIR strategy for redesigning the interface of Zn,:MBPC1,. The i1 interface of Zn,:MBPC1, tetramer is redesigned to
install hydrophobic residues and create the stabilized Zn,:RIDC1, tetramer. (b) Adapted with permission from ref 366. Copyright 2008 ACS. (c)

Adapted with permission from ref 88. Copyright 2019 ACS.

interactions (e.g, stability, directionality, symmetry, reversi-
bility) on a much smaller surface area than that required for
stable noncovalent interfaces.*'® Various research groups
have utilized metal-mediated oligomerization to create novel
protein assemblies.’***%° In particular, the Tezcan Group has
extensively studied metal-mediated oligomerization design

principles using cyt cbsg,, a four-helix bundle hemoprotein
with high stability and solubility, as a scaf-
fold.B4193104196,199,205208,210232366367 oy " b is natively
monomeric even in the mM concentration range, implying
that, with regard to protein self-assembly, its surface is
evolutionarily naive. Tezcan and co-workers have developed

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig24&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

two complementary approaches for the design of metal-
mediated oligomers. In the first approach, metal-directed
protein self-assembly (MDPSA), metal-chelating motifs are
installed on the surface of a target protein. Upon metal
addition, the strength, directionality, and selectivity of the
resulting metal—ligand interactions help guide protein self-
assembly (Figure 23). Metal-directed cyt cbsg, assemblies can
be further modified using a second approach, metal-templated
interface redesign (MeTIR), in which metal-directed protein
assemblies are redesigned using noncovalent interactions and
covalent linkers along the protein—protein interface(s).
Sequential interface design through MDPSA and MeTIR
results in stable, metal-independent oligomers, mimicking the
time course of a hypothetical evolutionary pathway for the
formation of stable protein assemblies from an initial metal-
templated structure.”®* 7"

Using MDPSA, Salgado et al. demonstrated that the
installation of two bis-His motifs (HS9/H63, H73/H77) on
helix 3 of cyt cbss, guides protein self-assembly mediated by
various first-row transition metal ions (Figure 24a). The
resulting construct, MBPC1, self-assembled into various
oligomeric states dictated by the coordination preferences of
nucleating metal ions. For example, due to its preference for a
tetrahedral coordination geometry, Zn** induced D, symmetric
tetramerization of MBPC1 (i.e., Zn,: MBPC1,) by forming
four 3His/1Asp coordination sites, featuring His73/His77
from one 6protomer, His62 from a second, and Asp74 from a
third."*”*°° Meanwhile, Ni** induced C; symmetric trimeriza-
tion of MBPC1 (i.e., Ni,: MBPCl;) via octahedral 6His
coordination, while Cu®>* mediated C, symmetric dimerization
(i.e., Cuy: MBPCl,) via the formation of square planar 4His
coordination sites.'”*

Close examination of the tetrameric Zn,:MBPC1, complex
revealed an extensive buried surface area within the
architecture (~5000 A?). To examine how the surface
interactions between the protomers collectively influence the
assembly, Salgado et al. made a small modification to the
metal-coordination sphere.’*® Within Zn,:MBPCl,, Zn>*
coordination to the Asp74 residue was instrumental for
cross-linking the MBPC1 monomers at the helix 3 C-termini
to give rise to V-shaped dimers. Assuming a negligible effect
from noncovalent interactions within the interface, the authors
developed the variant MBPC2, where the coordinating Asp
residue was moved from the C-terminal His73/His77 clamp to
the N-terminal HisS9/His63 clamp, predicting that the
modification would invert the cross-linking position in the
assembly. MBPC2, containing the mutations R62D/D74A,
indeed formed a Zn,;MBPC2, complex characterized by
ultracentrifugation and crystallography, wherein the V-shaped
dimers were linked at the N-terminus rather than the C-
terminus (Figure 24b). However, Asp62 was revealed not to
participate in coordination. Instead, the Zn®>" coordination
environment was composed of the 73/77 bis-His clamp from
one protomer, His59 from a second, and His63 from a third.
These results revealed that the coordination environment
alone did not determine the outcome of the metal-mediated
protein assembly. Upon closer examination of MBPC1 and
MBPC2 Zn-mediated tetramers, salt bridging interactions
involving Arg34 were shown to be critical in guiding the
precise geometry of the self-assembled architectures.**®

These studies demonstrated that it was feasible to mediate
protein self-assembly simply through installation of a small
number of metal-coordination motifs on a protein’s surface.

Recognizing that such metal-directed protein assemblies
possessed extensive buried interfaces between the protein
monomers, Salgado et al. developed the MeTIR strategy to
obtain stable protein assemblies wherein the metal-templated
interfaces were further engineered for installation of favorable
interactions. Based on the structure of Zn,:MBPC1,, which has
three different sets of C, symmetric interfaces (il, i2, and i3),
the researchers redesigned the surface of MBPC1 using
rotamer optimization based on Rosetta (Figure 24c).'”” The
computational analysis of il identified six mutations (R34A/
L38A/Q41W/K42S5/D66W/V69I) that were incorporated to
yield the construct Rosetta Interface Design Cytochromel
(RIDC1) with a well-packed hydrophobic core. This was
followed by the computational redesign of i2, which included
six more mutations (I67L/Q71A/A89K/Q93L/T96A/T971)
and produced the second-generation variant RIDC2. Based on
crystal structures, both RIDC1 and RIDC2 constructs formed
tetrameric assemblies with the same supramolecular geometry
as Zn,:MBPCl,, while sedimentation velocity/analytical ultra-
centrifugation (SV-AUC) measurements showed that the
interfacial mutations in RIDC1 and RIDC2 led to the
stabilization of Zn-induced tetramer by nearly 2 orders of
magnitude (i.e., tetramerization at ~100-fold lower protein/Zn
concentrations) compared with the parent MBPC1 in solution.
The extensive hydrophobic interactions in RIDC1 also
sustained stable monomer—monomer interactions in the
absence of metal ions, with a dissociation constant of ~25
UM for RIDCI1. As an indirect means to evaluate the increase
in Zn-binding affinity/specificity, the authors investigated the
oligomerization behavior of RIDC1 with the addition of Cu*",
which prefers a square planar rather than tetrahedral
coordination geometry. The crystal structure of Cuy:RIDC1,
indeed demonstrated that Cu** was bound in an unfavored,
distorted coordination configuration, which suggests that the
“memory” of tetrahedral Zn-coordination had been pro-
grammed onto the RIDC1 surface.

The researchers observed that the incorporation of hydro-
phobic interactions into i2 did not considerably stabilize the
Zn-induced tetramer, which they ascribed to the large
intermonomer separation in this interface, preventing efficient
hydrophobic packing. Thus, Brodin et al. added a covalent
linkage in the form of a disulfide bond (C96—C96) to the i2
interface of RIDC1 which, along with the redesigned
noncovalent interactions in i1, further stabilized the tetrameric
assembly.**” Such stabilization of both the il and i2 interfaces
enabled the formation of a stable tetramer (“**RIDC1,) even
in the absence of metal ions. As intended with Zn templating,
C%RIDC1, exhibited nanomolar binding affinities for Zn** and
selective Zn** coordination over other divalent metal ions
(except Cu’"). In a follow-up study, Salgado et al.
demonstrated that RIDCI variants cross-linked with flexible,
bis-maleimide cross-linkers could also form highly stable
tetramers with high selectivity for Zn** coordination.””!

Both MDPSA and MeTIR approaches have been expanded
to develop metal-mediated protein oligomers with broad
functionalities such as stable metalloprotein assembly in
vivo,”'? artificial metalloenzyme activity,”’” allosteric metal-
loprotein activity,***** and chemically switchable metal-
loprotein design.'”® Medina-Morales et al. demonstrated that
metal-mediated oligomers designed by MDPSA and MeTIR
approaches could self-assemble upon Zn>* complexation in
bacterial cells. When a C81 mutation was applied to ““RIDC1
(C8V/C%RIDC1), the resulting variant showed Zn**-induced
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Figure 25. Overview of a designed supramolecular protein assembly with catalytic metal sites. (a) Tetrameric structure of Zn**-bound “*RIDC1,,
(b) List of ©“RIDC1, variants with potential catalytic Zn*"-binding sites on the outer surface of the tetramer. (c) Crystal structure of AB3 which
forms the stable tetramer with catalytic Zn** binding sites. Adapted with permission from ref 205. Copyright 2014 AAAS.

Figure 26. TriCyt series of metal-mediated protein trimers. (a) Crystal structure of Ni**:(TriCyt1);. (b) Sedimentation coefficient distributions of
apo-TriCyt2 (black) and Mn**:(TriCyt2)s. (c) Crystal structure of Fe**:(TriCyt2); superimposed on Ni**:(TriCyt1);. (d) Hydrophobic packing
and electrostatic interactions newly added to the trimer interface of Fe**:(TriCyt2);. (e) Sedimentation coefficient distributions of apo-TriCyt3
(black) and Mn**:(TriCyt3);. (f) Crystal structure of Co**:(TriCyt3); and hydrogen bonding networks in the trimer interface. (g) Hexa-his
coordination environment of Mn** in Mn?*:(TriCyt3),. Adapted with permission from ref 196. Copyright 2020 Wiley.

self-assembly in the periplasmic environment of E. coli*'’

Inspired by in vivo metal-mediated oligomerization, Song et al.
modified the surface of the Zn**-complexed “*°RIDC1
tetramer with a tripodal Zn** binding site to generate the
tetramer AB3, which exhibited p-lactamaselike activity in
prokaryotic cells (Figure 25a, b).”” This tetramer had four
structural Zn*" sites which stabilized the protein self-assembly
(Figure 25¢) and four catalytic Zn®* sites which promoted the
hydrolysis of para-nitrophenyl acetate (pNPA) and ampicillin,
a commonly used selection marker. Based on this observation,
directed evolution of the AB3 tetramer was carried out to
improve the catalytic efliciency of ampicillin hydrolysis, which
will be further discussed in section 4.5.3.

Kakkis et al. modified MBPC-1, one of the early variants
created using the MDPSA approach, to yield a new metal-
mediated trimer architecture through three generations of
interface redesign.'’® In the first-generation construct
(TriCytl), G70W and D66N mutations in the interface of
MBPCI induced metal-mediated trimerization in which hexa-
His residues (H73/H77) ligate mid-to-late first row transition
metal ions from Mn*" to Zn®* (Figure 26a). The yields of
trimerization were highly metal-dependent: Co**, Ni**, Cu*',
and Zn”* showed high trimer populations whereas the trimer
abundance was reduced in the presence of Mn*" and Fe®'. In
the second-generation construct (TriCytZ), Rosetta sequence

design was used to add hydrophobic patches and hydrogen
bonding interactions to the trimer interface, increasing the
trimer abundance following association with all first-row metal
ions (Figure 26b—d). In TriCyt3, the third-generation variant,
additional hydrogen bonding and electrostatic interactions
were incorporated into the trimer interface, generating a stable
metal-independent trimer (Figure 26e—g). This stepwise
“titration” of interfacial interactions into metal-templated
interfaces (1) provided tunable coupling between protein
quaternary structure and metal-coordination and (2) enabled
the construction of high-affinity metal-binding sites.

Overall, metal-mediated oligomerization has led to signifi-
cant advances in the design of artificial protein self-assemblies.
This approach can be further expanded to build novel protein
assemblies whose shapes and dimensions are predictable in a
rational manner and to construct diverse functional metal
centers within these assemblies.

3.3. Protein Cages

Cage-like proteins are hollow, well-defined nanoparticles that
carry out functions that relate to encapsulation and delivery,
sequestration, and containment.””*”>7** Inspired by the
highly symmetric and aesthetically pleasing structures of
these assemblies as well as their diverse functions, protein
engineers have developed various strategies to build artificial
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protein cages, ranging from de novo-designed structures to
reengineered natural assemblies.

There are many comprehensive reviews focusing on the
modification of natural protein assemblies such as virus-like
particles (VLPs), chaperonin barrels, and ferritin without
altering the overall architectures.®>”**”® In this section, we will
focus on artificial or semisynthetic protein cages with new
structures that have been obtained by de novo design or the
reengineering of natural protein cages. We also note that many
of these artificial protein cages display intriguing functional
properties, which are discussed in section 4.

3.3.1. Protein Cages through Genetic Fusion. Natural
protein cages are generally characterized by polyhedral
symmetries (e.g, tetrahedral, octahedral, icosahedral). They
are typically composed of one (or two) monomeric subunits
which present several self-associative surfaces that simulta-
neously fulfill the multiple symmetry requirements of
polyhedral assembly geometries. Guided by the principles of
natural protein cage assemblies, researchers have used
symmetric protein fusion to design protein cages of a wide
structural variety."”"*>'** As described in section 2.2.1, the
fused protein constructs are obtained by linking two protein
oligomers with a-helical peptides."”” They are usually
semirigid, contain naturally evolved surface patches with high
selectivity for noncovalent interactions, and satisfy the
symmetry requirements for the target structure. Moreover,
the length and sequence of the peptide linker between different
domains need to be optimized so that the fused proteins are
flexible enough to avoid clashes during self-assembly and rigid
enough to prevent structural heterogeneity.*

To meet the symmetry requirement of target structures,
protein fusion exploits the symmetry arising from the
quaternary structures of the fused domains. One approach is
to fuse two oligomeric proteins such that the resulting building
block possesses appropriate symmetries and takes advantage of
their native interfacial interactions to drive the formation of
higher-order assemblies. a-Helical peptides have been
preferred linkers for forming rigid fusion structures and to
meet the geometric design rules for target cage assemblies
(Figure 27a). The Yeates Group was the first to apply this
strategy to construct a tetrahedral protein cage.127 Two natural
oligomeric domains, dimeric M1 matrix protein from the
influenza virus and trimeric bromoperoxidase, were joined
through a semirigid helical linker in a predetermined
orientation based on computational models. To fulfill the
geometric design rules for a tetrahedral structure, the
symmetry axes of the trimeric and dimeric domains need to
intersect at an angle of 54.7°. Achieving this specific angle is
dependent on the structural rigidity of the linker. The fused
protein building blocks self-assembled into a 12-subunit
tetrahedral cage with a molecular weight of 550 kDa, although
minor components larger or smaller than 12-subunits were also
detected, reflecting possible flexibility or polymorphism in the
assembled particles. To resolve the cagelike assembly in atomic
detail, the design was later improved by mutating two critical
residues on the trimeric component to increase the
homogeneity and crystallizability of the cage. These efforts
culminated in a crystal structure of a tetrahedral protein cage
with a 16 nm diameter (Figure 27b).>’® To further understand
the origin of structural flexibility and heterogeneity, the authors
prepared a double and a triple mutant of the initially designed
sequence, which crystallized in five distinct forms as tetrahedral
cages.””” After examining the oligomeric interfaces and the

Figure 27. Design of protein cages by genetic fusion using a-helical
peptides as linkers. (a) Illustration of the geometric design principle of
genetic fusion. Crystal structure of designed 12-mer tetrahedral cage
(b) and 24-mer cubic cage (c). Natural oligomers used as building
blocks (left) and genetically fused components, assembled into
symmetric cage structures (right). (a) Adapted with permission from
ref 376. Copyright 2012 AAAS. (b) Adapted with permission from ref
376. Copyright 2012 AAAS. (c) Adapted with permission from ref
378. Copyright 2014 NPG.

helical linkers in the crystal structures, the researchers found
that the interfaces between the trimeric components of the
fusion proteins were strictly conserved while the dimer
interfaces were heterogeneous. The o-helical linkers also
potentially contributed to the structural flexibility.”””

In another study, the same group reported a porous cubic
protein structure obtained using a different trimer and dimer.
Trimeric KDPGal (2-keto-3-deoxy-6-phosphogalacto) aldolase
and the dimeric N-terminal domain of FkpA protein were
genetically fused at an angle of 35.3°.°”® A crystal structure
revealed that the designed 24-subunit cubic cage (Figure 27c)
was highly porous with openings of ~10 nm to a central cavity
with a diameter of 13 nm. Such a large porous protein scaffold
was proposed to serve as a container for macromolecules or a
chaperone for crystallization. Notably, two additional protein
structures, a 12-subunit tetrahedron and an 18-subunit
triangular prism, were also observed in solution by native
mass spectrometry (MS) and negative stain transmission
electron microscopy (ns-TEM). These results demonstrated
that while it was feasible to design protein cages of a specific
shape/size, it was still challenging to achieve structural
homogeneity due to the flexibility of fused protein building
blocks. To comprehensively understand how solution environ-
ment influences the structural features of designed cages, Lai et
al. carried out high-throughput SAXS measurements to
characterize protein cages in solution. They subsequently
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Figure 28. Design of protein icosahedral cage by a double-fusion protein with three symmetry components. Adapted from ref 143. Copyright 2020
ACS.

Figure 29. Design scheme of protein cages by genetic fusion using oligomers and coiled-coil domains. (a) Trimeric KDGP-aldolase building blocks
connected with antiparallel coiled-coil domains self-assemble into heterogeneous structures. (b) Different combinations of symmetry elements are
obtained by fusing the C-terminus of a trimeric protein to coiled-coil-forming peptides with different oligomerization states. Protein cages of
different geometry are observed by ns-TEM or cryo-EM. (a, b) Adapted with permission from ref 141. Copyright 2017 Wiley. (b) Adapted with
permission from ref 140. Copyright 2016 National Academy of Science. Adapted with permission from ref 142. Copyright 2019 ACS.
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Figure 30. Overview of two-component tetrahedral protein cages developed by computational design. (a) Symmetric docking of two distinct
trimeric proteins to design a tetrahedral cage (T33). Atomic structure (b) and ns-TEM images (c) of T33-15. 2-fold and 3-fold views are shown.
(d) Redesign of protein—protein interfaces between two trimers. (e) The T32 cage is constructed with one trimeric and one dimeric building
blocks. Crystal structure (f) and ns-TEM results (h) are shown. The insets in parts c and h show projections calculated from the computationally
designed model (left) and class averages of the particles from microscopy (right). Adapted with permission from ref 389. Copyright 2014 NPG.

developed force plots to measure based on their SAXS data
how cage conformations varied in response to solution
conditions, such as pH and salt concentration.®”’ Along with
crystallography and EM, these tools offer promise in analyzing
and optimizing the solution behavior of designed protein
assemblies.

Increasing the versatility of protein building blocks can
enhance the geometric diversity of polyhedral protein
assemblies. Cannon et al. designed a symmetric fusion
comprised of dimer-, trimer-, and pentamer-forming domains
to create a self-assembling icosahedral protein cage built from
60 copies of the protein subunit (Figure 28).'* The three-
component protein building block was generated from a rigid
dimer—pentamer a-helical fusion and a flexibly linked dimer—
trimer fusion (Figure 28). After the computational screening of
suitable oligomeric components, a construct with favorable
design properties was tested and successfully formed a 60-
subunit icosahedral cage with a 2.5 MDa mass and a 30 nm
diameter. Cryo-EM and dynamic light scattering (DLS)
analyses suggested substantial degrees of flexibility and
asymmetric deformation of the assembled cages in solution,
which is not unexpected given the hollow nature of the cage
and the flexibility within the double-fusion protein. This study
was the first to report a designed protein cage built from
components containing three different rotational symmetry
elements.

An alternative to using helical linkers to connect two
oligomeric proteins is fusing one protein domain with a de
novo-designed coiled-coil peptide domain, as introduced by the
Marsh Group.”® The utilization of coiled-coils as building
blocks for cage assembly has significant advantages.'***" First,
coiled-coil domains are stable and highly modular and offer
access to a wide variety of modalities for oligomerization and
symmetrization.103’381_386 Second, in the intended designs,
coiled-coil domains are mainly distributed on the outer surface
of the cage. With one end of the coiled-coil peptide fused to
the oligomerizing protein and the other end remaining free, an
extra handle is available to link a second protein on the exterior
of the cage for target applications. Finally, the length of the
coiled-coil domain can be adjusted, enabling the facile
construction of cages with different dimensions. However,

the inherent flexibility of the coiled-coil/oligomer linkages can
also lead to high flexibility, precluding crystal formation and
high-resolution structure determination by X-ray crystallog-
raphy. In early studies, Marsh fused a trimeric KDGP-aldolase
and a pair of designed complementary peptide sequences that
adopt an antiparallel heterodimeric coiled-coil structure
(Figure 29a). Upon mixing the trimeric building block fused
to the positively charged peptide with its negatively charged
fusion counterpart, the researchers obtained a heterodimer and
a heterotetramer as determined by SEC and DLS analyses.
Analysis by ns-TEM and analytical ultracentrifugation (AUC)
further indicated the presence of several oligomeric states,
including dimeric, tetrameric, and octameric complexes.**”**’

Following the proof-of-principle studies with KDGP-
aldolase, the Marsh Group also employed a Cj;-symmetric
esterase trimer as a building block for protein cage
construction (Figure 29b) through fusion with a C,-symmetric
coiled-coil domain.'"*” A screening of different linker lengths
led to the discovery of a construct with a four-Gly linker that
yielded the desired octahedral cage (Oct-4). The architecture
of the 24-subunit assembly was verified using AUC, native
electrospray ionization mass spectrometry (ESI-MS), and ns-
TEM, but its flexibility precluded the determination of a high-
resolution structure by cryo-EM.'*" In later studies, the
researchers demonstrated the modularity of their design
strategy by combining the esterase domain with trimeric and
pentameric coiled-coil motifs, which yielded the desired 12-
subunit tetrahedral (Tet8-SH) and a 60-subunit icosahedral
cage (Ico8), respectively.'***® As described in more detail in
section 4.1, Ico8 displayed very high thermal stability.'**

3.3.2. Computationally Designed Protein Cages. As
summarized in sections 3.1.2 and 3.2.1, powerful method-
ologies have been developed for the computational design of
binary protein—protein interfaces as well as symmetric
oligomeric architectures. These methodologies have also led
to several successful examples of de novo-designed protein
cages.

The Baker Group has developed a general computational
approach for designing self-assembling protein cages that
consists of two steps: (1) Symmetrical docking of protein
building blocks in a target symmetric architecture; (2) design
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Figure 31. Overview of two-component icosahedral protein cages constructed through a computational design method. Icosahedral cages created
by combining building blocks with different rotational symmetry were designed: 153-40 (a—c), 152-32 (d—f), and 132-28 (g—i). (a, d, g) show
icosahedra outlined in gray dashed lines with three different combinations of symmetry axes (left). Models created by aligning pentameric, trimeric,
and dimeric proteins along target symmetry axes. Translational and rotational parameters are optimized by systematic screening. (b, e, h) Crystal
structures of the designed cages. Views are shown along 3-fold, 2-fold, and S-fold axes. (¢, f, i) ns-TEM characterization of the designed cages (100
nm scale bar). Adapted with permission from ref 391. Copyright 2016 AAAS.

of low-energy protein—protein interfaces between the proto-
mers to drive self-assembly. Oligomeric proteins that share an
element of symmetry with the target architecture have been
used to reduce the number of new protein—protein
interactions that need to be designed and the number of
distinct new interactions that are required to overcome the
entropic cost of self-assembly. They first employed natural
trimeric protein building blocks to form a 24-subunit, 13 nm
diameter octahedral cage (03-33) and a 12-subunit, 11 nm
diameter tetrahedral cage (T3-08/T3-10)."*° Based on the
crystal structures of O3-33 and T3-10, the designed materials
adopt the target models with high accuracy and the designed
interfaces are responsible for driving self-assembly.

A subsequent study expanded the structural and functional
range of designed protein architectures by using two distinct
protein building blocks as subunits.”®” A new simulation
protocol related to symmetric docking was introduced and
enabled the different protein components to be arranged and
moved independently according to distinct sets of symmetry
operators. Specifically, two distinct tetrahedral architectures
(T33 and T32) were constructed from five pairs of designed
proteins (Figure 30). In T33, the 3-fold symmetry axes of two
different trimeric building blocks (four copies of each) were
aligned along the 3-fold symmetry axes of a tetrahedron
(Figure 30a—c), which placed one set of trimers at the vertices
of the tetrahedron and the other at the face centers. Similarly,
in the T32 architecture, four trimeric and six dimeric proteins
were aligned along the 3-fold and 2-fold symmetry axes passing
through the vertices and edges of a tetrahedron, respectively
(Figure 30e—h). Subsequently, the amino acid sequences were
designed by Rosetta at the new interface to stabilize the
modeled tetrahedron and drive coassembly of the two building

blocks (Figure 30d). The structural characterization of
designed structures (XRD and ns-TEM) revealed that the
interbuilding-block interfaces closely match with the computa-
tional models.

Although the computational design of novel interfaces
between oligomeric units has led to many successful outcomes,
this method generally requires screening many candidate
variants, as computationally designed interfaces, which mainly
rely on hydrophobic interactions and often produce poorly
soluble proteins. Yeates and co-workers used the preliminary
HBNet protocol (section 3.2.1) that favors the formation of
hydrogen bonding networks over exclusively hydrophobic
interactions to stabilize the designed protein—protein inter-
faces.” Two tetrahedral cages (T33-51 and T33-53) were
formed from a pair of trimeric building blocks in solution and
characterized by ns-TEM. Uniform particles of ~13 nm
diameter were observed for both tetrahedral cages. However,
the crystal structures revealed that the interfaces of the
tetrahedral cages are somewhat different from the designed
models, illustrating the challenges of developing computational
methods for polar interface design.

With the idea that protein cages with diameters above 25 nm
are desirable as carriers for cargo packaging and delivery,
computational methods have also been applied to construct
large two-component cages (IS3, 152, and 132) with
icosahedral point group symmetries.” " As demonstrated in
Figure 31a, the 153 model was formed from a combination of
12 pentameric building blocks and 20 trimeric building blocks
aligned alon% S-fold and 3-fold icosahedral symmetry axes,
respectively.”" Similarly, the 152 architecture (Figure 31d)
consisted of 12 pentamers and 30 dimers, and the 132
architecture (Figure 31g) comprised 20 trimers and 30 dimers.
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After screening based on symmetrical docking, 71 designs of
type 153, 44 of type 152, and 68 of type 132 were selected for
experimental characterization. Ten designs formed stable
assemblies based on SAXS and negative-stain EM, and three
complexes were characterized by single-crystal XRD (153-40,
152-32, and 132-28) (Figure 31). It is worth noting that the 152
and I32 architectures were structurally different from any
natural protein complexes characterized to date. A follow-up
study investigating the assembly process of two icosahedral
cages using a combination of biochemical, biophysical, and
theoretical methods revealed the dominance of cooperative
assembly of two components at various stoichiometries.*”>

Along with the two-component icosahedral architectures,
Hsia et al. also reported a 60-subunit protein icosahedron (I3-
01) built from a single trimeric protein.’”* The design strategy
started with aligning the 3-fold axes of the trimers with the 3-
fold axes of an icosahedron, followed by protein—protein
interface optimization to drive the assembly (Figure 32). The
resulting icosahedral cage demonstrated high stability, as
further discussed in section 4.1.>7

Figure 32. Design of an icosahedral cage based on a single
component. (a—c) Symmetric docking of trimeric building block to
an icosahedral structure. (d) Sequence design yields low-energy
interfaces after mutation on five residues. Adapted with permission
from ref 392. Copyright 2016 NPG.

The library of two-component protein nanocages has been
further expanded with emergent functions by using antibodies
as building blocks. Divine et al. constructed a series of antibody
nanocages (AbCs) including dihedral, tetrahedral, octahedral,
and icosahedral architectures using two structural components,
in which one building block was an antibody and the second a
designed antibody-binding homo-oligomer (Figure 33).*”* For
all the target architectures, dimeric IgG antibodies served as
the 2-fold symmetric protein to fulfill the geometry require-
ment of the designed nanocages. The designed homo-
oligomers were prepared by rigidly fusing antibody Fc-binding
domains, helical repeat connectors, and cyclic oligomer-
forming modules together. Depending on the point symmetry
of the desired architectures, the symmetries of the homo-
oligomer could be varied between C,, C;, C,, and C;. The
fused helices were tuned to optimize the intersection angles
between the 2-fold axis of the antibody and the principal
symmetry axis of the homo-oligomers to drive the formation of
desired nanocages. The biological activity of AbCs on cell
signaling and viral neutralization was investigated, as further
discussed in section 4.5.1.

3.3.3. Metal-Directed Protein Cages. Although compu-
tational design provides a powerful means for the de novo
design of heterogeneous, noncovalent protein—protein inter-

Figure 33. Model designs and structural characterizations of AbCs by
cryo-EM. (a) D2 Dihedral d2.7; (b) T32 tetrahedral t32.4; (c) 042
octahedral 042.1; (d) 152 icosahedral i52.3. Combination of building
blocks into a target cage geometry (left) and cryo-EM reconstructions
(right). Adapted with permission from ref 394. Copyright 2021
AAAS.

actions, accurate replication of multiple, extensive, self-
associative surface patches, as found in natural protein
assemblies, remains challlenging.390 Strong, reversible, and
directional metal-coordination interactions can be used to
bypass the necessity of designing large, noncovalent protein
interfaces while leveraging symmetry-directed assembly. Such
strategies have enabled the construction of synthetic protein
cages with unique structural, functional, and dynamic proper-
ties without depending on extensive computational and
experimental work.

In early studies, Ni et al. reported tetrahedral protein cages
that were assembled via Zn>* coordination from monomeric
cyt cbsg, building blocks in the crystal lattice.”” A variant of
cyt cbsg, (CFMC1) was originally designed to form dimers
through Zn** coordination and computationally designed
hydrophobic interactions. While this targeted dimer structure
was indeed confirmed through solution studies, the crystal
structure of the Zn-adduct revealed tetrahedral, cagelike units
with diameters of 8 nm, composed of 12 monomers and 30
metal ions (Zn;:CFMC1,,). While serendipitous, this
tetrahedral cage formed within an ordered lattice (Figure 34)
and was used as a host to immobilize large and flexible targets
such as microperoxidase for X-ray crystallographic structural
interrogation (see section 4.3.2 for more details).””> Notably,
the Zn;;:CFMC1,, cage was subsequently used as a structural
template to design new cyt cbsq, variants that could stably
assemble into dodecameric cagelike assemblies through the
simultaneous coordination of Fe** and Zn®* ions in solution
(vide infra)."” In a related example, Hirota and colleagues
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Figure 34. Zn’*-mediated tetrahedral protein cage in an ordered
lattice. Adapted with permission from ref 195. Copyright 2020 NPG.

designed a domain-swapped cyt cbss, dimer which formed a
cagelike structure in crystal lattices through metal-coordina-
tion.””® This pseudo-D;-symmetric, 6 nm diameter structure
consisted of three domain-swapped dimers and was formed
through coordination of several acidic residues to a Zn-SO,
cluster encapsulated inside the cage cavity.”’® The cagelike
assemblies were further stabilized by the connection of the
protein subunits via a hinge loop in the domain-swapped
dimers.

Beyond the formation of protein cages within a crystal
lattice, metal ion-dependent assembly of protein polyhedra in
solution has been pursued by several research groups. Building
on their protein oligomer-coiled-coil fusion strategy (section
3.3.1), the Marsh Group reported a tetrahedral protein cage
assembled from four copies of a trimeric esterase building
block fused to a peptide sequence for metal-dependent coiled-
coil formation (Tet8-M).*” The addition of divalent metal
ions, in particular Ni**, led to the self-assembly of Tet8-M into
dodecameric assemblies in solution. Although the yield for the
formation of the cages was not quantitative, the assembly
process could be reversed through metal chelation or the
acidification of the solution, providing a first example of
stimuli-responsive protein cages obtained fully by design.

More recently, the Heddle Group reported a highly stable,
Au-directed protein cage.200 In this work, a toroidal protein,
tryptophan RNA-binding attenuation protein (TRAP), was

used as the building block (Figure 35a). With the addition of a
gold(I)-triphenylphosphine compound (Figure 35b), the Cys-
substituted 11-mer TRAP ring assembled into monodisperse
cage structures (Figure 35c, d) with masses greater than 2
MDa. Detailed cryo-EM analyses revealed that the TRAP-
cages were held together by 120 S-Au®-S staples between 24
uniform rings. Notably, the TRAP cages existed in two
different chiral forms (Figure 3Se, f). The geometry of these
structures is based on the Archimedean snub cube and belongs
to a class of “paradoxical geometries”, considering that C,;-
symmetric building blocks are precluded from assembling into
regular polyhedra. Additionally, the Au-mediated TRAP-cage
assembly displayed high efficiency, with a yield over 80%, as
well as high chemical and thermal stability. Meanwhile, it could
also be disassembled into the capsomer units by addition of
reducing agents. Such a stable yet reversible structure
highlighted the utility of metal-mediated protein—protein
interactions in constructing assemblies with externally control-
lable assembly and disassembly behavior, making them suitable
for packing and releasing cargo molecules as potential delivery
platforms.

As can be gleaned from the examples of artificial protein
cages described thus far, all design approaches have certain
limitations. For example, the computational design or protein
fusion approaches exclusively depend on the use of natively
oligomeric proteins, which eventually restricts the structural
scope of the assemblies obtained and typically yields highly
porous architectures that are not stimuli-responsive. Despite
providing facile access to responsive behavior, metal-mediated
protein self-assembly also often relies on inherently symmetric
building blocks. Importantly, metal-coordination does not
provide sufficient selectivity for the simultaneous formation of
different protein—protein interfaces which is necessary for the
formation of high-symmetry architectures like protein cages.
This is due to the fact that the typical metal-coordinating
amino acid residues on protein surfaces (e.g, His, Cys, Glu,
and Asp) are considered as soft (or intermediate-soft)

Figure 35. Metal-mediated TRAP-cage assembly. (a) Cys-substituted 11-mer TRAP ring. (b) Au-TPPMS structure. (c) Left-handed TRAP-cage
model and electron density map. The arrowheads indicate density bridges connecting neighboring TRAP rings. (d) ns-TEM images of cages
purified by SEC after incubating TRAP with Au-TPPMS for 3 days. Overall fits of the final TRAP-cage models onto their respective density maps:
left-handed (e) and right-handed (f) structures. Adapted with permission from ref 200. Copyright 2019 NPG.
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Figure 36. Metal-mediated protein cage via orthogonal chemical interactions. (a) Structural overview of the cyt cbgg, scaffold. Salient structural
elements are shown as sticks. (b) C,-symmetric protein dimerization induced by tetrahedral Zn** coordination of native amino acid side chains. (c)
C;-symmetric protein trimerization induced by octahedral Fe**-tris-hydroxamate coordination. Surface representations of the BMC3 cage (d) and
BMC4 cage (e), with metal ions shown as colored spheres. Insets show the atomic details of each metal-coordination site, with the mF, — DF,
electron density omit map (blue mesh) contoured at 36. Adapted with permission from ref 195. Copyright 2020 NPG.

according to Pearson’s hard—soft acid—base (HSAB) classi-
fication® and have considerable overlap in terms of their
coordination preferences for soft transition metal ions (e.g.,
Ni**, Cu?’, Zn’"). Owing to this lack of chemical
discrimination, it has been challenging to design a hetero-
metallic protein complex whose self-assembly is selectively
guided by multiple metal ions that mediate different protein—
protein interactions.

To address this challenge, Golub et al. turned to a “hard”
bidentate chelating motif, hydroxamate (HA, the conjugate
base of hydroxamic acid), a common functional group found in
bacterial siderophores to enable exceptionally stable coordina-
tion of the “hard” metal ion (e.g, Fe3). 27240 HA groups
preferentially form octahedral Fe®* complexes with an inherent
C; symmetry that the researchers sought to impose on protein
oligomerization.'”> Importantly, the formation constants of
Fe’*:(HA); complexes (>10*® M™) are vastly higher than
those of HA-complexes of any other metal ion such that they
can be considered as orthogonal to the aforementioned soft
metal—ligand combinations.”””**° For protein derivatization, a
small reagent, iodo-hydroxamic acid (IHA), was synthesized
for site-selective attachment to Cys residues. The resulting
Cys-HA side chain is isosteric with that of Arg, furnishing a
pseudonatural amino acid functionality with the unique ability
to chelate hard metal ions and induce C; symmetry on a single-
residue footprint. With the IHA reagent in hand, the
researchers engineered the monomeric building block cyt
cbsg, such that it could self-assemble into a polyhedron through
simultaneous coordination of Zn>* (soft) and Fe** (hard) ions
to generate C, and C, symmetries, respectively (Figure 36a).
For this, they used the structure of the aforementioned
Zn3:CFMC1,, crystalline cage assemblies as a template
(Figure 34)* and strategically placed Zn-coordinating His/

Asp motifs and Fe-coordinating Cys-HA groups on the
cbyg, surface to create the construct BMC3 (Figure 36b, c).

BMC3 was found by ns-TEM to self-assemble into 9 nm
dodecameric cages with tetrahedral symmetry in the presence
of Zn** and Fe**. Importantly, AUC experiments showed that
the self-assembly of the dodecameric cages in solution required
the simultaneous presence of both Zn*" and Fe**. The crystal
structure of the resulting cage protomers (Feg:Zn,;:BMC3,,)
confirmed the formation of the desired tetrahedral architecture
through selective Fe*":(HA); coordination at the Cy symmetric
vertices and Zn>*-(His);(Asp); coordination in the C,
symmetric edges (Figure 36d). A 2.6-A cryo-EM structure
revealed that the solution structure was nearly identical to that
observed in the solid state. The researchers further showed that
a modification of the Zn-mediated interfaces yielded a second
variant (BMC4), which formed Fe/Zn-mediated hexameric
cages, enabled by the flexibility of Fe*:(HA); mediated
vertices (Figure 36e).'” In contrast to the typically porous
structures of many artificial protein assemblies, the polyhedral
BMC3 cages have tightly packed shells without large apertures
and are responsive to diverse stimuli such as EDTA and
chemical reductants due to the reversible nature of the
assembly process (see section 4.2.1). These assemblies also
represent the first examples of artificial protein cages
constructed from simple, asymmetric building blocks like
their natural counterparts.

3.3.4. Reengineering of Natural Cages. Constructing
cagelike protein assemblies is not limited to bottom-up design.
In a complementary approach, natural cage-forming proteins
can be reengineered to obtain protein architectures with
alternative structures and/or new properties.

Huard et al. reported a protein—protein interface engineer-
ing strategy called “reverse metal-templated interface redesign”
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Figure 37. Copper-inducible ferritin cage assembly. (a) Schematic illustration of the reverse metal-templated interface redesign (rMeTIR) process.
(b) Ferritin cage viewed down the C, symmetry axis. (c) Crystal structure of the Cu**-bound MIC1 cage. (d) Close-up view of the C, interface of
the Cu®*-bound MIC1 cage. (¢) Close-up view of the C, interface of the MIC1 cage (apo-MIC1) obtained after the chelation of copper ions with
EDTA. (f) Sedimentation velocity profile of MIC1 in the different states: as-isolated, monomeric; Cu**-induced cage; EDTA-treated cage; Cu**-
reconstituted cage. (g) ns-TEM images of MIC1 in different states: monomeric, Cu**-induced cage, and apo- cage. Scale bars, 50 nm. Adapted with

permission from ref 401. Copyright 2013 NPG.

(rMeTIR), which transforms a natural protein—protein
interface into one that only engages in selective response to
a metal ion (Figure 37a).*"’ As shown in Figure 37b, an
obligate protein complex (ferritin in this case) was used as a
starting species and targeted for conversion into a form that
requires metal binding for self-assembly. The first step of
rMeTIR was to graft metal-coordination sites that possess the
right geometry to fit into one of the three types of symmetrical
(C,, Cs, or C,) ferritin interfaces in an unstrained fashion. The
next step involved the elimination of key interfacial
interactions to destabilize the interface so that the formation
of the cage could only be triggered by the addition of the
appropriate metal ion. The authors applied rMeTIR to the C,
interface of ferritin to engineer a Cu-dependent protein
cage.””" Specifically, a ferritin variant was first engineered
with two pairs of His residues at the C,-symmetric interface to
enable the formation of square-planar Cu coordination sites
upon cage formation. The successful grafting of two interfacial
Cu centers was confirmed by XRD. Subsequently, the
researchers engineered the C,-interfacial surfaces of ferritin
monomers with destabilizing mutations to create a variant that
would exclusively form the cage upon Cu®" binding (Figure
37c¢). The resulting variant MIC1 was indeed monomeric when
isolated but self-assembled efliciently into spherical cages upon
selective binding of Cu?*. Other divalent metal ions, which do
not favor square-planar geometries, could not induce cage
formation, illustrating the requisite geometric specificity of Cu
coordination (Figure 37d). Notably, Cu** ions acted as

structural templates for cage formation, as they could be
removed postassembly without disrupting the cage architec-
ture. The resulting apo-MIC1 cage was characterized by XRD,
AUC, and ns-TEM (Figure 37). This example provided a
convenient strategy to convert obligate protein assemblies into
stimuli-responsive architectures and enabled the study of the
monomeric assembly components in isolation.*"*

In a similar vein, Zhao and co-workers reported an
engineering strategy named key subunit interface redesign
(KSIR) to control the geometry of natural protein cages."”
KSIR alters natural protein—protein interactions by selectively
deleting a small number of “silent” amino acid residues which
are not involved in interfacial interactions. Specifically, this
reengineering process was carried out in three steps: (1)
determination of the key subunit interfaces in a target
symmetrical protein architecture based on the crystal structure;
(2) identification of silent amino acid residues (SAAR) that
were located at the key subunit interfaces; (3) deletion of
SAAR and redesign of the key subunit interface, which drove
the formation of a new protein architecture.”” The KSIR
approach was applied to the C;-C, interface of the octahedral
ferritin cage. Through the selective deletion of six amino acid
residues, the researchers converted the native 24-meric ferritin
cage with a 12 nm diameter into a non-native 48-mer nanocage
with a 17 nm diameter, whereas the insertion of six residues led
to a 16-meric lenticular cage.*”’

The same group demonstrated that complete elimination of
an intersubunit interface (C;—C, interface) in ferritin cages
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resulted in the formation of 8-meric nanorings in solution. In
the crystal lattice, these nanorings were observed to stack in a
face-to-tail pattern through hydrogen bonding to form
nanotubes, which staggered with each other to form porous
3D protein materials as shown in Figure 38a.*** In a follow-up

Figure 38. Ferritin cage reengineering into structures with different
sizes and geometries. (a) Conversion of the 24-mer ferritin cage into
8-mer nanorings with D, symmetry and a 3D porous protein lattice.
(b) Conversion of the 8-mer bowllike nanoring into higher-order
structures via disulfide bond formation. (a) Adapted with permission
from ref 404. Copyright 2018 ACS. (b) Adapted with permission
from ref 405. Copyright 2019 NPG.

study, the 8-mer nanoring was further engineered to generate a
set of discrete protein cages with different sizes and geometries
via disulfide bond formation (Figure 38b).*” Specifically, the
deletion of an intrasubunit disulfide bond in the octameric
protein architecture yielded 24meric, ferritin-like nanocages in
solution, while selective insertion of intersubunit disulfide

bonds into the octamers triggered its conversion into 16-meric
lenticular nanocages. Deleting the intrasubunit disulfide bond
and inserting the intersubunit disulfide bond at the same time
promoted the formation of 48-mer protein cages in solution.
Taken together, the examples using the KSIR strategy
demonstrate the diverse protein architectures that could be
obtained by altering the assembly modes of the highly
associative components of natural cages.

Circular permutation is a widely used strategy to change the
connectivity of secondary structure elements in a protein while
maintaining the overall three-dimensional shape.**® Concep-
tually, this type of sequence rearrangement allows for
relocation of the N and C termini of capsid subunits and
can lead to morphology alternation of natural protein cages.
Inspired by naturally permuted assemblies, the Yeates Group
reengineered PduA, a major shell component of the propane-
diol-utilization (Pdu) bacterial microcompartment, by circular
permutation.””” The modification caused a dramatic change in
the quaternary structure of the capsomer subunits from
symmetric cyclic hexamers to pentamers. Consequently, the
higher-order assemblies of PduA varied from an outer shell of
the microcompartment with thousands of hexamers to a
dodecahedral cage with icosahedral symmetry made of
pentamers.407

The Hilvert Group reported a circularly permuted variant of
Aquifex aeolicus lumazine synthase (cpAalS) that self-
assembled into spherical and tubular cage structures with
morphologies that could be controlled by the length of the
linker connecting the native termini.*”® Specifically, for
cpAaLS, new chain termini were inserted into a loop that
faced the luminal cavity via a flexible peptide linker between
residues 119 and 120 (Figure 39a). The authors found that

Figure 39. Circular permutation of Aquifex aeolicus lumazine synthase
(AaLS). (a) Design of circularly permuted AaLS (cpAaLS). (b) ns-
TEM images of cpAaLS with linkers of varying length, cpAaLS-
(LxHy), where x and y represent the number of total amino acids and
His residues, respectively (100 nm scale bar). Adapted from ref 409.
Copyright 2018 RSC.

peptide length could be used to alter the cone angle of the
capsomer. Shorter linkers favored the formation of larger
spherical structures and 1D tubular assemblies, while longer
linkers promoted the assembly of smaller spheres (Figure 39b).
Moreover, combining the cpAaLs variant with wild type AaLS
and other engineered variants enabled the coassembly of
patchwork cages in E. coli cells. This approach enabled
encapsulation of guest proteins (GFP) in the lumen,
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Figure 40. Fibrillar protein self-assembly through apo-hemoprotein/heme interactions. (a) H63C and A125C mutations are incorporated into
cytochrome by, (Cyt) and myoglobin (Mb), respectively, to position Cys residues on the protein surface for further conjugation to artificial heme
derivatives. Under low pH conditions, the native heme cofactor is removed from the heme pocket. After reconstitution at physiological pH
conditions, hemoprotein assemblies are obtained via artificial heme—heme pocket interactions. (b) Heterotypic coassembly of dimerized apo-
myoglobin (apo-Mb*!%¢), and streptavidin (Sav) is achieved using a bis(biotin)-heme bifunctional ligand. Adapted with permission from ref 251.

Copyright 2012 RSC.

modification of the interior and exterior surfaces of the cage via
genetic fusion, and tuning of the size and electrostatics of the
particles. These studies highlight the utility of circular
permutation as a potentially general strategy for tailoring the
properties of cage-forming proteins and altering the self-
assembly of natural protein cages.

3.4. Extended 1D Assemblies

The self-assembly of proteins into extended filaments is
essential for the formation of natural cytoskeletal structures
(e.g., actin filaments and microtubules) in all domains of life.
In nature, extended 1D assemblies have diverse functions,
serving as structural supports, transport highways for molecular
cargo, and containers of genetic material.*'“*"" On the other
hand, uncontrolled fibrillation can contribute to disease
states.”’” At a first glance, 1D structures may appear like
readily accessible assembly design targets due to simpler design
requirements than other higher-order structures with multiple
symmetry elements. However, rational construction of 1D
assemblies, which involves control over length, width, and
assembly dynamics, remains a significant challenge. Extended
1D assemblies encompass several common morghologies, from
flexible filaments and nanowires”*”**"*"*~*!° to nanotube
structures.”’>**%*’%*!7 There are also several subtypes of
nanotubes, as they can be composed of stacked protein
rings,417’418 assembled through the association of helical
filaments®’® or formed when nascent 2D sheets roll up into
a hollow structure due to inherent curvature or kinetic
effects.””>*"” Potential applications for extended 1D assemblies
vary with morphology. They span broad functions across
different length scales, from scaffolding and encapsulation of
functional moieties at the nanoscale to bulk material such as
gelation. It should be noted that the discussion below focuses
on ordered protein assembly generated de novo and does not

touch on modification of naturally occurring 1D protein
scaffolds such as tobacco mosaic virus (TMV) and M13
bacteriophage rods®’#*****! or the extensive literature in the
field of peptide filament assembly,'***>~*3¢

Runaway domain swapping and end-to-end domain stacking
are the two main structural mechanisms leading to the
emergence of protein filaments that have been categorized in
nature.*”’ In the context of protein assembly engineering,
domain swapping, discussed in section 3.1.1 in the context of
protein dimer design, is also relevant to the development of
protein materials formed by fibrilization.*** Genetic protein
fusion is another strategy that relies on existing protein
interfaces for assembly design (sections 2.2.1 and 3.2.3). Fused
constructs capable of forming filaments were among early
examples of designed 1D assemblies, developed as proof-of-
principle illustrations toward more complex structures such as
designed cages and 2D protein arrays which are described in
sections 3.3.1 and 3.4.1."*”"*® The discussion on extended 1D
assemblies below focuses on protein filaments, nanowires,
nanotubes, and microtubules assembled via host—guest or
receptor—ligand interactions, covalent bonding, metal-coordi-
nation, electrostatic interactions, and computational interface
design.

3.4.1. 1D Assemblies Mediated by Host—Guest and
Receptor—Ligand Interactions. Hayashi and co-workers
have used hemoproteins reconstituted with artificial heme
analogs as functional and structural units in protein assemblies.
Taking an approach based essentially on host—guest
association, the group exploited apoprotein—cofactor inter-
actions to generate various types of protein fibers, networks,
and clusters by removing the native heme cofactor and
replacing it with an artificial heme cofactor covalently linked to
the protein surface.””’ The building blocks were produced
from cyt bgg,” 5% and myoglobin."'¥***** The two
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heme b (protoporphyrin IX iron complex) containing
hemoproteins were modified by site-selective mutagenesis to
introduce a Cys residue for the covalent attachment of heme
via jodoacetamide or maleimide reactive groups (Figure 40a).
The reversible head-to-tail assembly of these building blocks
gave rise to oligomeric clusters, nanorings, and fibrils
depending on the length of the linker between the protein
surface and the appended heme. Alternatively, synthetically
generated heme dimers*"> and trimers”*” were used to change
the connectivity between the protein subunits. Oohora et al.
extended this strategy by combining heme-directed assembly
with the orthogonal biotin—streptavidin ligand—receptor pair,
obtaining heteromeric fibrillar coassemblies where myoglobin
and streptavidin take on alternating alignments (Figure
40b).*

The ability of the macrocyclic host cucurbit[8]uril (CB[8])
to form a 1:2 complex with peptide tags such as Trp-Gly-Gly
(WGG) or Phe-Gly-Gly (FGG) with binding constants on the
order of 10°—10"" M2 has also been exploited to generate
protein nanowires (Figure 41). The Liu Group combined

Figure 41. Formation of GST homodimer nanowires via host—guest
interactions. The phenylalanine—glycine—glycine (FGG) motifs fused
to the N-termini of GST serve as guest molecules binding to the
cucurbit[8]uril (CB[8]) macrocyclic host. Adapted with permission
from ref 413. Copyright 2013 Wiley.

CB[8] with the dimeric glutathione-S-transferase (GST)
protein fused to the FGG tripeptide at the N-termini to
obtain uniform nanowires up to ~120 nm in length from an
equimolar mixture of the two components.*'> The assembly
strategy was extended to §enerate nanowires with springlike
response to Ca* addition.”** The protein building block was
modified to incorporate a recoverin domain, which adopts a
contracted conformation in the absence of Ca** and an
extended conformation upon binding to Ca®*. The FGG—
recoverin—GST construct underwent assembly into nanowires
with CB[8] as expected, and the conformational change
triggered by Ca’* addition produced a reversible extension of
fiber length by as much as 50%.

Yang et al. combined the specific affinity of a protein
building block to a ligand with 7—7 stacking interactions to
develop well-defined helical microtubules.”” Each monomer
of their homotetrameric building block, soybean agglutinin
(SBA), has a site that binds to N-acetyl-a-p-galactosamine
(GalNAc) or a-p-galactopyranoside (Gal) in the presence of
Ca?" or Mn*". Within the tetramer, the sites are not oriented in
the same plane, preventing the formation of 1D fibrillar
structures. Instead, when combined with equimolar concen-
trations of designed ligands composed of (1) GalNAc or Gal,
(2) a variable-length oligo(ethylene oxide) spacer, and (3) a
Rhodamine B (RhB) moiety that induces ligand dimerization
by n—n stacking, SBA assembled into regular micron-scale
tubular structures with a 26 nm diameter (Figure 42a). A 7.9-A
resolution cryo-EM reconstruction revealed that the tetramers
adopted a left-handed helical structure within the tubules,
which were composed of three proto-filaments wound around
a hollow, with each helical repeat being composed of nine SBA
tetramers (Figure 42b). Ligand dimerization through RhB
stacking was only observed along the length of the protofibers,
while interactions between protofibers occurred between two
pairs of ligands. The formation of the microtubules was
reversible through the addition of f-cyclodextrin (SCD), a
competing ligand that complexes with RhB, while subsequent
addition of adamantane, a stronger SCD binder, led to
nanotube recovery. In addition, the kinetic and thermody-
namic characteristics of the assembly indicated that growth
proceeded in a directional, pseudo-1D fashion.

3.4.2. 1D Assemblies through Covalent Bonding.
Several studies have used Cys modifications on the faces of
toroidal or ring-shaped building blocks to build covalently
linked protein nanotubes. Ballister et al. applied this approach

Figure 42. Formation of helical microtubules based on dual interactions. (a) Soybean agglutinin (SBA) tetramers (left) associate with dual-function
ligands to form microtubules via protein—-sugar binding and 7—z stacking. The ligand (middle) is composed of a protein-binding sugar moiety, a
variable-length linker, and a dimerizing RhB moiety. Microtubule cryo-EM micrograph (right), scale bar: 25 nm. (b) Model of microtubule based
on cryo-EM reconstruction. Three helical filaments compose the microtubule, where each helical turn consists of nine tetramer units. Adapted with

permission from ref 270. Copyright 2016 ACS.
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to Hepl from Pseudomonas aeruginosa, a homohexameric ring
structure with a height of 44 nm and outer and inner
diameters of 9 and 4 nm, respectively (Figure 43a).”** While

Figure 43. Design of covalently linked Hcpl nanotube based on
crystal packing. (a) Structure of the Hepl hexameric ring viewed from
top, bottom, and in cross-section exposing the interior surface of the
pore. (b) Honeycomb lattice packing of Hep1 crystal viewed from the
z-axis, showing stacking of Hcpl rings into nanotubes. (c) Side view
of the nanotube formed by five “*“/*SCHcpl rings (gray) and two
capping units (green and blue) modified with Cys residues only on
one side. Adapted with permission from ref 224. Copyright 2008
National Academy of Sciences.

under physiological conditions the rings do not undergo self-
association, they stack (nonhelically) into extended tubular
structures upon crystallization into a P6 honeycomb lattice
(Figure 43b). After examining the ring—ring interfaces within
the crystal structure, the researchers targeted residues Gly90
and Arg157 for mutation to Cys. These residues were selected
because they are located on opposite sides of the ring in a
suitable orientation to accommodate disulfide bond formation.
Covalently linked nanotubes corresponding to the design
(Figure 43c) were obtained both from purified protein and in
vivo, although their lengths were limited to a few connected
units and aggregates were also observed in vivo. Optimization
of in vitro assembly conditions through pH and ionic strength
screening, as well as addition of chaotropic polyethylene glycol
(PEG) and reductant, led to the growth of longer tubes that
consisted of more than 10 subunits and up to 100 nm in
length. Additional controls over nanotube structure were
enacted by using end-differentiation capping units, rings
bearing reactive Cys residues only on one side, or pore-
plugging polyamidoamine (PAMAM) dendrimers function-
alized with bifunctional maleido-NHS-ester linkers, which were
designed to react with inward-facing Q54C residues. Both the
length-control and pore-plugging features were designed in
view of potential drug encapsulation applications of the
covalently linked Hepl nanotubes.

Similar to the design process for Hcpl nanotubes, Miranda
et al. installed V69C and ESOC mutations on the opposing
faces of TRAP from Bacillus stearothermophilus, an 11-subunit
homooligomeric ring, with the goal of assembling nanotubes
through multivalent disulfide bond formation between the ring
faces.”™® The construct, bearing additional mutations for
improved solubility and future biomineralization of the cavity,
was found to form nanotubes hundreds of nanometers in
length in the presence of dithiothreitol (DTT) or dimercapto-

1-propanol (DMP). DTT or DMP addition was essential for
tube formation, as the use of alternative reducing agents f-
mercaptoethanol (SME) and tris(2-carboxyethyl)phosphine
(TCEP) did not promote nanotube formation. This finding
suggested that DTT or DMP, which both bear dual thiol
functionalities, might be integrated into the nanotubes as cross-
linkers. The authors proposed a mechanism for nanotube
formation wherein the rings first self-associated in a head-to-
head fashion via hydrophobic surface burial, and the resulting
dimers then underwent DTT-mediated covalent cross—linkin%
to form nanotubes. A follow-up study by Nagano et al.*’
confirmed the proposed mechanism through molecular
modeling, particle reconstruction from ns-TEM micrographs,
and control experiments performed with TRAP mutants
displaying Cys residues only on one face of the ring. This
study demonstrated that the CS0 residues were not required
for cross-linking due to stable association between ring surfaces
through hydrophobic packing, while C69 residues did
participate in DMP-mediated cross-linking.

Whereas the previous examples used crystal packing of ring-
shaped proteins to determine the position of potential cross-
linking residues but carried out nanotube assembly in solution,
the Ueno Group has used protein crystals as nonequilibrium
scaffolds for the formation of protein nanotubes which cannot
be obtained from solution.”*” The crystal provides a controlled
microenvironment for site-specific cross-linking, ensuring
uniform orientation and precise connectivity between building
blocks. The covalently linked nanotubes are then recovered
upon crystal dissolution. This approach was applied to
generate nanotubes based on P3,21 crystals of ribulose-1,5-
bisphosphate carboxylase/oxygenase type III (RubisCO) from
the archaeon Thermococcus kodakaraensis KOD1. RubisCO is a
homodecamer composed of double pentameric rings with Cs
symmetry. It was modified with a single mutation, 1419C,
located face-to-face on the decamer surfaces such that the Ca—
Ca distance for the Cys residues was expected to be 6.5 A or
within range for bridging by a disulfide bond. Nanotube
formation was carried out by co-oxidation of the "*“RubisCO
crystals with the cross-linkers 1,2-ethanedithiol (ED) triggered
by the addition of hydrogen peroxide (H,0,). The addition of
H,0, alone was not effective for nanotube elongation, as
mostly monomeric rings and stacks composed of up to five
rings were recovered under these conditions. On the other
hand, the treatment with DTT or ED yielded nanotubes up to
400 nm in length. The necessity of using flexible cross-linkers
could be explained by the constrained conformation of Cys
side chains within the crystal.

Abe et al. later used a similar approach to isolate covalently
linked protein filaments from Trypanosoma brucei cysteine
protease cathepsin B (TbCatB) crystals, formed by over-
expression of *2¢/T22CThCatB in baculovirus-infected insect
cells upon oxidation (Figure 44a)."'® Monomers form 1D
arrays within the P4,2,2 crystals of TbCatB assembled in vivo.
The mutant R92C/T223C was selected because the 5.9 A
Ca—Ca distance for the residues in the wildtype crystal was
deemed appropriate for disulfide bond formation by oxidation
(Figure 44b). Due to the reducing conditions within the cell,
filament formation did not occur in vivo. However, the
oxidation reaction took place during crystal isolation under
aerobic conditions, as confirmed by the structural character-
ization of purified crystals by X-ray diffraction (XRD). The
covalently linked filaments were recovered following crystal
dissolution under acidic conditions. Notably, the purified
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Figure 44. Covalently linked protein filaments based on the TbCatB
protein. (a) Illustration of the process to generate covalently linked
RIIC/T23CTHCatB protein filament bundles. Overexpression of
TbCatB gives rise to protein crystals in vivo. During isolation, the
crystals undergo autoxidation which links monomers by disulfide
bonding into filaments that can be recovered by dissolving the
crystals. (b) Design of RILC/T2BCTHCatB filament based on the P4,2,2
crystal structure. (c) Zig-zag protein arrangement in the two-filament
bundle isolated upon crystal dissolution. Adapted with permission
from ref 416. Copyright 2021 Wiley.

protein crystallized in vitro in the P2, space group, wherein the
monomer orientation did not allow for C92—C223 cross-
linking. Interestingly, the extended 1D structures recovered
upon dissolution were bundles of two designed filaments with
a zigzag arrangement of proteins (Figure 44c). The two
filaments stayed bound together due to the large contact
surface area between subunits, with interface stabilization
provided by nonpolar contacts and hydrogen bonding.

3.4.3. Metal-Directed 1D Assemblies. Building 1D
protein assemblies directed by metal—protein interactions is
an appealing method due to, among other reasons, the small
footprint of the required protein modification, the direction-
ality of the metal—protein interactions, and the inherent
modularity of the approach. In an early example, the Ward
Group was inspired by metal-mediated assembly of coordina-
tion polymers and networks to design a protein fiber composed
of streg)tavidin and a linear biotin-bearing metal-binding
linker.”” The selected bis-biotinylated terpyridine (Biot,-
terpy) ligand was combined with Fe** to form the complex
[Fe(Biot,-terpy),]**, a preorganized linear connector bearing
two pairs of biotin moieties at either end. With the addition of

Ca*, the mixture of streptavidin and the connector yielded 1D
polymerized assemblies that bundled into fibers with diameters
and lengths on the micron and millimeter scale, respectively.
The bundles also acted as a template for CaCO; biominer-
alization in the presence of CO, vapor.

In another example of metal-mediated protein nanowires,
Liu and co-workers took advantage of the homodimerization of
glutathione S-transferase from Schitosoma japonicum (SjGST)
and the metal-affinity of His-tags to generate self-assembled
nanofibers.”*” The building block SjGST-6His was generated
by fusing a 6His tag at the N-terminus of the monomer. The
homodimerization of the protein gave rise to C, symmetric
building blocks presenting the His-tag arms at opposing ends
and thus serving as two-way linear units that can be connected
by the addition of His-coordinating Ni** ions. Mixtures of
SjGST-6His and NiSO, yielded flexible nanowires with a broad
size distribution and a uniform height of 4.9 nm as measured
by AFM. Notably, the self-assembled wires retained the
enzymatic activity of the native SjGST and were able to
scavenge the cytotoxic compound 1-chloro-2,4-dinitrobenzene
(CDNB) in the presence of reduced glutathione (GSH). In a
related study, Bai et al. introduced an alternative metal-
chelating motif on the SjGST surface in order to produce
metal-mediated protein nanorings with a highly controlled size
distribution.”® By positioning the chelating bis-His clamp at
residues 137 and 138, they created a Ni** coordination
environment and a new protein—protein interface that was
further stabilized by a network of electrostatic interactions and
a hydrogen bond. This stable interface connected protein
building blocks at a consistent geometry with respect to each
other, such that the resulting nanoring assemblies formed
within a narrow size distribution. The strength of the
noncovalent interactions within the protein—protein interface
was tunable with ionic strength in solution, which in turn could
be used to control nanoring diameter.

The chaperonin GroEL has proved to be a versatile and
functional building block for the construction of protein
nanotubes.* 2032727439440 GroELL is a barrel-shaped
complex with D, symmetry composed of two stacked
heptameric rings. In nature, it assists the process of refolding
denatured proteins. The Aida Group has developed a metal-
mediated approach to produce GroEL nanotubes by modifying
the barrel entrance with Cys residues conjugated to photo-
chromic spiropyran (SP) via maleimide chemistry.”"” In
solution, SP undergoes isomerization to merocyanine (MC),
which is known to coordinate divalent metal ions in a 2:1 ratio
(Figure 45a). In the presence of divalent metal ions (Mg**,
Ca®*, Mn**, Co**, Zn**), the modified GroEL barrels stacked
into micron-scale nanotubes through multivalent interactions
mediated by metal ions and the isomerized MC units exposed
on the apical surfaces of the GroEL building blocks (Figure
45b). The 15 nm width of the nanotubes was consistent with
the protein barrel’s outer diameter. It is important to note that
monovalent cations (Na*, K*, Cs*) did not induce assembly,
while trivalent cations (Fe**, In**, Ce**, Eu®") gave rise to ill-
defined aggregates. The metal-mediated GroEL nanotubes
were further shown to have switchable assembly properties
(section 4.2.1).°°%** Furthermore, a C,, single ring-layer
GroEL mutant was used to create nanotube capping units. This
mutant was originally designed by attenuating the salt bridges
between the ring surfaces.”*' Using the same SP/MC
conjugation and metal-mediated assembly strategy, Sim et al.
produced nanotubes of controllable length between 40 and
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Figure 45. Mg’*-mediated assembly of GroEL nanotubes. (a) The
apical domains of GroEL are labeled with spiropyran (SP) which
undergoes spontaneous isomerization to merocyanine (MC) in
solution. (b) GroELyc nanotube formation induced by Mg™.
Adapted with permission from ref 439. Copyright 2013 ACS.

320 nm by varying the ratio of the single—layer capping and
double-layer polymerizing GroEL units.””" The switchability
and length control properties of the GroEL nanotubes make
them an interesting candidate for use as drug delivery vehicles
as detailed in section 4.3.1.

In an alternative strategy for GroEL nanotube assembly,
Kashiwagi et al. conjugated the Cys-modified GroEL barrels to
DNA strands, which enabled nanotube formation through
multivalent strand complementarity.**” The DNA-mediated
assembly strategy was also applied to generate GroEL-DNA
Janus nanoparticles bearing strands with different sequences at
either end of the barrel.*** Rather than forming discrete
nanotubes, these constructs polymerized into extended
structures with lamellar periodic features. The GroEL barrels
were presumed to adopt a hexagonal packing when combined
with additional DNA strands.

The Tezcan Group extended their metal-mediated interface
design approach, in combination with computational interface
design tools, to develop a protein building block capable of
reconfigurable metal-mediated assembly into 1D nanotubes,
2D sheets, and 3D crystals.202 This building block, termed
Rosetta interface-designed cytochrome 3 (RIDC3), is based on
an earlier metal-binding variant of cyt cbss, and forms a C,-
symmetric dimer through Zn** coordination at a “high-affinity”
site composed of three His residues, H73/H77 on one
monomer and H63 on the other. In this arrangement, a further
“low affinity” site at the N-terminal Ala and Asp residue (Al
and D39) is available for metal-coordination (Figure 46a).
Brodin et al. screened assembly outcomes while varying pH
(5.5 to 8.5) and [Zn*"]:[RIDC3] ratios, obtaining nanotubes
with a diameter in the range of 80 nm and length up to 15 ym
and micron-scale 2D arrays under different conditions (Figure

46b). The nanotubes were observed at pH 8.5 and 100:1
[Zn®*]:[RIDC3], while 2D sheets were observed at lower
[Zn**]:[RIDC3] ratios and more acidic pH, closer to the
RIDC3 pI (~5.3). Based on these findings and lattice packing
parameters, the authors proposed a Zn-dependent nucleation/
growth mechanism for RIDC3 assemblies, where both 1- and
2D assemblies originate from small 2D nuclei. Under fast
nucleation conditions (high [Zn**]:[RIDC3] ratio or high pH,
where high-affinity sites are fully deprotonated), the large
number of small nuclei preferentially form helical nanotubes.
In contrast, when nucleation is slowed down, nuclei grow into
large 2D sheets. The reconfigurable properties of the assembly
are further discussed in section 4.2.2.

Characterization of the nanotubes by cryo-EM using helical,
real-space reconstruction methods revealed that the hollow
structures have C, helical symmetry. The surfaces of the
nanotubes show a pattern of ridges and plateaus that is also
seen in the 2D layers of the 3D RIDC3 crystals studied by
XRD (PDB ID: 3TOM) (Figure 46d), supporting the
mechanistic insights mentioned above. The conversion of
nascent crystalline 2D sheets into helical nanotubes depends
on curvature being induced along both lattice vectors within
the sheet. While the coordination geometries at the Znl and
Zn2 sites in the 2D plane (Figure 46c) appear to be
maintained during the conversion, the coordination environ-
ment at the Zn3 site seems to deviate from the Zn3-Glu49,
coordination observed in XRD due to the participation of
adjacent acidic residues Asp2 and AspS0. Finally, the
researchers also demonstrated that the stacking of the 2D
layers into 3D crystals could be promoted by 7—r interactions
between site-specifically attached rhodamine functionalities.
Collectively, the metal-directed RIDC3 arrays provided the
first example for the externally tunable self-assembly of a
designed protein buildin§ block into 1-, 2-, and 3D arrays with
well-defined structures.”

Following the insight that RIDC3 nanotubes are derived
from anisotropic rectangular 2D sheets, Brodin et al.
redesigned the building block to generate a D,-symmetric
tetramer that was used for metal-mediated formation of
nanotubes with different diameters under kinetic control
(Figure 46e).""? They introduced residue C96 to generate
covalently linked RIDC3 dimers and residue H59 to stabilize
the Zn** coordination environment that locks in the formation
of the Zn-mediated tetramer (8 Zn?*:4 H5/C%RIDC3). The
tetramers have additional Zn-binding sites with different
affinities that were exploited to generate three different classes
of nanotubes with different diameters (20, 48, or 68 nm) by
changing pH and Zn*' addition conditions in solution. The
arrangement of tetramers within all nanotube types was the
same, in addition to the identical structure of the tetramer
monomers found in the nanotubes and 3D crystals. These
results indicated that the same Zn-mediated contacts ensured
the formation of all nanotube types. However, these contacts
were also flexible enough to accommodate the range of
curvatures that are associated with nanotubes of different
diameters.”"”

3.4.4. Electrostatically Directed 1D Assemblies.
Electrostatic interactions between protein building blocks
and oppositely charged effector molecules have been widely
employed in the design of extended protein assemblies,
especially to generate ordered 3D lattices (section 3.6.3), as
well as for the assembly of 1D nanowires. Stable protein 1
(SP1) has been a choice protein building block for the
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Figure 46. Zn**-mediated assembly of RIDC3, a metal-binding cyt cbsg, variant. (a) The RIDC3 monomer undergoes dimerization upon Zn>*
coordination at the high-affinity site. Amino acids that stabilize the interface in the C,-symmetric dimer are shown in cyan; the high- and low-
affinity Zn binding sites are depicted in magenta and pink, respectively. (b) Zn-mediated RIDC3 self-assembly into different morphologies under
fast and slow nucleation conditions. High pH or high [Zn]:[RIDC3] ratio enables fast nucleation, giving rise to more nuclei which form the helical
nanotubes. Low pH and low [Zn]:[RIDC3] give rise to fewer nuclei that grow into 2D and 3D crystals. (c) Zn-mediated packing of RIDC3
monomers in the 2D crystal plane based on XRD (left). Close-up views of the three different Zn** binding environments found in the 2D RIDC3
crystals (right). (d) RIDC3 nanotube reconstruction from cryo-EM micrographs (left). Zoomed-in representation of the packing of RIDC3
molecules highlighting interaction planes where different Zn>* coordination environments are found (right). Cryo-EM micrograph of an RIDC3
nanotube (bottom). (e) Structure of the tetrameric "5 ®RIDC3 building block formed via disulfide bonding and Zn coordination (left). Three
classes of nanotubes with controllable diameters form under different solution conditions. (a—d) Adapted with permission from ref 202. Copyright
2012 NPG. (e) Adapted with permission from ref 419. Copyright 2015 ACS.

formation of nanowires following early observations that it
naturally undergoes stacking, a property that was exploited by
Shoseyov and co-workers to form functionalized extended SP1
structures.*~*** SP1 is a homooligomeric dodecamer isolated
from aspen (Populus tremula) plants. It is composed of two
rings that stack by hydrophobic association into a double-layer
structure with 6-fold symmetry. The exposed ring surfaces are
highly negatively charged due to the distribution of acidic
residues (Figure 47a).

This structural property was exploited by the Liu Group in a
series of reports to generate ordered SP1 nanowires by

combining the negatively charged rings with nonproteinaceous
building blocks bearing positively charged surfaces, including
quantum dots (QDs),””" soft nanoparticle PAMAM den-
drimers (Figure 47b),”*"** and core-cross-linked micelles
(CCMs).**” Such combinations of heterologous elements
yielded nanowires formed by “sandwiching” the positively
charged nanoparticles between SP1 rings through multivalent
electrostatic interactions. The size match between protein ring
and nanoparticle was a determinant factor in the structural

outcomes,”" an effect that has also been observed in the case
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Figure 47. Assembly of SP1 nanowires via multivalent electrostatic
interactions. (a) Top and side views of the SPI ring with structure
with charge distribution on the surface. The color scale goes from
negative (red) to positive (blue) charge. (b) Illustration of a
generation 5 PAMAM dendrimer (PDS) (left) and coassembly of
PDS and SP1 into nanowires (right). (c) Illustration of SP1 nanowire
formation mediated by multivalent interactions with ethylenediamine.
(a—b) Adapted with permission from ref 52. Copyright 2015 ACS.
(c) Adapted with permission from ref 231. Copyright 2016 RSC.

of Cys-modified Hcpl rings coassembled with gold nano-
particles (AuNPs) of various sizes (section 4.3.4)."*

Miao et al. also showed that ethylenediamine (EDA) added
to SP1 in a 1:1 ratio with the exposed carboxyl groups on the
top and bottom faces of the rings mediating multivalent
electrostatic interactions that stabilize ordered nanotubes
hundreds of nanometers in length (Figure 47¢)." The
authors further used a “zero-length” cross-linking strategy to
covalently link the proteins to EDA by adding EDC and sulfo-
NHS to the nanowires.

3.4.5. Computationally Designed 1D Assembilies.
Nucleoprotein architectures, although ubiquitous and highly
functional in nature,449_452 remain somewhat rare among
rationally designed protein assemblies. The Mayo Group
applied computational protein interface design to generate
coassembling protein—DNA nanowires.””” The wires are
composed of double-stranded DNA (dsDNA) and a protein
building block that has the dual functions to bind to a dsSDNA
and homodimerize (Figure 48a). They selected engrailed
homeodomain (ENH) from Drosophila melanogaster as the
protein building block due to its high binding affinity to a
dsDNA motif (TAATNN). Moreover, ENH, a three-helix
protein, has a surface (the exterior faces of helices 1 and 2)
amenable to computational homodimer interface design, as it
is oriented opposite to the DNA-binding helix (helix 3). Fast
Fourier transform-based docking was used to generate C,-
symmetric ENH homodimer models that underwent computa-
tional redesign to minimize the energy of the interface and
were iteratively screened and improved using a molecular
dynamics protocol. The designed homodimer retained high,
specific affinity to the target dsSDNA sequence and oriented the
binding domains opposite to each other. To generate linear

Figure 48. Protein—DNA nanowires. (a) Illustration of the
coassembly of computationally designed ENH dimers and dsDNA
into a linear nanowire. (b) Co-crystal structure shows that kinked
wires are formed. (c) AFM image of the protein—DNA nanowire.
Adapted with permission from ref 299. Copyright 2015 NPG.

wires from the coassembly, the dsDNA component was
designed to position two protein-binding sites 180° apart on
the double helix. When imaged by AFM, the nanowires had
lengths on the order of 300 nm, corresponding to ~60 repeat
units. The cocrystal structure was also solved by X-ray
diffraction, revealing that the wires indeed form following the
proposed mechanism. However, two different protein—DNA
binding configurations were observed, causing the infinitely
repeated protein—DNA wires to be slightly kinked (Figure
48b). The strategy of combining the design of protein
oligomers with DNA binding could be expanded to give rise
to more complex and diverse ordered coassemblies in 2D and
3D.

More recently, the Baker Group described a general
computational approach for the design of self-assembled
helical protein filaments with controllable geometries and
diameters based on de novo-designed, idealized helical repeat
protein building blocks."®” Typically the protein interface
design process is simplified by using building blocks with
internal symmetry to reduce the number of interfaces that
require redesign. However, reversibly forming protein filaments
found in nature tend to be composed of asymmetric building
blocks and thus have multiple interfaces. This problem was
simplified by considering that helical symmetry originates from
repeated application of a single rigid-body transform (six
degrees of freedom) and accounting for cyclic symmetry. The
design approach (Figure 49a) started with an asymmetric
protein monomer structure and generated a second randomly
oriented copy in physical contact with the first. This was
accomplished by applying random rotation, choosing a
direction, and sliding the second copy into contact with the
first. The filaments considered were generated not only by the
rigid-body transform relating the two contacting monomers
but also by the n™ root of this transform (where n = 2—5) and
with cyclic symmetry generated by the application of cyclic
symmetry operations (C,) around the superhelical axis. In all
cases, the next step generated several repeating turns of the full
filament by reapplying the rigid-body transformation and cyclic
symmetry operations, eliminating clashing geometries, and
making sure that there is at least an additional interface beyond
the one generated in the initial sliding-into-contact step.
Filament architectures were selected based on low predicted
energy at multiple interfaces, and Rosetta combinatorial
sequence optimization was carried out on a central monomer,
propagating the sequence to all other monomers.

The resulting designs were filtered for high shape
complementarity, low monomer—monomer interaction energy,
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Figure 49. Computationally designed helical protein filaments. (a) Computational protocol to design self-assembling protein filaments. A copy of
an asymmetric protein monomer is randomly rotated and moved and then slid into contact with the first monomer. The operation is repeated to
generate helices. Cyclic symmetry and the ordering of contacting units are screened, and the sequence of the monomer is redesigned to optimize
the interfaces. (b) From left to right: Computationally designed models, cryo-EM micrographs, cryo-EM structures, and overlay of designed model
and cryo-EM structure for the C3 symmetric DHF91 (top) and the C1 symmetric DHF79 (bottom) designs. (c) Fibers with variable diameter can
be generated by changing the number of repeat units within the monomer. Computationally designed models (top) and 2D class average structures
(bottom) are shown for two variants of the DHFS8 filament. Adapted with permission from ref 187. Copyright 2018 AAAS.

and few or no buried unsatisfied hydrogen bonds. Following
this design process, 124 designs were selected for experimental
testing. Of these designs, 34 were found to form 1D assemblies
and six were studied by cryo-EM. Among the six designs
spanning a range of architectures, good correspondence was
found between the designed model and experiment in terms of
monomer orientations and packing in the filament. However,
interfacial interactions varied considerably. While four of the
designs had an excellent match to the model, monomers in
another filament, designed with C, symmetry, shifted to
produce a C; symmetric structure (Figure 49b)."*” Further-
more, a series of filaments with variable diameters were
produced by changing the number of repeat units within the
monomer (Figure 49c). The filament assembly dynamics were
monitored both in vitro and in living cells. In addition, seeded
fiber growth was achieved from a surface, and capping units
were used to control growth and induce disassembly. The
nucleating and terminating units were designed by selectively
eliminating interaction interfaces.'®”

3.5. Extended 2D Assemblies

Two-dimensional protein lattices are common in nature,
particularly in association with cellular membranes. Bacteria
and archaea produce protective surface layers (S-layers)
consisting of proteins or glycoproteins.''”*** Bacteriorhodop-
sin forms 2D patches, known as purple membranes, covering
nearly half of the surface area of the archaeal cell to harvest

light and pump protons.** Other examples of naturally formed
2D protein lattices include gap-junction plaques*> and water
channels.**® This section describes the efforts which, inspired
by nature, have taken advantage of different design strategies to
construct ordered 2D protein arrays. As in the case of other
types of supramolecular and extended structures, symmetry
takes on an important role in building block selection and array
design, as 2D crystals are restricted to 17 possible plane group
symmetry conﬁgurations.457 Certain lattice arrangements are
more amenable to design than others, as they require fewer
unique interfaces or symmetry element combinations to be
realized.*® In general, building blocks with 2-, 3- and 4-fold
symmetry have been highly represented in the area of 2D
protein assembly so far. Given the technological relevance of
self-assembled 2D materials**”**° and the functional diversity
of proteins, ordered 2D protein assemblies built from the
bottom up represent a highly sought-after platform that could
find diverse applications, encompassing sensing, catalysis, light-
harvesting, and nanomedicine.

For reviews of natural 2D assemblies functionalized for
application development or 2D materials based on peptides
and proteins, readers are encouraged to consult other recent
publications."'”***#1=4%3 The section below reports on recent
developments in 2D protein assembly design by way of diverse
strategies such as genetic protein fusion, covalent bonding,

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig49&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig49&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig49&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig49&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Figure 50. Genetic fusion approach to 2D protein assembly. Self-assembly of binary 2D arrays along the C, symmetry axis shared by the
components. The homologous D,-symmetric protein building block ALAD is combined with (2) a heterologous D,-symmetric assembly motif
(Streptavidin/Streptag I) or (b) a heterologous C,-symmetric assembly motif (Lac21E/Lac21K). Adapted with permission from ref 128. Copyright

2011 NPG.

Figure S1. Assembly of 2D crystals based on C,-symmetric RhuA modified at the corners to enable C, connectivity between building blocks. (a)
C*5RhuA forms a p42,2 lattice following oxidation. (b) H63/H9RhuA forms a p4 lattice following divalent metal-coordination. TEM characterization
of 2D crystals of RhuA variants: (I) Low-magnification views of RhuA crystals, (II) high-magnification views of RhuA crystals with the fast Fourier
transforms (inset), (III) reconstructed 2D images, and (IV) structural models based on (III). Adapted with permission from ref 225. Copyright

2016 NPG.

metal-coordination, receptor—ligand interactions, computa-
tional design, and interface-assisted assembly.

3.5.1. 2D Protein Assemblies through Genetic Fusion.
It is essential to consider the symmetries of the protein
building blocks and the linkages between them to tile them
into ordered 2D lattices. For example, square lattices are
generated by combining a 4-fold symmetric building block

with a linking strategy that yields 2-fold symmetry, as
articulated by Yeates and colleagues.>" This simple combina-
tion can be achieved by several different approaches. The
Noble Group proposed linking native protein assembly
elements that have different rotational symmetries by genetic
protein fusion. The elements are connected into a fusion
construct at their termini along a shared symmetry axis, thus
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promoting a given assembly outcome by eliminating degrees of
freedom from the fused building blocks.'”® The assembly
elements can originate from homologous or heterologous
systems. Using this strategy, the authors demonstrated the
formation of ordered 1D and 2D protein arrays.'** Specifically,
two different sets of constructs were tested to produce 2D
arrays. Aminolevulinic acid dehydrogenase (ALAD) was used
as a homologous D, component in both cases. It was fused to
Streptag I peptide and assembled either with streptavidin
(heterologous assembly motif) or with the coiled-coil forming
peptides Lac21E and Lac21K (heterologous assembly motif)
for coassembly into a 2D lattice with variable cell dimensions
enabled by changing the length of the peptide (Figure 50). The
authors noted that the length and flexibility of the linker, as
well as the alignment of the fusion point to the shared
symmetry axis along which the assembly is designed to grow,
are all important parameters to promote formation of the
desired 2D structures.

Poulos et al. implemented a genetic fusion strategy to design
a crystalline 2D lattice®® by combining the concept of
rotational symmetry matching described above'*® with the
polymer-driven crystallization approach reported by Bowie and
co-workers.**> They created a TTT-FUR fusion construct
composed of three Tel-SAM domains (TTT) and the ferric
uptake regulator (FUR) domain.*** Tel-SAM domains formed
one-dimensional fibers with a 2, screw axis under pH control,
while the FUR domains underwent homodimerization. This
combination allowed TTT-FUR fusion proteins to form 2D
sheets with the FUR domains stabilizing contacts between
polymerized TTT fibers. Screening of crystallization conditions
yielded 3D crystals, where the 2D layers were stacked on top of
one another. As described earlier (section 2.2.1), the protein
fusion strategy takes advantage of naturally evolved protein—
protein interfaces, combining them into building blocks
designed for a target structure based on symmetry consid-
erations. In extended assemblies, just as in finite assemblies
built by genetic fusion, controlling the rigidity of the fusion
construct and optimizing the orientation of different domains
through linker design are important challenges as these
parameters determine assembly outcomes.

3.5.2. 2D Assemblies through Covalent Bonding. In
addition to imposing 2-fold rotational symmetry, the formation
of covalent bonds between building blocks provides a facile
means to create stable protein arrays while only incorporating a
minimal number of mutations into the building blocks.
Tessellation of the C,-symmetric RhuA building block, first
employed by Ringler and Schulz (section 3.4.4),**® inspired
Suzuki et al. to take advantage of strategically positioned Cys
residues to create C,-symmetric linkages for a straightforward
path toward generating 2D protein lattices. The four corners of
the RhuA tetramer were identified as appropriate positions to
install a single Cys residue (C98) for lattice assembly via
disulfide bond formation under slow oxidation conditions
(Figure 51&1).225 An octameric D,-symmetric RhuA variant
(F88/C98) was also investigated. Both building blocks formed
extensive, highly regular 2D arrays with p42,2 plane group
symmetry. Notably, the self-assembly process was reversible
under reducing conditions. An additional RhuA variant bearing
a bis-His motif (H63/H98) at the four corners was shown to
form p4 lattices through metal-coordination, an alternative C,-
symmetric linkage (Figure S1b). The formation of this RhuA
assembly could also be reversed by EDTA addition. Among the
three variants, the “*RhuA lattices connected through a single

disulfide linkage at the corners exhibited the largest array size,
the lowest defect frequency, and dynamic lattice behavior, as
discussed further in section 4.2.2.

Zhao et al. exploited oxidative coupling of tyrosine residues
as an alternative strategy to produce covalently cross-linked 2D
protein arrays.””’ They selected the ring-shaped building block
SP1, discussed above (section 3.4.4) in the context of extended
1D assemblies, as a building block. Previously, Shoseyov and
co-workers had observed the formation of long-range 2D
arrays from wild type**® and polyHis-tagged*®” SP1 rings
following assembly at an air—phospholipid and an air—water
interface, respectively. In contrast, Zhao et al. carried out the
assembly in bulk solution after installing an S98Y mutation at
the SP1 ring periphery (Figure 52). They reported an

Figure 52. Covalently linked protein nanosheets based on the S98Y
variant of cricoid stable protein 1 (SP1). (a) Tyrosine cross-linking at
the periphery of the SP1 disk can be carried out via either a single
enzyme pathway with horseradish peroxidase (HRP) and H,0O, or a
dual enzyme pathway with HRP, glucose oxidase (GOx), and glucose.
(b) TEM characterization of the protein nanosheets with the inset
showing an enlarged area of the micrograph and a model of hexagonal
packing of the SP1 disks. Adapted with permission from ref 230.
Copyright 2017 ACS.

enzymatic cross-linking strategy using either a single enzyme
(horseradish peroxidase (HRP) in the presence of H,0,) or a
cooperative dual enzyme system (HRP and glucose oxidase
(GOx) in the presence of glucose).zg’0 In both cases,
hexagonally packed sheets, hundreds of nanometers in size,
were formed following the cross-linking reaction. Sheet
stacking into multilayered structures could be controlled by
adjusting pH, with lower pH conditions closer to SP1 pl
(~4.3) favoring stacking due to reduced repulsion between the
charged sheet surfaces. In a follow-up study, the authors
demonstrated that **'SP1 could be rapidly converted to
covalently linked nanosheets with light-controlled oxidative
cross-linking of tyrosine residues by using [Ru(bipy);]** as a
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photosensitizer in the presence of ammonium persulfate
( APS).468

Later, Li et al. used small molecule tethers for the
preparation of covalently linked 2D nanosheets. The authors
employed bis-maleimide-terminated PEG linkers of variable
length to generate nanosheets composed of EBFP2 and EGFP,
fluorescent proteins that constitute a Forster resonance energy
transfer (FRET) pair.**” In this template-free system, the f-
barrel-shaped proteins, modified with Cys residues at
equatorial positions lying close to the C, rotational axes,
were mixed with the thiol-reactive linkers to yield a covalently
linked 2D monolayer. The length of the PEG linker
significantly impacted nanosheet size, with longer linkers
giving rise to larger sheets due to reduced electrostatic
repulsion between adjacent proteins. Notably, the proteins
adopted a fixed orientation and even distribution within the
nanosheets, which exhibited light-harvesting properties.

Ferritin, a protein cage composed of 24 subunits, has been a
popular building block for the formation of extended protein-
based lattices due to its octahedral structure that exhibits 432
point group symmetry. Ferritin’s robustness and tolerance to
genetic and chemical modification have made it an ideal
scaffold to test a broad range of assembly design strategies. It
has arguably proven to be the most versatile building block
available in the design and construction of protein assemblies,
as demonstrated by the broad range of ferritin-based ordered
2D and 3D lattices reported just in the past decade. The Zhao
Group employed several types of modifications at the C, axis of
the ferritin cage to enable the formation of square 2D
lattices.””**”#*"%*"! Zhou et al. applied a disulfide bonding
strategy to make covalently linked 2D lattices from homo-
oligomeric human heavy chain ferritin (HuHF) by installing
Cys residues near the C, axes of the cage (C162).”*® This
single mutation positioned four Cys residues in close proximity
to each other and created a “hot spot” for interactions, to
construct a superlattice upon slow oxidation in the presence of
PME (Figure 53).

The tobacco mosaic virus coat protein (TMVCP) has a rich
phase behavior that is intricately controlled by pH, salt
concentration, and temperature.”’>”*’* The double-layer
TMVCP “20S” disk structure, composed of 34 subunits
arranged into two stacked 17-mer rings, has an 18 nm outer
diameter, a 4.7 nm height, and a 4 nm-wide central pore. Blum
and co-workers observed that TMVCP disks bearing a C-
terminal His-tag form dense hexagonally packed 2D arrays at
pH 5.5-6.0, a behavior that markedly differs from the
observations made with wildtype TMVCP.*”®

In the past few years, the Wang Group has used strategies
such as disulfide bond- and metal-mediated assembly to
generate ordered 2D and 3D lattices based on TMVCP.
Notably, Zhang et al. reported that a variant bearing three Cys
mutations (C1 and C3 at the periphery of the disk designed to
promote in-plane assembly, and C103 on the inner surface of
the central pore) exhibited four distinctive assembly behaviors
depending on pH and ionic strength.”’® The observed
structures included rods, rod-bundles, and 2D arrays. The
2D arrays were observed in conditions ranging roughly from
pH 6.0 to 8.0 with phosphate buffer concentration maintained
below 200 mM. The same C1/C3/C103 mutant was later used
to generate large monolayered nanosheets tens of microns in
size upon Cys oxidation with Cu®* (Figure 54)."”” Triclinic
and hexagonal close-packed TMVCP 3D crystals were also
assembled based on a C1/C3/C103 variant assembled through

Figure 53. Covalently linked 2D HuHF arrays. (a) A single mutation
near the C, axis positions four Cys residues in close proximity to each
other. Slow oxidation yields ordered 2D HuHF arrays through
multivalent disulfide bond formation at the “hot spots”. (b) ns-TEM
characterization of the square lattice. Adapted with permission from
ref 228. Copyright 2019 RSC.

disulfide bonding and a C-terminal 4-His tagged variant (also
bearing the C103 mutation on the inner pore surface) via Zn-
binding, respectively."’”® Most recently, the C103/C-terminal
4-His variant was used to generate ordered 2D coassemblies of
TMVCP and various functional nanoparticles such as AuNPs
and QDs as discussed further in section 4.3.4.*”°

3.5.3. Metal-Mediated 2D Assemblies. Metal-coordina-
tion is a powerful tool to build interfaces between protein
building blocks in large part due to the strong and directional
nature of the interaction. As noted earlier, metal-mediated
assemblies can be designed by introducing metal-binding
motifs composed of natural amino acids on the protein surface,
by conjugating metal-chelating functionalities, or by introduc-
ing noncanonical metal-binding amino acids. The Tezcan
Group extended their metal-mediated interface design
approach to generate periodic protein arrays based on a
metal-binding variant of cyt cbss,.”’> As outlined in section
3.4.3, the variant RIDC3 assembles into extended 2D crystals
under the slow nucleation conditions of low [Zn**]:[RIDC3]
ratios and acidic pH, close to the pI of RIDC3 (~5.3). The
crystal structure of the 3D crystal, determined at 2.3 A,
revealed the central role of Zn** coordination in the assembly
and confirmed that the 3D crystals form through stacking of
the 2D layers at pH conditions where interlayer repulsion is
minimized. As shown in Figure 46¢ in section 3.4.3, the
assembly of the 2D crystals occurred through the tiling of
antiparallel RIDC3 dimers mediated by the coordination of
two Zn’* ions (Znl) at the high-affinity sites described
previously. The key determinants of crystal growth were
orthogonal coordination vectors at Znl and Zn2, where
interdimer connections within the plane occur through Znl-
E81 and Zn2-E49, producing an infinite chain along one axis.
Finally, a second set of interactions at the lower affinity site
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Figure 54. Covalently cross-linked TMVCP nanosheets. (a) Schematic diagram of the formation of TMVCP 2D nanosheets upon oxidation of the
peripheral Cys residues by Cu®*. Characterization of the nanosheets by (b) ns-TEM, (c) AFM, and (d) high resolution ns-TEM. The inset shows
the corresponding FFT. Adapted with permission from ref 477. Copyright 2018 ACS.

Figure 55. Artificial metal-dependent nucleoprotein assemblies based on a chimeric RIDC3-DNA building block. (a) RIDC3-DNA hybrids (left).
TEM characterization (middle), and reconstructed 2D cryo-EM map (right) of the RIDC3-DNA 2D crystals. MD-minimized models and cartoon
illustrations of (b) a single 2D RIDC3-DNA layer and (c) the 3D stacking of two RIDC3—DNA layers. Adapted with permission from ref 298.
Copyright 2018 ACS.

with Zn3 and another E49 residue connected the chains along Subramanian et al. later developed an artificial DNA—
the orthogonal axis. protein hybrid architecture based on the RIDC3 building
13745 https://doi.org/10.1021/acs.chemrev.1c00308
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block, which displayed intricate assembly behavior that
depended on the synergistic effects of Watson—Crick base
pairing, protein—metal-coordination, and nucleic acid—protein
interactions.””® A Cys residue (C21) was first installed on
RIDC3 for site-specific bioconjugation to short DNA strands.
Protein—DNA chimeras bearing complementary 10 base-long
DNA strands were prepared (Figure S55a), and their
coassembly was screened under a range of conditions where
temperature, pH, protein—DNA conjugate concentration, and
[Zn?*]:[RIDC3-DNA] ratio were varied. In contrast to the
metal-mediated assemblies based on unmodified RIDC3
discussed above, protein—DNA chimeras formed ordered
arrays only in a very narrow parameter window owing to the
delicate balance of contributing interactions. Structural
characterization of the arrays was carried out through a
combination of AFM, SAXS, cryo-EM, and molecular
dynamics modeling to reveal that the layered architecture
consisted of V-shaped dimeric modules linked through
Watson—Crick base-pairing and a four-coordinate Zn-binding
motif (two E27/E31 pairs). The dimers were further linked in
an antiparallel fashion to four neighboring modules through
tridentate Zn>* coordination (E8/D12/H63). The resulting
arrangement created a corrugated 2D sheet where the dsDNA
domains served as staples between the proteins above and
below the plane (Figure 5Sb). The sheets were capable of
stacking in register, such that the DNA domains fit into the
open protein—protein interfaces of the sheets above and below
where they form noncovalent contacts with the protein
surfaces (Figure 5Sc). This unique, sophisticated architecture
illustrated the complexity in the interplay of diverse
interactions that contribute to the intricate association of
biopolymers in natural nucleoprotein structures such as the
ribosome.””*

In a related approach, Qiao et al. reported the Zn*-
mediated assembly of SMAC, a homodimeric V-shaped
building block, into nanowires and wavy 2D layers.**" They
installed two bis-His motifs on each monomer (H75/H79 and
H137/H141), which adopted a quadrilateral in-plane
orientation upon SMAC dimerization. As observed in the
case of RIDC3, the two metal-coordination sites on SMAC had
different binding affinities to Zn*" ions. Upon metal addition,
the H75/H79 sites became saturated first, leading to the
formation of zigzag nanowires, while higher Zn** concen-
trations were required to occupy the orthogonally oriented
H137/H141 sites and induce the formation of wavy 2D sheets.

Recently, Yang and Song reported on the genetic
incorporation of the unnatural chelating amino acid bipyr-
idine-alanine (bipy-Ala) to drive assembly of various extended
structures in 1D and 2D through the selective formation of
[Ni(bipy-Ala),] complexes.**' Acetyltransferase from Bacillus
antharsis, a Dy symmetric homohexamer, was selected as a
building block for this study based on a number of criteria,
including its symmetry being amenable to multidirectional
assembly. Amber codon and orthogonal aminoacyl tRNA
synthases/tRNA pairs were used to incorporate bipy-Ala at
several positions on the top/bottom faces and the lateral faces
of the hexamer to screen for 1D and 2D assemblies,
respectively. Ni** was chosen as the target metal ion to drive
assembly for its high affinity to bipy chelating groups and its
preference for selective formation of [Ni(bipy),]** complexes.
Ordered 1D and crystalline 2D assemblies were achieved with
optimization of assembly conditions, in addition to combina-
torial and hierarchical structures. The incorporation of

unnatural chelating amino acids promises to be a powerful
approach to expand the repertoire of metal-dependent protein
assembly motifs and, by the same token, to diversify the
repertoire of orthogonal interaction types available to tune and
control protein assembly.

3.5.4. 2D Assemblies Mediated by Protein—Ligand
Interactions. The first example of a designed 2D protein
assembly harnessed the specific recognition between strepta-
vidin and biotin, a natural receptor—ligand pair with
exceptionally high affinity. Ringler and Schulz combined the
Cy-symmetric, tetrameric RhuA, and a C,-symmetric linker
(streptavidin), to design a 2D array with square geometry.**®
RhuA was mutated at three positions (N133C, K261C, and
C126S), and the newly installed Cys residues were further
labeled with biotin (°R) to enable directional binding of one
RhuA molecule to four streptavidin units, producing a cross-
shaped construct (°RS,) (Figure 56). Further association of

Figure 56. Assembly of biotin-labeled RhuA with streptavidin. (a)
Schematic representation of the C,-symmetric enzyme RhuA with
point mutation for biotin labeling (°R). Streptavidin (S) binds to two
biotin labels on each side of *R, to form the building block bR.S. S, S
bound to bis-biotin linkers, is further bound to "R-S. (b) Association
of PR and $ building blocks imaged by ns-TEM. Clockwise from top
left: "R-S,, °RyS; "R.S;s™S,, and PR,S;,. (c) Self-assembled
networks produced from "R with "R-S, (left) and °R-S, with (**S-S),
(right) imaged by ns-TEM. Adapted with permission from ref 466.
Copyright 2003 AAAS.

RS, with "R yielded small 2D arrays limited to roughly 50 X 50
nm in size. Tethering the "R building block to a lipid
monolayer interface enabled the growth of arrays up to 200 nm
in width. Furthermore, addition of bis-biotinylated streptavidin
spacers (**S) was used to increase spacing between bRS4 hubs,
thus controlling mesh size. This early example of 2D protein
assembly achieved modest domain sizes, which can be
attributed to the low potential for reconfigurability of the
associations between proteins due to high biotin—streptavidin
affinity and the rigidity of the building blocks. These
limitations have since been circumvented through various
protein assembly design approaches, as described throughout
section 3.S.

The high affinity of many natural protein—ligand inter-
actions and precise positioning of receptors within the protein
architecture provide an attractive means to design protein
assemblies by combining native proteins with multivalent
ligand mimics. Over the past few years, Chen and co-workers
have exploited the specific protein—ligand interactions of
sugar-binding lectin proteins in combination with #z—x
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stacking-driven dimerization of RhB to build a range of
extended protein assemblies. Following earlier success using
dimerizing sugar—RhB conju§ates as linkers in the design of
3D crystals (section 3.6.2.2)*” and 1D microtubules (section
3».4.1),270 they have targeted more diverse structures spanning
multiple dimensions in recent years. In the first study seeking
to diversify the types of assemblies achieved using this linking
strategy from a single building block, Yang et al. selected lectin
A (LecA) from Pseudomonas aeruginosa as the protein
component, a cuboid homotetramer that specifically binds to
galactose, and varied the length of the oligo-(ethylene oxide)
tether within the sugar—RhB assembly inducing ligand (Figure
57a)."*? They were able to obtain three different LecA packing

Figure 57. Assembly of LecA via a combination of ligand binding and
RhB dimerization. (a) Structure of the tetrameric protein, LecA, and
inducing ligand RnG (n = 1 to §). Cartoon representation of LecA/
RnG dimerization. (b) The three packing patterns of LecA/RnG
based on the dimerization of RnG. (c) Schematic representation of
diagonal—diagonal packing of LecA/R2G (left) and enlarged cryo-EM
images of a LecA/RSG 2D lattice. Adapted with permission from ref
483. Copyright 2017 Wiley.

patterns (Figure 57b) depending on the length of the tether,
which corresponded to extended assemblies such as 1D
nanoribbons, 2D sheets, and 3D layered structures on the
extended assembly scale. 2D sheets were observed with linkers
containing 2, 4, or 5 ethylene oxide repeat units within the
inducing ligand and arose from a diagonal—diagonal protein
packing scheme (Figure 57c).

In a further study, the researchers targeted the formation of a
Pascal triangle lattice using wheat germ agglutinin (WGA) as
the building block and sialyllactoside—RhB conjugate as the
assembly inducing ligand (Figure 58a, b).*** WGA is an
anisotropic, horseshoe-shaped homodimer that bears eight
independent carbohydrate-binding sites. The four sites on the
top face of the dimer have at least 2-fold stronger binding
affinity to the carbohydrate ligand than the sites on the bottom

Figure 58. Pascal triangle lattice formation from wheat germ
agglutinin (WGA) and sialyllactoside-RhB (R-SL). (a) Structure of
the WGA dimer. (b) Structure of assembly inducing ligand (R-SL).
(c) Proposed mechanism of WGA assembly with R-SL. (d) Cryo-EM
characterization of the WGA 2D lattices. Inset: enlarged image. (e)
Cryo-EM images of the 2D lattice (left), and the overlay of the
structural model (right). Adapted with permission from ref 484.
Copyright 2020 Wiley.

face. The anisotropic shape of the WGA dimer, the disparity in
ligand affinity, and RhB dimerization all contributed to the
success of the design. Triangular units formed first through
dimerization of ligands bound to high-affinity sites. This was
followed by formation of clusters and in-plane polymerization
into 2D lattices via the ligands bound to weaker sites in a
subsequent step, yielding the targeted periodic Pascal triangle
lattice structure at equimolar concentrations of WGA and
inducing ligand (Figure S8c—e). Stoichiometric excess of the
inducing ligand eventually led to the formation of 3D crystals
through saturation of the available binding sites, where both
intralayer and interlayer contacts were mediated by RhB
dimerization.

In a departure from the typical structurally stable and
immutable protein building blocks used in extended assembly,
Xu et al. recently exploited the allosteric ligand binding
properties of adenylate kinase (AKe) to design a ligand-
dependent assembly system that switches from 1D to 2D
configuration.**> AKe contains dual recognition domains for
ATP and AMP, bisubstrates that induce a conformational
change in the enzyme from an open to closed state upon
association and undergo a phosphotransfer reaction (ATP +
AMP — 2 ADP) (Figure 76c¢ in section 4.2.1). The dynamic
protein assembly was designed by converting AKe to an
amphiphile through the conjugation of a maleimide-terminated
poly-L-valine tail to C77. In the open conformation, the AKe
amphiphile assembled into extended 1D fibers of uniform
diameter above its critical aggregation concentration under the
influence of the hydrophobic effect. Upon addition of
equimolar diadenosine-S-pentaphosphate (ApSA), a tethered
unreactive substrate mimicking the dual binding of ATP and
AMP, the 1D assemblies were converted to ordered 2D sheets
following the conformational shift of AKe from the relaxed
open state to the rigidified closed conformation. This study
highlights the knowledge gaps in the protein assembly design
field when it comes to inherently dynamic building blocks.
This area is ripe for investigation toward the development of
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Figure 59. Computationally designed 2D lattices with p321, p42,2, and p6 layer group symmetry (designs p3Z_42, p4Z_i9, p6_9H). (a) Packing
of the designed lattices with the representation of the unit cells. (b) Schematic representations of the designed 2D arrays. (c) Designed interfaces
between protein building blocks. (d) ns-TEM characterization of the designed 2D lattices. Inset: enlarged image and FFT of the ns-TEM image.
(e) Projection map calculated from part d, and the overlay of the designed model on the projection map. Adapted with permission from ref 188.

Copyright 2015 AAAS.

active protein-based materials and artificial devices based on
active building blocks.

3.5.5. Computationally Designed 2D Assemblies. As
outlined previously (section 2.1), natural protein assemblies
are characterized by extensive noncovalent interfacial contacts.
Along these lines, the Baker Group focused on a general
computational approach to design ordered 2D protein arrays
mediated by noncovalent interactions.'®® To simplify the
design process, Gonen et al. targeted layer group symmetries
requiring only two unique interfaces between identical, homo-
oligomeric building blocks (6 of the 17 possible layer group
symmetries). Furthermore, the scope of potential building
blocks was limited to proteins with internal point symmetry, as
they already contain one of the two required interfaces, and
cyclic rather than dihedral symmetry, because of a greater
abundance of candidate proteins possessing this characteristic
in the PDB. A symmetric docking procedure was applied in
Rosetta to first position the cyclic oligomers into the target
layer groups. Monte Carlo trajectories for protein orientations
were generated and the most shape-complementary solutions
with the largest number of contacting residues and the fewest
steric clashes were selected. After successive minimization and
optimization sequence design steps, 62 candidates were
selected for experimental investigation. Three of the designs
were reported to form extended, regular, planar arrays, which

could be produced both in vitro and in vivo. High resolution
structural characterization of these arrays with p321, p42,2,
and p6 layer group symmetries was carried out by cryo-EM
(Figure S9).

Matthaei et al. combined symmetry docking calculations
with a fusion strategy to generate a tiled 2D surface based on
naturally occurring oligomeric proteins with a central pore.**®
Following screening of oligomeric proteins from the PDB
according to symmetry, shape, termini orientation, and
additional criteria, a homohexameric protein (STM4215) was
selected for fusion via a flexible hexaglycine linker and interface
redesign for a tighter arrangement within the lattice. Addition
of Ca*" ions, which naturally bind to the monomers, rendered
the designed fused dimers competent for 2D assembly. Large
sheets, typically in the 1 to 10 ym range, but as large as 100
um, were observed by fluorescence microscopy and ns-TEM
allowed characterization of the designed p3 lattice. In a follow-
up study, the building block was modified with different
functional tags (e.g, hexa-His tag, gold-binding peptide,
biotinylation tag) and, upon Ca*'-triggered assembly, was
used as a 2D scaffold for the fabrication of hybrid materials by
binding AuNPs and proteins to the functionalized array
surface."”’

Chen et al. later extended the 2015 study'®® to a general
method for developing 2D protein assemblies based on de

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig59&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

novo-designed pseudosymmetric protein building blocks.**

The homodimeric de novo-designed helical bundle protein was
first connected into a single chain. Possible 2D lattices with
pseudo-C12 symmetry were screened based on lattice
dimensions and rotation of the building block around its
central axis. Surface redesign of the de novo protein was then
carried out in Rosetta using a standard fixed backbone
approach. After identifying a promising design capable of
forming extended ordered 2D assemblies that contained
exclusively hydrophobic residues at the interface, an effort to
improve binding specificity and reduce nonspecific aggregation
was made by applying the Rosetta HBNet algorithm (see
section 3.2.1) to introduce buried hydrogen bonds at the
interface. A design selected after this procedure indeed formed
more extended regular assemblies than the fully hydrophobic
design.

Most recently, the coassembly of two protein building blocks
into binary two-dimensional layers was achieved by Ben-Sasson
et al. by using computational redesign of rigid interfaces
between pairs of dihedral protein building blocks.”* Although
it required sampling of more degrees of freedom, proteins with
dihedral rather than cyclic symmetry were chosen to take
advantage of the additional in-plane 2-fold rotation axes
present in the dihedral structures, which intrinsically corrected
for any deviation from the design model that might cause out-
of-plane curvature. After arranging the two protein building
blocks with their symmetry axes aligned to the 2D layer group,
the spacing between them and their orientations was sampled
to identify arrangements with contact regions meeting a 400 A*
surface area threshold and composed mainly of aligned helices.
Subsequently, the amino acid sequences at the interfaces were
optimized with Rosetta combinatorial sequence design to give
low-energy interfaces with a hydrophobic center surrounded
by polar residues. Screening experiments led to the discovery
of a successful design, a system composed of D; and D, homo-
oligomers that formed p6m symmetric two-dimensional lattices
(Figure 60). In isolation, the building blocks were soluble in
the millimolar concentration range. However, once combined
at concentrations as low as 10 nM, they quickly assembled into
ordered arrays. Assemblies could be formed both in vitro and in
vivo. Notably, when interfaced with cell surfaces, the arrays
exhibited properties with therapeutic relevance (section 4.5.2).

3.5.6. 2D Protein Assembly at Interfaces. In the 2D
protein assemblies described above, the formation of protein
arrays was mostly carried out in bulk solution. However, the
potential for extensive 2D protein organization through their
assembly at interfaces has long been recognized. For example,
2D protein crystallization at lipid—water interfaces has been
investigated as early as the 1970s."”*' More recently, the
assembly of SP1 at air—water interfaces, with or without the
presence of phospholipids, has yielded large, ordered,
hexagonally packed arrays of SP1, a ring-shaped protein that
has proved to be a versatile building block for the design of
extended protein assemblies (sections 3.3.4 and 3.5.2). 445467
The 2D crystallization of membrane proteins is also an
important goal for investigating this class of protein that can be
recalcitrant to forming 3D crystals.”””*”® General conditions
favoring 2D crystallization at an interface include the
following: (1) the ability of molecules to stay in plane,
which reduces translational degrees of freedom and increases
local concentration, (2) the mobility of molecules within the
plane to enable sampling of possible bonding configurations

Figure 60. Computationally designed binary 2D protein arrays. (a)
Orientation of the D; and D, symmetric protein building blocks to
form a heterogeneous p6m protein assembly (left). Top view of the
p6m symmetry operators and the lattice spacing degree of freedom, d
(middle). A plausible arrangement of D; and D, symmetric building
blocks to form p6m lattices (right). (b) Interface between the two
protein building blocks. (c) ns-TEM characterization of p6m arrays
formed in E. coli upon coexpression of the two protein building
blocks. Adapted with permission from ref 489. Copyright 2021 NPG.

and correct lattice defects, and (3) the identical orientation of
all molecules to favor regular contacts.*”*

A pair of recent studies have examined the potential of using
a solid—liquid interface for programmable control over protein
assembly and access to structures that cannot be obtained from
bulk solution. Specifically, these studies were carried out on
muscovite mica (m-mica) (001), an atomically flat mineral
substrate which exhibits pseudohexagonal tessellation of
charged cavities. These cavities bind to K" and other cations,
an association which affords control over the charge state of
the substrate depending on cation concentration.*”> Baker, De
Yoreo, and co-workers were inspired by the carboxylate-rich
nature of proteins that interact with minerals and the lattice
matching property of ice-binding proteins to investigate the
design of protein-inorganic mineral interfaces where the
locations of carboxylate residues match the electrostatic and
structural features of the m-mica lattice for optimal binding and
control of assembly.””® The de novo-designed helical repeat
protein DHR10, which possesses a flat surface and a regular
repeating backbone with spacing equal to a multiple of 5.2 A,
or the nearest-neighbor distance between K* sites on m-mica,
was the chosen protein scaffold. The surface of DHR10 was
redesigned with either Glu or Ala residues to match the pattern
of K" ions occupying cavities on m-mica, thus enhancing
protein binding to the mineral template (Figure 61a). By
changing the length of the protein building block and the
mobility of the proteins on the substrate by adjusting salt
concentration, the orientational order and patterning of
proteins on the surface could be tightly controlled (Figure
61b, c). At low K* concentrations, individual proteins were
observed to bind independently to the surface in designed
orientation, whereas at high K* concentrations, liquid-ordered
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Figure 61. Assembly of de novo-designed helical repeat proteins at the muscovite mica interface. (a) Schematic representation of DHR10-mical8
protein binding to the mica substrate through the modulation of a layer of K* sublattice. (b) The protein—mica interface design model predicted
the orientation of DHR10-mical8 on a K*-saturated mica surface. (c) The three predominant orientations of DHR10-mical8 bound to the mica
surface with the layer of K* sublattice characterized by AFM. Assemblies of different variants of de novo-designed helical proteins observed by AFM
on mica treated with 3 M KCl: (d) DHR10-mical8, (e¢) DHR-mica6-NC, and (f) DHR-mica6-H. Adapted with permission from ref 496. Copyright
2019 NPG.

Figure 62. ““RhuA assembly at the mica interface. (a) Schematic diagram of the negatively charged C-terminal face and partially positively charged
N-terminal face of the “*RhuA tetramer (left), and the large dipole moment of the tetrameric protein (right). (b) Preferential adsorption of either
the N-terminal or the C-terminal face of RhuA depends on the charge state of the mica template. (c) “®RhuA tetramer assembly pathways in
solution and templated by the mica surface. Adapted with permission from ref 227. Copyright 2020 NPG.

protein lattices that line up with the m-mica sublattice were In a collaboration with the De Yoreo Group, Tezcan and co-
workers revisited the disulfide-linked “**RhuA lattices
described above (section 3.5.2)** to explore their assembly
behavior at the m-mica interface.””” The surface of RhuA has a
highly anisotropic charge distribution: the flat C-terminal
surface is enriched in negatively charged residues, while the N-
terminal side (which has a four-legged profile) is more positive
(Figure 62a). This distribution endows the protein with a

obtained, exhibiting ordering over a length scale of many
millimeters. Protein interface redesign was used to stabilize
different monomer arrangements, allowing formation of 1D
wires and 2D honeycomb lattices (Figure 61d—f). Overall,
matching protein to substrate structure and tuning the charge
state of the substrate allowed the authors to manipulate 2D

assembly at the interface with respect to orientation,
morphology, and size.

sizable dipole moment (~1200 D), and simulations showed
that long-range interactions between the protein dipoles
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controlled the symmetry of the p42,2 lattice that was observed
in solution-grown crystals. By tuning the charge state of the m-
mica surface with K" concentration, this charge anisotropy was
harnessed to control the outcome of the surface-templated
©%RhuA assembly (Figure 62b). At low K* concentrations (5
mM) both faces of the protein were observed to bind to the
surface and formed p4, or all parallel, lattices with small
domain sizes. In contrast, at high K* concentrations (3 M),
large ordered monolayered p4 arrays were obtained with the
C-terminal side interacting with the surface. At increased
protein monomer concentrations and 3 M K, protein bilayer
lattices formed under the influence of a salting-out effect. This
rich phase behavior (Figure 62c) emerged under the influence
of interactions that operate at different length scales. Access to
the new p4-symmetric lattice prompted an examination of the
properties emerging from an all-parallel arrangement of protein
dipoles in the crystal. These properties are further discussed in
section 4.4.

3.6. Extended 3D Protein Assemblies

Current approaches for the design of ordered 3D protein
assemblies are largely informed by decades of effort to
understand and improve protein crystallization. For a long
time, obtaining large, high-quality single crystals to elucidate
protein structure by X-ray diffraction was the primary
motivation for optimizing protein crystal growth. Convention-
ally, researchers have varied the physical, chemical, and
biological parameters involved in crystallization mixtures
(e.g, temperature, pH, ionic strength, addition of ligands) to
obtain well-diffracting protein crystals. However, the advent of
recombinant DNA technology and the accumulation of
structural information from homologous proteins has allowed
researchers to better design rational modifications to the
protein structure (e.g., improve crystal contacts or induce
symmetry that promotes crystallization).*”” Protein modifica-
tion approaches that have improved protein crystallization
success rates include the following: systematic truncation of
the primary sequence, removal of post-translational modifica-
tions, screening of homologous proteins, or cocrystallization of
the target protein with binding proteins or antibodies.*”®

In recent years, the design of 3D protein assemblies has
proceeded mainly through two paths: rational mutagenesis of
protein surface residues and addition of effector molecules that
promote ordered assembly. The section below briefly surveys
the approaches to rationally design protein surfaces and
assembly strategies that incorporate different types of
intermolecular interactions mediated by small molecules,
nanoparticles, or polymeric effectors to drive ordered 3D
protein assembly. With the wealth of available protein
crystallization approaches, the field of 3D protein assembly
has evolved to build ordered materials with potential
applications that include storage, nanoreactor development,
and control of soft matter properties.

3.6.1. 3D Protein Assemblies through Rational
Design of Protein Surfaces. Rational mutagenesis of protein
surface residues has been a fruitful approach to improve
protein crystallization efforts and enable designed 3D protein
assembly. The methods employed broadly target the design of
intermolecular interfaces or the symmetrization of the building
blocks.

One of the first examples of protein engineering studies to
generate 3D crystals was the work of Lawson et al, who
mutated HuHF to install metal jon-mediated contacts that

13751

facilitated crystal lattice formation.*”” Inspired by the

propensity of horse spleen ferritin to readily crystallize upon
the addition of divalent metals, the authors sought to
reproduce the metal-mediated interface in HuHF.”"" Specifi-
cally, the K86Q_mutation, in combination with native D84, led
to the formation of large single crystals of HuHF through Ca*'-
mediated interactions (Figure 63).

Figure 63. HuHF crystallization facilitated by Ca®* contacts at K86Q_
residues.

Chemical modification approaches have similarly been
employed to promote protein crystallization. For example,
reductive methylation of Lys residues on lysozyme enabled
Rypniewski and co-workers to obtain a 1.8 A resolution crystal
structure in 1993.°°" Soon after, Rayment et al. reported the
first crystal structure of the head portion of myosin by
implementing a methylation approach.””” Surface entropy
reduction is a related approach which replaces flexible surface
residues such as Lys, Glu, or Gln with less flexible residues
such as Ala to promote crystallization.””

Whether by introducing protein point mutations or bulk
modifications, these early mutagenesis approaches are still
active areas of research today and have informed subsequent
innovations in the development of 3D protein assem-
blies.*””*** Inspired by a leucine-zipper sequence known to
promote formation of a stable protein—protein interaction,
Yamada et al. reported the first crystal structure of a mutant
human pancreatic ribonuclease 1 (RNase 1) protein.”” Using
a strategy termed “crystal lattice engineering”, they installed
four leucine residues on helix 2 of RNase 1, which promoted
interfacial interactions via the designed hydrophobic leucine
patches. Based on the 1.7 A resolution crystal structure, they
showed that human RNase 1 was structurally similar to bovine
RNase A.

In a recent study, Du et al. took advantage of the symmetry
of RhuA to build 3D arrays of different morphologies with
minimal sequence modification.’”® RhuA has a C, symmetry
axis, with Pro residues located at the C,-symmetric nodes.
Notably, its N- and C-terminal faces (or top and bottom faces)
have different morphologies and surface charge distributions,
conferring anisotropic character to the protein. Upon installing
His residues at the N- and C-termini, the RhuA mutants
formed ribbons and sheets that assembled into directional 3D
arrays. Specifically, the accessible His residues on the top and
bottom of RhuA were able to form 7— interactions along the
c-dimension to facilitate the stacking of RhuA molecules.
Perpendicularly, the Pro residues at the corners of RhuA
formed the edge-to-edge contacts along the a- and b-
dimensions. By implementing selective point mutations, the
researchers obtained a range of 3D constructs that assembled
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through synergistic interactions, with minimal perturbation to
the initial amino acid sequence.

Mutations at specific residues and patches along protein
surfaces have led to the successful design of 3D assemblies. In
contrast, the Beck Group has relied on changes to the global
surface charge of ferritin cages to direct assembly.”’’ By
enriching the surface of HuHF with Arg/Lys or Glu/Asp
residues, they created positively and negatively charged ferritin
cages, respectively. Mixing the oppositely charged cages led to
the self-assembly of binary protein crystals. One unit cell of the
resulting tetragonal crystal lattice was composed of four
positively and one negatively charged ferritin cage (Figure 64).

Figure 64. Assembly of charged HuHF lattices. Under low Mg**
concentration conditions, the mixture of positively and negatively
charged HuHF forms a tetragonal binary lattice, whereas when Mg**
concentration is raised, cubic lattices composed only of the negatively
charged variants and mediated by Mg’* contacts are observed.
Adapted with permission from ref 507. Copyright 2018 ACS.

In a follow-up study, the team explored the impact of divalent
Mg?* on 3D assembly.’”’ While the binary lattices were
maintained at low Mg** concentrations, high concentrations of
Mg*" led to the preferential formation of unitary cubic lattices
composed solely of the negatively charged ferritin cages with
Mg**-mediated interfaces. These unitary lattices were used as a
protein scaffold for the organization of metal oxide nano-
particles synthesized within the cages prior to crystal formation
(section 4.3.4).

Design of 3D protein assemblies can be simplified by using
symmetric building blocks, which are more likely to form long-
range, ordered protein assemblies than asymmetric building
blocks. Yeates and co-workers have proposed a “synthetic
symmetrization” strategy (Figure 65a) motivated by the
observation that protein oligomers tend to crystallize into
space groups that support the point group symmetry of the
oligomer.”” Synthetic symmetrization involves installing
residues that promote self-association on the surface of
asymmetric proteins to promote their crystallization. Accord-
ingly, the researchers installed Cys residues at various positions
on lysozyme to enable the formation of covalently linked

Figure 65. Synthetic symmetrization via Cys residues introduced by
mutagenesis. (a) Illustration of synthetic symmetrization. An
asymmetric protein monomer is represented by the figure “S”. Cys
residues introduced at different positions on the surface are shown in
yellow. Dimerization is achieved via disulfide bond formation.
Trimerization requires a trivalent mediator. (b) Illustration of the
approach using CelA. Eight positions were selected for mutation to
Cys. (c) Interface for disulfide-bonded monomers of the D188C
variant obtained by XRD. Very few contacts, other than the disulfide
bond, are observed. (d) Crystal packing of the D188C dimer. Adapted
with permission from ref 508. Copyright 2011 Wiley.

dimers.””> The lysozyme dimers were then screened for
crystallization, leading to the isolation of six crystal
morphologies that had not been previously observed in
lysozyme crystals. This work demonstrated that protein
symmetrization did not only improve protein crystallization
but also expanded the list of accessible crystal morphologies. In
a follow-up study, the monomeric protein CelA, known to be a
difficult crystallization target, was subjected to the same
disulfide bond-mediated dimerization approach (Figure 65b—
d).>*® This method of creating synthetic homodimers enabled
the crystallization of CelA and structure determination at 2.4 A
resolution.

The synthetic symmetrization approach was expanded to use
discrete metal-binding to promote self-association of asym-
metric protein building blocks into ordered assemblies. Using
T4 lysozyme (T4L) and maltose-binding protein (MBP) as
model systems, Laganowsky et al. installed His and Cys
residues and incubated the mutants with metal ions (Cu**,
Ni**, Zn?*) to form 3D protein crystals.’”” The metal-binding
sites were placed near the ends of the helices to form accessible
binding sites and reduce steric hindrance. Upon metal
addition, the proteins crystallized into 3D architectures
featuring metal—ligand interactions between the exogenous
metal and metal-binding amino acid residues at the protein
surfaces (His, Glu, Asp). Notably, the metal—ligand complexes
had octahedral, tetrahedral, and square planar coordination
geometries.

A related example of synthetic symmetrization via metal
binding was reported by Brodin et al., who developed ordered
metal-mediated assemblies in 1D, 2D, and 3D based on
RIDC3, a variant of the asymmetric building block cyt cbsg,.”"
As detailed in sections 3.4.3 and 3.5.3, in this assembly system,
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the strong Zn*" binding site first promoted association of two
RIDC3 molecules into an antiparallel dimer (symmetrization
of an asymmetric building block), and the dimers further
underwent long-range assembly through additional Zn*'-
mediated interactions.

The Zhao Group has used HuHF surface modifications to
generate 2D and 3D square arrays. By installing aromatic
residues—phenylalanine (Phe), tyrosine (Tyr), or tryptophan
(Trp)—at the 162 position of HuHF, Zhou et al. converted
the C, axis “hot spots” to hydrophobic patches prone to self-
association via 7—z interactions (Figure 66)."”° The Phe

Figure 66. 2D and 3D arrays based on HuHF bearing aromatic
residues at the C, axes. (a) Three 4-fold symmetry axes of the HuHF
nanocage. Glul62 near the axis is shown in red. (b) HuHF cages
bearing aromatic residues at the 162 position undergo assembly into
2D nanosheets (R = Phe) or 3D superlattices (R = Tyr or Trp). (c)
ns-TEM characterization of 2D arrays formed by Phel62 HuHF
variant. (d) Unit cell obtained by SAXS and ns-TEM micrograph of
3D superlattices formed from Tyr162 HuHF. Adapted with
permission from ref 470. Copyright 2018 ACS.

mutant gave rise to 2D assemblies, while both the Tyr and Trp
variants underwent further assembly into cubic 3D super-
lattices. The authors attributed the difference in assembly
outcome on altered configuration of the 7—7z contacts
depending on the aromatic ring substituents. The assembly
process was reversible and sensitive to pH and salt
concentration, parameters which influenced #—7m stacking
interactions and contributed to the screening of ferritin surface
charges.

In a further study, Zheng et al. explored the pH-dependent
formation of 2D and 3D arrays based on HuHF modification
with the amyloidogenic “GLMVG” peptide motif at the C,
symmetry axis."’' The hydrophobic motif was installed by
replacing the native residues 159—163 in a solvent-exposed
region around the C, axes with the amyloidogenic sequence. At
pH 9.0, the modified cages remained dispersed in solution.
However, under more acidic conditions (pH $.7), just above

the theoretical pl for ferritin (~5.3), they quickly formed 2D
sheets. With further incubation, the 2D assemblies first
increased in size and later transformed into cubic 3D arrays.
The same structures were observed at pH 6.5; albeit, the
assembly proceeded at a much slower rate.

With the diversification of approaches to protein surface
engineering, the pace of growth of the protein assembly field
has accelerated, producing an expanding range of ordered 3D
assemblies. In addition to augmenting the protein units
themselves, symmetrization of protein building blocks has
been a useful means to drive long-range, ordered assembly.

3.6.2. Effector-Mediated 3D Protein Assembly. The
addition of external functionalities as effectors to facilitate 3D
protein assembly has been a widely studied method. Small
molecules, nanoparticles, or polymers, whether added as part
of a physical mixture or covalently conjugated to the protein of
interest, widen the scope of potential interactions and
symmetry elements available to mediate the contacts between
proteins in ordered, extended assemblies.

3.6.2.1. Metal-Directed 3D Assemblies. The introduction of
metal-binding groups on protein surfaces is a common
approach to promote ordered protein assembly. In addition
to providing small-footprint binding motifs for developing
protein—protein interfaces, metal-coordination enables the
introduction of directionality and symmetry that promotes
organization.”’>*"”  Although selective mutagenesis of the
protein surface has proven to be successful for assembly
design, conventional methods employing only the canonical
amino acids are limited in terms of accessible metal-binding
functionality and geometric diversity.

To combat this limitation, researchers have harnessed
postsynthetic protein modification through conjugation of
small-molecule ligands onto the protein surface. In an early
study, Radford and Tezcan conjugated a Cys-specific
iodoacetamide derivative of phenanthroline (IA-Phen) ligand
onto Cys39 of a cyt cbgg, variant to form MBP-Phenl.””®
Titration studies with first-row transition metals indicated that
Ni(II) tightly associated with MBP-Phenl to form quaternary
structures. The MBP-Phenl mixture with Ni(Il) yielded
crystals with two different space groups, P2, and P6;22.
Specifically, MBP-Phenl assembled into unique triangular
structures with each vertex formed through the coordination of
a Ni atom to the phenanthroline ligand from one protein
monomer and His77 from another (Figure 67a), whereby
three Ni atoms were positioned in the same plane to form a
Ni;:MBP-Phenl; triangle. These trimers then stacked into a
hexagonal geometry to form the P2, and P6;22 crystals (Figure
67b). A closer examination of the crystal structures revealed
that the Phen groups fit into a small hydrophobic crevice
covered by a flexible loop and were further stabilized by a H-
bond between the Cys59 amide nitrogen and the Pro53
backbone carbonyl. These interactions stabilized MBP-Phenl
and favored the open configuration of the Ni;:MBP-Phenl;
complex, as the hydrophobic crevice sterically hindered a
second Phen group from coordinating to Ni and allowed only
one other monomer to coordinate through His77. In a follow-
up study, the researchers investigated the influence of the
hydrophobic environment on the Phen group and whether
alternative protein oligomers/frameworks can be achieved.’'’
In a similar study, Douglas and co-workers conjugated
phenanthroline ligands onto DNA binding protein from
starved cell (DPS) cages and induced iron-mediated
assembly.”'" Although the obtained assemblies were not
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Figure 67. Ni-mediated assembly of phenanthroline-modified cyt
cbsg, variant MBP-Phenl. (a) Nij:MBP-Phenl; assembly (left) and
coordination environment of Ni-PhenCS9 (right). (b) Ni;:MBP-
Phenl; lattice packing arrangement in the P2, and P6;22 crystal
forms. Adapted with permission from ref 208. Copyright 2009 ACS.

crystalline, this study represented another early example of
integrating exogenous metal-binding ligands on the protein
surface.

Sontz et al. applied MDPSA to create 3D crystalline protein
frameworks akin to metal organic frameworks (MOF) (Figure
68)."”” Specifically, by exploiting the inherent symmetries of
octahedral (432) HuHF cages and C,-symmetric ditopic
organic linkers, the researchers successfully formed large,
modular crystalline frameworks that were termed protein-
MOFs. They prepared the "'***HuHF variant, positioning His
residues at the C; rotation axes of the cage, to generate tripodal
coordination motifs for Zn** ions. Incubation of ™?*"HuHF
with Zn*" yielded crystals with face-centered cubic (fcc)
packing, where Zn®* ions located at the C; axis pores adopted
near-ideal tetrahedral geometries between the three His122
residue &-N’s and a water molecule. Characterization of the
mixture in solution by DLS suggested that the Zn ions did not
drive solution-phase assembly. In contrast, addition of the rigid
ditopic linker benzene-1,4-dihydroxamic acid gave rise to
rhombic dodecahedral crystals in solution. Structure determi-
nation at 3.8 A resolution revealed a body-centered cubic (bcc)
lattice (1432 space group) with electron density at the expected
organic linker position. This work introduced a new class of
hybrid protein framework materials composed of a ternary
mixture of proteins, metals, and organic linkers, where the
proteins acted as large nodes bridged by metal ions and organic
linkers."”” In follow-up studies, Bailey et al. expanded the
library of protein-MOFs. By screening different dihydroxamate
linkers with various metal ions (Zn**, Ni**, and Co?*), they
obtained an array of lattice arrangements (15 ferritin-MOFs),
demonstrating the modularity of the system.”'”>"> One of the
permutations led them to fdh-Ni-HuHF, a protein-MOF with
unusual thermomechanical properties detailed in section 4.4.

3.6.2.2. 3D Assemblies through Receptor—Ligand Inter-
actions. In addition to metal-binding organic linkers,
receptor—ligand interactions have also been employed to
mediate 3D protein assemblies. Early works by Sacchettini and
Brewer investigated the sugar-mediated assembly of the lectin
protein soybean agglutinin (SBA).”'**'> SBA is a tetrameric

Figure 68. Protein-MOF assembly. (a) Metal/linker-directed self-
assembly of ferritin into 3D crystals. (b) bec packing of the bdh-
Zn-T"Mferritin lattice, mediated by bdh?~ bridges across the C,
symmetric ferritin interfaces. (c) View of C; symmetric interfaces
between neighboring ferritin molecules, showing the lack of direct
protein—protein contacts and the presence of electron density
between Zn** ions (2Fo—Fc map: blue-16; Fo—Fc map: green-30).
(d) Structure of H,bdh linker. (e) Closeup view of the three
crystallographically related bdh®~ rotamers that bridge neighboring
ferritin cages. (f) Modeled bdh-Zn coordination. Adapted with
permission from ref 129. Copyright 2015 ACS.

protein that specifically binds to GalNAc/Gal sugars. In the
presence of bivalent saccharides, SBA is cross-linked and forms
a hexagonal lattice with a P6,22 space group, which differs
from the crystals of the free protein.’'* In a related study,
different ligands were used to cross-link SBA, which gave rise
to crystals with the same P6,22 space group but different unit
cell dimensions.”’> A subsequent study by Dotan et al.
described the formation of 3D protein assemblies exploitin§
another tetrameric lectin protein, concanavalin A (ConA).”"

Similar to the work by Sacchettini and Brewer, Dotan et al.
used a bivalent saccharide with C, symmetry to rationally
connect ConA units. Interestingly, the quaternary structure of
ConA is almost tetrahedral, and the researchers surmised that
the addition of a symmetric ligand would yield a diamond-like
lattice. Bismannopyranoside, a bismannoside (bis-Man) unit
with a C, spacer, was synthesized and incubated with ConA to
form a protein crystal. Analysis of the 6-A resolution structure
revealed a pseudocubic orthorhombic unit cell (F,,, space
group). Results from single crystal XRD and auxiliary electron
microscopy observations confirmed that ConA formed a
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diamondlike lattice as intended by rational design. These
investigations of sugar-binding proteins provide some of the
earliest examples of 3D protein crystals whose lattice
arrangements were dictated by synthetic effector molecules.
In a more recent study, Sakai et al. displayed added control
over ConA Man-mediated assembly."®” Rather than using
symmetric bis-Man linkers, the researchers conjugated RhB
onto Man, with an oligo(ethylene glycol) spacer, and relied on
the n—n stacking-mediated dimerization of RhB to drive
protein assembly. Control of the spacing between the sugar
groups and RhB enabled the assembly of ConA into
interpenetrating and noninterpenetrating lattices. When three
repeating units of ethylene glycol were used as the spacer,
ConA formed lattices with P2, packing, a noninterpenetrating
protein crystalline framework. However, extending the linker
to four repeating units led to the formation of an P2,2,2
interpenetrated lattice (Figure 69). As discussed in sections

Figure 69. Molecular packing of the Concanavalin A (ConA) and
Mannopyranoside-RhB ligands in the 3D crystal. (a) Packing in one
layer of the crystal. (b) Simplified packing model. ConA units shown
in red and blue. Molecules of the same color are cross-linked via
dimerizing ligands. (c) The conformation of the ligand at the
dimerization interface. Adapted with permission from ref 482.
Copyright 2014 NPG.

3.4.1 and 3.54, the coupling of protein—ligand binding and
dimerization of RhB moieties by 7—x interactions has been a
versatile approach to generate ordered protein assemblies in
1D, 2D, and 3D.”7*>454

3.6.3. Electrostatically Directed 3D Protein Assembly.
3.6.3.1. 3D Assemblies Mediated by Small Molecules.
Electrostatic charge complementarity between the protein
surfaces and effectors is one of the most accessible approaches
for forming ordered 3D assemblies. Kostiainen and co-workers
have incubated ferritin with various cationic molecules to form
such assemblies.’””*'” In one study, Mikkila et al. used zinc
phthalocyanine (ZnPc) and pyrene derivatives to induce
cocrystallization of a ferritin variant.>* Specifically, the pyrene
and ZnPc small molecules formed a supramolecular complex
carrying a positive charge, which acted as a molecular glue to
facilitate protein—protein contacts between the negatively
charged patches on the ferritin surface to mediate the
formation of cocrystals. The resulting ternary lattices displayed
fec packing and retained the optical properties of the dye
molecules. In a conceptually related study, upon screening the
coassembly of apoferritin from Pyrococcus furiosus with a
library of cationic macrocyclic cyclophane hosts, Beyeh et al.
found that by optimizing the number and orientation of
electrostatic interactions between the protein cage and host
molecule it was possible to generate porous cyclophane-cage
networks.”'” A pillar[S]arene with ten protonatable amines
was shown to be an optimal host, giving rise to porous
framework structures containing large interconnected voids
between the protein cages. The macrocycles were located at
the C; axes of ferritin, electrostatically bridging the proteins to
form a fec lattice. The authors envisioned the use of the
frameworks in heterogeneous catalysis by using the cyclo-
phanes to trap guest molecules in close proximity to catalytic
sites on the biomolecules or for the development of water
remediation materials.

Similar studies of protein-small molecule assemblies were
carried out by Crowley and co-workers with the protein
cytochrome ¢ (cyt ¢) and the sulfonato-calix[8]arene (sclxg)

Figure 70. Co-crystallization of cyt ¢ and sulfonato-calix[8]arene (sclxg). Crystal packing in space groups (a) P3, (b) H3 and (c) P4;2,2. Cyt ¢,
sclxg, and unit cell axes are depicted in gray, green, and blue, respectively. (d—f) The sclxg mediated protein—protein interaction for each lattice.

Adapted with permission from ref 518. Copyright 2018 Wiley.
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Figure 71. Pre- and postfunctionalization of CCMV—avidin cocrystals through biotin—avidin interactions. Methods 1 and 2 describe the pre- and
postfunctionalization approaches, respectively. Both methods yield a functionalized 3D crystalline array. Adapted with permission from ref 279.

Copyright 2014 NPG.

macrocycle.”'® Upon screening different crystallization con-
ditions, the researchers found that sclxg acted like a molecular
glue by facilitating the formation of cyt c-sclxg complexes in
three different crystal forms (corresponding to the space
groups P3,, H3, and P4;2,2). Under various conditions, sclxg
adopted similar extended conformations and was sandwiched
between two cyt ¢ units. Specifically, two double cone
calixarenes were closely packed around the K4 residues of
the protein (Figure 70). In a follow-up study, Engilberge et al.
demonstrated that crystal porosity can be modulated with
another positively charged small molecule, spermine.’’” Taking
advantage of the host—guest interactions between spermine
and sclxg, the researchers could modulate sclxg-mediated
protein self-assembly by spermine addition and obtain four
additional crystal structures. Applying a similar approach, in
combination with metal-dependent interactions, Guagnini et
al. were able to control the crystal lattice formation of
Penicillium chrysogenum antifungal protein B (PAFB), an
anionic protein rich in His residues.””” On its own, PAFB
has been shown to crystallize into a C,-symmetric lattice with
1.1 nm wide pores. Upon the cocrystallization of PAFB with
Zn** and sclxg, crystals of H32 symmetry with 2.2 nm wide
pores were formed. The Zn** ions formed trinuclear metal
clusters and mediated protein assembly. Both supramolecular
interactions—sclxg complexation and zinc coordination—
worked in synergy to alter the resulting crystal lattice. Similarly
relying on electrostatic contacts between protein and effector,
Voet and colleagues used polyoxometalate clusters that carry a
negative charge with de novo-designed oligomeric proteins
Pizza-6s and Tako8 to generate cocrystals with various packing
geometries.sm’522

3.6.3.2. 3D Assemblies through Interactions with Nano-
particles. Further taking advantage of the tunable effective net
charge on protein surfaces, researchers have exploited the
complementary electrostatic interactions between proteins and
nanoparticles of different composition (metal, polymer, other
proteins) to control protein self-assembly. For example,
Kostiainen et al. incubated positively charged, 7—9 nm
AuNPs with CCMV or ferritin, protein cages that carry

patches of negative charge, to form ordered binary 3D
lattices.””> The mixture of CCMV and AuNPs produced
ABg lattices, a lattice type that had only previously been
observed for large colloidal polymer particles and did not have
a known atomic or molecular crystal counterpart. On the other
hand, the mixture of ferritin and AuNPs gave rise to
interpenetrating simple cubic AB lattices akin to CsCl crystals.
This study illustrated the potential of using small inorganic
particles to organize patchy proteins into ordered 3D
assemblies.”’” Further examples of functional 3D protein
assemblies incorporating metal nanoparticles are described in
section 4.3.4.

Liljestrom et al. furthered this design approach by using a
protein as the oppositely charged counterpart to the larger
protein cages instead of AuNPs. Upon incubating CCMV with
avidin, they observed self-assembly of binary 3D lattices
integrating both protein types.”’”” Avidin is a 7.5 nm wide
protein with an isoelectric point of ~10.5. Both the size and
charge of avidin work synergistically to facilitate the
coassembly of a binary lattice with CCMV cages. The resulting
lattice could be modified pre- and postassembly through the
binding of biotinylated fluorescent dyes to the avidin molecules
incorporated in the lattice (Figure 71). The same biotinylation
strategy was used to immobilize HRP or AuNPs within the
lattice. This work represents another example of exploiting
global electrostatic interactions between protein particles to
form ordered 3D arrays.””’

Charged dendritic polymers provide a modular synthetic
system for mediating protein assembly through electrostatic
interactions. Upon the incubation of CCMV with a cationic
PAMAM dendrimer, Kostiainen et al. formed a hybrid 3D
protein—polymer array.”’' By screening differently charged
cationic polymers and ionic environments, they determined
that effectors carrying a charge greater than +4 (corresponding
to four cationic amines) were necessary to achieve complex-
ation. In a follow-up study, Liljestrom et al. incubated ferritin
cages with PAMAM to yield ordered 3D lattices.”** Screening
different salt conditions allowed them to control the lattice
packing between cubic and hexagonal arrangements.
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Figure 72. Construction of a VLP-based macromolecular framework. Negatively charged P22 VLPs are mixed with either (a) Dec cementing
proteins or (b) positively charged PAMAM generation 6 dendrimers (G6) to form an amorphous array or an ordered array, respectively. (c) High
ionic strength conditions disrupt the P22-G6 interaction. (d) Dec cementing proteins added to the P22-G6 lattice lock the P22 particles in place,
preserving the ordered structure. (e) High ionic strength conditions are used to wash away the G6 dendrimers, leaving behind a protein-only lattice.

Adapted with permission from ref 293. Copyright 2018 ACS.

Figure 73. Multicomponent protein—DNA lattices. (a) Synthesis and assembly of a protein—DNA lattice. (i) The surfaces of both catalases are first
functionalized with N3 moieties. (ii) They are then conjugated with two distinct DNA strands (Oligo A and B) via strain-promoted cycloaddition
“click chemistry”. (iii) Hybridization of linker strands to the DNA—protein conjugates and subsequent mixing of the two (iv) results in the
assembly of the proteins into a BCC unit cell. (b) Illustrations of single protein, binary protein, and binary protein-AuNP lattices mediated by DNA
hybridization. Adapted with permission from ref 297. Copyright 2015 National Academy of Sciences.

Following up on this work, Douglas and co-workers used
cationic dendrimers to preorganize the VLP P22.””* VLP P22
exhibits a negative charge on its surface and is able to bind to
the capsid decoration protein (Dec). Upon creating C,
symmetric Dec proteins and incubating them with P22, the
researchers were able to lock the P22 cages into place after
initially templating 3D lattice formation via interaction with
the dendritic polymer (Figure 72). The strong binding of Dec
to P22 produced a highly cross-linked protein material which
contributed to capsid stabilization. The dendrimer-mediated
templating step was important in the preparation of the
material, as simple mixing of Dec with P22 cages led to the
formation of amorphous protein aggregates.

Interactions between proteins and small molecules, proteins,
or polymers bearing complementary charge states exploit

electrostatic interactions to facilitate ordered assemblies. These
assemblies highlight the generalizability of the approach for
future development.

3.6.4. 3D Protein—DNA Hybrid Lattices. The base
pairing of complementary nucleic acid sequences is another
type of interaction that has been widely used to organize
biomolecules into ordered arrays.”***** Researchers have used
nucleic acids to create an expansive library of nanoscale
architectures, primarily through the highly specific Watson—
Crick base-pairing interactions between DNA strands with
designed sequences.’”***° Important advantages of incorpo-
rating nucleic acids into designed assemblies include
predictable interparticle distances, controllable annealing/
melting temperatures, and precise spatial addressability
controlled by sequence design.’**>>%*’
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The predictability of nucleic acid sequence-dependent
pairing interactions allows researchers to rationally design
assemblies and has been used synergistically with proteins to
create hybrid materials. Exploiting the specificity of DNA,
Strable et al. conjugated single-stranded DNA onto the surface
of cowpea mosaic virus (CPMV) cages and incubated them
with another batch of CPMV labeled with complementary
DNA strands.”” At 4 °C, the CPMV—DNA conjugates
assembled into small hexagonal arrays and grew into 3D
aggregates after heating to 35—40 °C. In later reports,
researchers have been able to create more ordered lattices
using DNA. For example, Cigler et al. successfully utilized
DNA and AuNPs to organize VLP QJ cages into ordered 3D
lattices.””” By decorating the surface of the Qf cages and
AuNPs with DNA, the researchers were able to form particles
with a corona of DNA strands having similar effective radii to
the cages and enabled the formation of 3D lattices detectable
by SAXS.

Building on earlier studies in which complementary DNA
strands conjugated to nanoparticle surfaces were used to build
lattices,”*”>*° the Mirkin Group has explored the extended
assembly of proteins into ordered assemblies mediated by
DNA base-pairing.””” The chemically rich protein surfaces
were selectively conjugated to DNA to facilitate interparticle
connectivity and control spacing. Brodin et al. developed
protein—DNA hybrid superlattices using two different variants
of the enzyme catalase as building blocks. The surface amine
residues were functionalized with azide moieties and further
labeled with DNA strands via azide-alkene cycloaddition
(Figure 73). The resulting protein—-DNA conjugates and
DNA-bearing AuNPs were mixed and thermally annealed in
different combinations to yield single-component and multi-
component enzyme crystals that retain enzymatic activity upon
assembly. Follow-up studies demonstrated that lattice arrange-
ments of protein and nanoparticle components, as well as
pathways of crystallization, could be tuned by controlling the
DNA labeling location on the protein and modulating
repulsive interactions between the DNA-bearing nanopar-
ticles.”?%!

Hayes et al. increased the complexity of the protein—DNA
conjugated building block by creating self-assembled Janus
nanoparticles (i.e., protein—DNA constructs modified with two
sets of DNA strands of distinct sequences capable of
orthogonal assembly with additional DNA-bearing
AuNPs).>** First, they created a GFP variant with evenly
distributed Lys residues and a single Cys on the surface.
Disulfide chemistry was used to label the Cys residue with a
single DNA strand while N-hydroxysuccinimide (NHS) ester
chemistry was used to conjugate the Lys residues to DNA
strands with an orthogonal sequence (Figure 74a). This
procedure created a building block with a set of orthogonally
addressable DNA-binding domains. Another batch of GFP was
labeled with a complementary strand at the Cys and a different
DNA sequence at the Lys residues. Annealing the two types of
GFP-DNA building blocks yielded dimers linked by a DNA
duplex and exposing two sets of DNA strands of different
sequence on either side. The protein—DNA Janus dimers were
integrated into multicomponent superlattices upon mixing
with DNA-conjugated AuNPs and silver nanoparticles
(AgNPs), or AuNPs of different sizes, bearing sequences
complementary to both sides of the Janus particle (Figure 74b,
c). The low symmetry of the Janus particle design enabled the
formation of complex multicomponent lattices whose lattice

Figure 74. Protein—DNA Janus nanoparticles as building blocks for
complex, multicomponent superlattices. (a) Design of protein—DNA
Janus nanoparticle. (b) Multicomponent superlattices composed of
Janus nanoparticles and (left) 10 nm AgNPs and AuNPs or (right) S
and 10 nm AuNPs. (c) TEM micrograph of the superlattice from part
b (right) embedded in silica reveals layers of 5 and 10 nm AuNPs.
Adapted with permission from ref 532. Copyright 2018 ACS.

dimensions could be selectively and anisotropically controlled
by changing the length of one set of interparticle DNA
connectors.

Winegar et al. addressed DNA-directed protein crystalliza-
tion in the context of single crystal formation. They
systematically studied how DNA sequence, length, and
protein-attachment position affect the formation and packing
of GFP crystals.”*® Upon crystallization of GFP and GFP—
DNA conjugates, the researchers observed different packing
arrangements, indicating that DNA affected the protein—
protein interactions. Interestingly, the crystal contacts were
observed between two proteins while electron density
corresponding to DNA was not detected. Furthermore, the
length and labeling position of DNA were found to affect the
crystallization of GFP. Longer DNA strands inhibited
crystallization, while different positions did not hinder the
protein—protein interactions. Through this study, the effects of
protein labeling on self-assembly were elucidated to better
design 3D assemblies. Most recently, Partridge et al. showed
that replacing a highly conserved protein—protein interaction
with DNA—DNA interactions provided a means to modulate
the crystallographic packing of proteins through programmable
DNA sequences, which in some cases could be crystallo-
graphically resolved.***

As described in section 3.5.3, Subramanian et al. have
contributed a different approach to the design of nucleoprotein
architectures by designing and studying the assembly proper-
ties of metal-binding RIDC3—DNA chimeras.””® The for-
mation of the resulting 3D crystals depended on the intricate
balance of Watson—Crick base-pairing, metal-protein binding,
and nucleic acid—protein interactions.
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Figure 75. Thermal and chemical stability of designed protein assemblies and their components. (a) Denaturation of MIC1 in various assembly
states (monomer, Cu’*-mediated cage, cage + EDTA, cage + EDTA + Cu’" (rescued assembly)) induced by GuHClI titration (left) or thermal
denaturation (right) monitored by CD spectroscopy at 222 nm. (b) Stability of monomeric and self-assembled RIDC3 in THF and iPrOH. (c)
Thermal and pH-dependent stability of TRAP cages tracked by native PAGE and ns-TEM. (d) Thermally induced unfolding of the Ico8 protein
cage and the TriEst subunit monitored by changes in molar ellipticity at 222 nm (left) and by light scattering (right). (a) Adapted with permission
from ref 401. Copyright 2013 NPG. (b) Adapted with permission from ref 204. Copyright 2014 National Academy of Sciences. (c) Adapted with
permission from ref 200. Copyright 2019 NPG. (d) Adapted with permission from ref 142. Copyright 2019 ACS.

Given the large body of work in the areas of protein and
DNA assembly in isolation, the synergistic effects of combining
the two types of biological building blocks represents an
exciting avenue of research for the development of functional
biomaterials.”*

4. PROPERTIES, FUNCTIONS, AND APPLICATIONS OF
DESIGNED PROTEIN ASSEMBLIES

As summarized in section 2.1, natural protein assemblies
present an immense structural diversity across many length
scales. Their structures and dimensionality are intimately
connected to their properties and biological functions.
However, while the structures of protein assemblies generally
dictate their function, shape and structure alone are not
sufficient to carry out biological roles. Indeed, the activities of

protein assemblies often require stimuli-responsive behavior
and dynamic interactions with the environment, which cannot
be simply derived from a static structure.

Given the inherent challenge of designing protein—protein
interactions and self-assembly, early efforts in designed protein
assembly or protein nanotechnology have justifiably focused
on developing tools and strategies to construct protein
assemblies with desired shapes and structures (section 3).
Within the past decade, the field has begun to transition from
purely structure-building to the generation of new properties
and functions. This rapid progress has been enabled not only
by advances in the field of biomolecular design but also by the
outstanding chemical and structural versatility of proteins as
building blocks (compared to other biomolecular building
blocks such as DNA/RNA or peptides), their facile
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manipulation and production in large quantities by cells, and
their capacity to be readily interfaced with biological and
abiological components.

In this section, we aim to provide an overview of designed
protein assemblies with emergent properties, functions, and
applications that reach beyond mere “structure”, ranging from
highly stable and switchable/reconfigurable systems (sections
4.1 and 4.2) to protein assemblies that serve as active scaffolds
(section 4.3), dynamic assemblies with novel material
properties (section 4.4), and architectures with sophisticated
biochemical functions (section 4.5). It is important to note
that there are many protein- or peptide-based systems/
materials that fit under these classifications.'”>***7>*" As in
the previous sections, for the sake of focus, we will only cover
designed and structurally well-defined protein architectures
whose properties, functions, and applications derive from their
self-assembly. For natural protein assemblies which have been
engineered or tailored for added functions, the reader is
referred to other excellent reviews.”"*>%%%

4.1. Stability of Protein Assemblies

Although protein stabilization by self-assembly is not an added
function per se, it is an emergent property that can have
important implications for potential functions and applications
of a protein. Most natural proteins are only stable in a narrow
window of temperature, pH, and other solution conditions, in
addition to being prone to chemical and physical denaturation.
Thus, their use in industrial processes often requires extensive
engineering, chemical modification, or immobilization.>** >
For example, covalent cross-linking of enzyme assemblies,
aggregates, or crystals is commonly applied to increase their
stability and durability under processing conditions.'*”>*"~>>*
Similarly, from a biological perspective, stabilization of a
protein can impart resistance to degradation by prote21se5553’554
and raise its tolerance to mutations, thereby increasing the
extent of its evolvability.

It is safe to predict that the assembly of any protein building
block into well-ordered oligomers or extended structures is
likely to improve its stability by increasing the number of
favorable intermolecular interactions, decreasing the total
solvent-exposed surface area, and restricting the conforma-
tional space of each building block.""’ Yet, the stability of
designed protein assemblies, or the stabilization of protein
components due to self-assembly, has only been explicitly
reported in a few instances. As mentioned in section 3.3.4,
Huard et al. redesigned the intermonomer interfaces in the 24-
meric ferritin cage to make its self-assembly dependent on
Cu** coordination (Figure 37).*°" The engineered ferritin
monomer MIC1 enabled the isolation of individual ferritin
monomers and study of their properties. The authors found
that MIC1 became significantly more resistant to unfolding
upon Cu-directed self-assembly, as evidenced by an increase of
its thermal denaturation midpoint from 39 °C (monomer) to
>87 °C (cage) and the guanidine hydrochloride unfolding
midpoint from 1 M (monomer) to 5.2 M (cage) (Figure 75a),
based on CD spectroscopy results. Cage formation alone was
estimated to stabilize each MIC1 monomer by 30 kJ/mol, a
value comparable to the folding free energy of a stable, globular
protein such as cyt ¢.”>> Cu?* coordination made an additional
stabilization contribution of 3—6 kJ/mol per monomer.

Using UV—vis spectroscopy and ns-TEM, Brodin et al.
determined that their Zn-mediated 1D and 2D RIDC3
assemblies (sections 3.4.3 and 3.5.3, Figure 46) were not

only thermostable up to ~70 °C and ~90 °C, respectively, but
also maintained their structural integrity and dispersity in polar
organic solvents such as tetrahydrofuran (THF) and isopropyl
alcohol (iPrOH) at >90% (v/v) concentrations. In contrast,
individual RIDC3 monomers unfolded at 30% (v/v) THF and
50% (v/v) iPrOH, demonstrating the drastic stabilization
effect of self-assembly (Figure 75b).”"* Because the metal-
directed assembly process is minimally invasive and the protein
monomers can be recovered in their native form upon metal
chelation, this strategy is promising for generating heteroge-
neous enzyme catalyst systems that can operate under
industrial processing conditions.

More recently, Malay et al. reported that their Au*-directed,
TRAP cages with an unusual snub-cube geometry (section
3.3.3, Figure 35) were also highly stable.””’ Through gel-
electrophoresis and TEM experiments, these ~2 MDa cages
were found to resist disassembly at high temperatures (>95
°C), in a wide range of solution pH conditions (pH 3 tol3)
and in the presence of high concentrations of chaotropes (>7
M urea, > 5% SDS) (Figure 75c). Despite their high stability,
the TRAP cages could be readily disassembled by adding
chemical reducing agents that induce dissociation of the Au—
Cys coordination bonds.

The stabilization effects are not limited to metal-directed
protein assemblies. Hsia et al. observed that their computa-
tionally designed icosahedral cage (I3-01, section 3.3.2, Figure
32) could maintain its structure at up to 80 °C and 6.7 M
guanidine hydrochloride, owing to both the stability of the
individual trimeric building blocks and the hydrophobic
intertrimer interfaces.””” The high stability of I13-01 also
made it robust to genetic fusion, enabling its modification with
multiple copies of GFP or designed protein pentamers without
perturbation of the underlying icosahedral architecture.

Similarly, Cristie-David et al. reported an extremely stable
icosahedral assembly (Ico8) designed through the fusion of a
trimeric esterase (TriEst) with pentameric coiled coils (section
3.3.1, Figure 29). The researchers determined by CD and DLS
measurements that Ico8 cages remained intact at 120 °C or in
8 M guanidine hydrochloride, while the TriEst building blocks
were denatured at 75 °C or in 1.5 M guanidine hydrochloride
(GuHCI1)'** (Figure 75d). Interestingly, Ico8 displays
considerable conformational flexibility due to the flexible
peptide linker between the TriEst and coiled-coil components,
indicating that structural rigidity is not necessary for high
stability as has been suggested for viral capsids.””*" >
Importantly, like MIC1 and RIDC3 assemblies, the TriEst
system provides another compelling example of how
cooperative effects arising from the formation of multiple
intersubunit interactions during self-assembly can lead to a
dramatic stabilization of the individual protein building blocks.

4.2. Stimuli-Responsive and Reconfigurable Protein
Assemblies

A critical feature of natural proteins and protein assemblies is
their ability to respond to environmental stimuli by changing
their structure or assembly state."”**> Such structural
responsiveness and reconfigurability are imperative for the
cellular control of protein functions in time and space. In
chemical terms, responsiveness and reconfigurability are
associated with reversible interactions that can be readily
formed and broken without excessive energy input and can be
controlled by mild chemical and physical stimuli. Such
bonding fluidity within protein—protein interfaces enables,
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for example, microtubule extension (polymerization) and
shrinkage (depolymerization) in a nucleotide-dependent
fashion,”* viral capsid assembly/disassembly and morphology
changes,”®" and highly cooperative hemoglobin-O, binding
that is at the same time modulated allosterically by pH,
temperature, CO,, and biphosphoglycerate.>®*

Traditionally, protein assembly design has focused on the
optimization of energetically favorable interactions between
the protein components (or within a protein sequence) to
obtain the thermodynamically preferred products.'*>***7%
This focus on energy minimization has favored singular
architectures that assemble predominantly via the formation
of quasi-irreversible, hydrophobic interactions and thus reside
in deep energy minima. This mode of self-assembly is prone to
produce kinetically trapped, disordered aggregates and yields
structures that are rigid and static. In contrast, the free-energy
landscape of a responsive/reconfigurable protein assembly
should contain multiple minima that the system can occupy in
a condition-dependent manner. Such a traversable energy
landscape can, in essence, be realized with any mode of
protein—protein association that is mediated by metal-
coordination (so long as the metal ions are substitution
labile),!?3:200:202:200397 oo ctrostatic interactions,”’” li-
gands”**5 or host—guest interactions,’***'* reversible
covalent bonds,**® nucleic acid base airing,440 depletion
forces,***%” and surface interactions.”>”**° These types of
interactions are reversible and readily modulated by mild
stimuli, enabling error-correction and greatly facilitating the
formation of well-ordered protein architectures with proper
tuning of assembly conditions.”’

Another important advantage of externally controllable
assembly strategies is their modularity. They open the door
to multiple different assembly states from a single protein
building block, which is difficult to achieve solely through the
design of direct protein—protein interactions. Many such
protein assemblies were described in section 3 as well as in
other reviews; some notable examples include the construction
of alternatively structured lattices and arrays of ferritin,” "'
CCMV,”> M13 phage,"***® LecA,* TMV,">*" lectin,***
and RhuA.”*” As we will discuss further in section 4.3, such
lattices and arrays have been used as versatile scaffolds for
constructing functional materials.

In this section, we will highlight some studies that explicitly
touch on the responsiveness and reconfigurability of protein
assemblies and the functions/properties that stem from
tunable protein—protein interactions or assembly strategies.
We also note that there have been exciting advances in the
rational design of protein-based switches and responsive
signaling systems based on protein dimerization
events; 7320322323,336,355,356.359 o refer the reader to the
extensive literature on these topics.*'*°%

4.2.1. Stimuli-Responsive Protein Assemblies. It is
important to note that responsiveness (a landscape with many
energetic minima) does not preclude structural order and
stability (a landscape with deep energetic minima). Indeed, the
aforementioned Zn-directed 1D, 2D, and 3D RIDC3
crystalline arrays®”*** and the Au-mediated TRAP cages””
are exceptionally stable with respect to chemical and thermal
denaturation, yet they can be readily disassembled upon
chelation of the metal ions or chemical reduction. In fact,
RIDC3 arrays provide an apt example for reconfigurability,
since the kinetics of the Zn-mediated self-assembly process can
be controlled by adjusting solution pH or the metal

concentration to direct the assembly toward kinetically (1D
nanotubes) or thermodynamically (2D and 3D crystalline
arrays) preferred products.””>*** Furthermore, the 1D nano-
tubular RIDC3 assemblies can be directly converted into 2D
assemblies by raising the temperature to or above 80 °C,
lowering the solution pH, or lowering Zn concentration.”””

In artificial cagelike protein assemblies, stimulus-responsive
assembly/disassembly behavior is critically relevant to their
proposed controllable molecular encapsulation and release
functions. For example, such behavior is displayed by the Au-
TRAP architecture as outlined above.”” Cristie-David et al.
designed a trimeric TriEst-peptide chimera, based on their
protein-fusion-mediated assembly strategy described earlier
(section 3.3.3), wherein the peptide domain was engineered
with an i/i+4 bis-His motif to form a trimeric coiled-coil
domain upon metal-coordination.’”” The researchers observed
a moderately efficient formation of the desired tetrahedral cage
complex in the presence of Ni** (65—75% yield). As designed,
treatment with metal chelators or lowering of solution pH
induced complex dissociation.

Similarly, the disassembly of Fe®'- and Zn*'-dependent
BMC3 cages (section 3.3.3, Figure 36) designed by Golub et
al. could be triggered not only by elevated temperatures (>70
°C) or metal chelation but also by treatment with the strong
chemical reductant dithionite (E.q < —500 mV).'”® By
contrast, ascorbate, a weaker reductant (E,; > —100 mV),
was considerably less effective, as it has a higher reduction
potential than the Fe**-tris-hydroxamate centers responsible
for the formation of the C; symmetric vertices. The redox-
dependent switchability of BMC3 cages mimics a key feature
of bacterial siderophores: in the cytosol, reduction of the
tightly bound Fe®* centers to Fe*" labilizes the ions, thus
promoting their release.””” Importantly, owing to their tightly
packed shells, BMC3 cages could encapsulate small fluoro-
phores and release them upon chelation-driven disassembly.

Aida and co-workers have taken advantage both of their
reversible assembly strategy and the inherent properties of
their GroEL building block to design switchable 1D
assemblies.”">*!7*3**% A described in Ssection 3.4.3 (Figure
45), the barrel-shaped GroEL complex, modified with SP
moieties that undergo isomerization to MC on its top and
bottom faces, polymerized into micrometer-long nanotubes in
the presence of divalent ions, which bind to MC in a 2:1
ratio."'” As reversible SP-MC isomerization can be effectively
triggered by UV (SP — MC) and visible (MC — SP) light, the
researchers were able to control nanotube assembly and
dissociation by irradiating the solution, thus providing the first
example of light-controllable, artificial protein assemblies.**”

Further expanding the versatility of the GroEL system,
Kashiwagi et al. engineered an alternative strategy for nanotube
assembly. The Cys-modified GroEL barrels were conjugated to
complementary DNA strands (GroEL,,, and GroEL,y,) and
assembled through multivalent strand complementarity into
stable 1D nanotubes.**’ In this case, nanotube disassembly
could be triggered by a strand displacement reaction, wherein
an invading DNA strand was added and formed a more
thermodynamically stable duplex with the GroEL—DNA
conjugate than the duplex connecting the building blocks,
thus disrupting the binding between hybridized GroEL—DNA
units and disassembling the nanotube.

In addition, Biswas et al. leveraged the natural ability of
GroEL to undergo ATP-dependent conformational changes,
which is essential for its biological function as a protein-folding
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Figure 76. Stimuli-responsive, switchable protein assemblies. (a) Mg**-mediated GroELyc nanotube formation and ATP-triggered
chemomechanical nanotube scission. (b) Thermodynamic model for allosteric assembly of the engineered CI2 variants controlled by temperature
and C-peptide concentration. All the engineered variants populate the same five species: native monomer (N), fold-switched monomer (switch),
hexamer (H), dodecamer (H2), and unfolded monomer (U). (c) Adenylate kinase (AKe) in open and closed state (left) and structural transition
of AKe-based protein amphiphile assembly from 1D nanofilament to 2D rectangular nanosheet upon ApSA binding. (a) Adapted with permission
from ref 203. Copyright 2013 NPG. (b) Adapted with permission from ref 363. Copyright 2019 NPG. (c) Adapted with permission from ref 485.

Copyright 2019 ACS.

chaperone, to establish an alternative trigger for nanotube
disassembly.””> The researchers demonstrated that Mg-
mediated GroELyc nanotubes, containing on average 20
GroELy¢ units, could be dissociated into smaller units upon
incubation with ATP (Figure 76a). This observation was
attributed to a chemomechanical effect, in which the ATP-
mediated conformational changes in GroELyc led to a
decrease in the multivalency of MC-Mg-MC interactions
between the building blocks. They further demonstrated that
this effect was specific to ATP, CTP, and UTP, which trigger
conformational changes in GroEL, but was not observed with
ITP or GTP, thus providing strong support for the proposed
basis of the chemomechanical effect.

In a similar vein, Campos et al. designed a toroidal protein
assembly whose formation could be induced by a fold-
switching mechanism involving a small monomeric protein,
chymotrypsin inhibitor 2 (CI2).>** The design was based on
the observation that in the P622 symmetric crystal lattices of
CI2 obtained under certain solution conditions, the C-terminal
P-strand of each monomer was displaced from the hydro-
phobic protein core to associate with a crystallographically
related neighbor. Based on the assumption that this domain-
swapping event could stabilize the dodecameric, Dg-symmetric
substructures seen in the lattices, the researchers engineered
CI2 to destabilize the interactions between the hydrophobic
protein core and the C-terminal S-strand. The resulting variant
CI2.,, was indeed observed to form hexameric and
dodecameric assemblies in solution. Thermodynamic and
structural analyses of CI2,, and its assemblies indicated that
the assembly was promoted by the C-terminal displacement
from the monomers to expose their hydrophobic cores, which
in turn stabilized the key intermonomer interactions. The
researchers could assert control over CI2,, assembly both by
temperature, which modulates the CI,, conformational

equilibrium, and the addition of a peptide sequence
corresponding to the C-terminal strand, thus providing an
exciting demonstration of metamorphic protein engineering”’’
for stimuli-responsive architectures (Figure 76b).

In another set of examples for conformationally gated
protein assembly, Yan and co-workers took advantage of the
switchability of the signaling protein calmodulin (CaM), which
undergoes a large Ca*"-dependent structural transformation to
bind target proteins and peptides. In one study, the researchers
developed a bifunctional linker composed of a phenothiazine
headgroup that specifically associates with Ca**-bound CaM
and a rhodamine group that dimerizes through 77—z stacking
interactions.””" This linker was designed to induce Ca*'-
mediated CaM dimerization. In a second study, the rhodamine
group was replaced by various collagenlike proline-hydroxypro-
line-glycine repeat domains ((POG),; n = 6, 10, or 14)
intended to promote CAM homotrimerization.””> In both
cases, the researchers observed reversible, Ca**-dependent
formation of CaM assemblies. With the rhodamine-based
linkers, Ca®* addition generated helical filaments, whereas with
the POG-based linkers, spherical, cagelike assemblies were
observed. The helical pitch of the filaments and the sizes of the
cages could be tuned by adjusting the Ca®" concentration and
the length of the POG domains, respectively. The researchers
were also able to confirm the intended linker-mediated CaM
dimerization and trimerization processes. They further
suggested that CaM molecules must form an interlocked
dimer to enable the formation of the observed supramolecular
assemblies, although the structural basis for how these dimers
form and interconnect remains to be experimentally estab-
lished.

In another variation of their approach, the same research
group employed adenylate kinase (AKe) as a conformationally
gated protein building block, which undergoes considerable
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Figure 77. Lattice reconfiguration behavior of disulfide-linked RhuA crystals. (a) Dynamic, auxetic nature of ““RhuA crystals. From top:
reconstructed 2D images of seven distinct conformational states of the 2D crystals (I—VII). Magnified views of states II, V, and VII; structural
models of conformations II, V, and VII with unit cells and hinge angles (a) between RhuA molecules highlighted in black and red. (b) Surface
representation (top) of a “®RhuA tetramer with residues 98 and $7/66 colored in black and red, respectively. Hllustration of “**RhuA lattice
dynamics (middle) and ns-TEM images of lattices (bottom) with open and equilibrium states for “**RhuA and a closed state for “*RhuA. (c)
Free-energy and solvent entropy profiles for “®*RhuA (red and black lines) and “RhuA (faint blue and gray lines). (d) Chemical and mechanical
reconfiguration behavior of “**RhuA lattices. (&) While “*RhuA crystals exhibit only one mechanical reconfiguration mode, “®RhuA crystals have
two modes of mechanical switching and an additional purely Ca**-induced, chemical switching mode. (a) Adapted with permission from ref 225.
Copyright 2016 NPG. (b—e) Adapted with permission from ref 226. Copyright 2018 NPG.

compaction upon binding to the bifunctional ligand
diadenosine-5-pentaphosphate (ApSA).**> As described in
section 4.5.4, AKe modified with a polyvaline tail (AKe-MV)
formed filamentous assemblies with a 20 nm diameter, which
were reversibly converted into well-ordered 2D sheets upon
ApSA addition (Figure 76¢c). In analogy to other synthetic
amphiphilic systems, this structural transformation was
attributed to a change in the shape of the AKe-MV amphiphile
from a conical to a cylindrical configuration, which favors
tubular and planar packing, respectively.

As previously mentioned, because computational protein
design approaches largely target structures that lie in deep free-
energy minima, the de novo design of conformationally
switchable proteins and protein assemblies represents a
substantial challenge. Toward this goal, Boyken et al. recently
reported the construction of pH-switchable protein assemblies
by computational design.”®” The researchers took advantage of
parametric helical bundles as building blocks and of His side
chains as pH-sensitive elements. The repeating geometric cross

sections of the helical bundles allowed extensive H-bonding
networks to be built in a modular fashion by tuning the
number of His residues, whose protonation at low pH would
disrupt the H-bond networks and result in repulsion across the
intermonomer interfaces. Using the HBNet platform in
Rosetta (section 3.2.1), the researchers generated several
stable dimeric and trimeric helical bundle architectures
(termed pRO’s) whose structures closely matched the
computed models. Native mass spectrometry experiments
indicated that these structures displayed pH-dependent
disassembly as designed. The position and cooperativity of
the pH transition could be finely tuned over a pH range from 4
to 6 by modulating the number and positioning of H-bonding
and hydrophobic interaction layers. The researchers further
demonstrated that pRO’s disassembled under low pH
conditions could interact with lipid membranes through their
exposed hydrophobic cores, efficiently disrupt liposomes in
vitro, and incorporate into lysosomal membranes in cells. In a
related approach, Chen et al. used a set of orthogonal

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig77&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig77&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig77&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig77&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Figure 78. Allosteric metalloprotein assemblies with strained disulfide bonds. (a) Scheme showing structural rearrangements in the
Zn-“BVCRIDC1, (labeled as R1) tetramer upon Zn2* removal (top) and close-up view of A38-A38 residue pairs (bottom). (b) Crystal structures
of Zn-C¥/C8VCHR ], and the metal-free C2¥/C81/C%R ], (top), hydrolytic dissociation of a disulfide bond and close-up view of the broken C38—C38
disulfide bond, forming a Cys and Cys sulfenic acid (bottom). Adapted with permission from ref 232. Copyright 2016 ACS.

heterodimers they had previously designed with HBNet'*” to
develop protein logic gates.'”” Fusion of two different
monomeric domains with each other enabled the design of
dimerization domains that could bring together two halves of a
split reporter fused to the cognate monomeric domains. This
enabled the development of two- and three-input logic gates,
including AND, OR, and NOR gates, in which the activation of
the split reporter was controlled by the presence or absence of
the relevant dimerization domains according to the relevant
logic gate.

A computational interface design strategy was also used to
tune the assembly and disassembly properties of metal-
switchable protein oligomers. As described in section 3.2.2
(Figure 26), Kakkis et al. engineered a cyt cbyg, variant termed
TriCytl, which assembled into homotrimers in low to near-
quantitative yields (12% to 95%) upon coordinating various
mid-to-late first-row transition metals (Mn>* to Cu**) within a
hexa-His motif.'”® Using the crystal structures of the resulting
trimers (M:TriCytl;) as a template, computationally pre-
scribed mutations were incorporated to stabilize the intermo-
nomer interfaces with additional hydrophobic and H-bonding
interactions. The resulting variants, termed TriCyt2 and
TriCyt3, were shown by AUC to quantitatively switch between
monomeric and trimeric states upon addition/removal of
metal ions (TriCyt2) or tuning of solution pH (TriCyt3), thus
furnishing a multiresponsive assembly by rational design.

4.2.2. Reconfigurable Protein Assemblies. The exam-
ples described in this section thus far have highlighted the
diverse strategies for designing switchable protein architectures
whose assembly and disassembly could be externally turned on
and off. Arguably more challenging is the design of protein
architectures which can interconvert between two or more
well-defined structural states in a reversible and stimuli-
responsive manner, while remaining in the assembled state.
Such behavior is crucial not only for constructing protein
assemblies with adaptive and regulable functions (such as
allostery) but also for fabricating protein-based materials with
emergent mechanical properties. In contrast to the rapidly
growing number of switchable protein assemblies, relatively
tew such structurally adaptive systems obtained by design have
been reported so far.

The nanoporous, 2D lattices of the engineered protein
“%RhuA (section 3.5.2, Figure 51) offer a notable example of
an adaptive system.””® Owing to the short but highly flexible
disulfide bonds that link the ““RhuA building blocks, these
lattices are coherently dynamic; that is, they can coherently
transition between “open” and “closed” states upon application
of minimal mechanical force (Figure 77a).

The “®RhuA lattices are also noteworthy in that their
conformational free-energy landscape has been quantitatively
established. Alberstein et al. defined the free-energy landscape
by a unidimensional reaction coordinate (&) that corresponded
to the ellipticity of the lattice pores by taking advantage of the
symmetry and coherent structural dynamics of “**RhuA
lattices.”*® All-atom MD simulations revealed a relatively
shallow landscape with a distinct energy minimum correspond-
ing to an almost fully closed state. The free energy landscape of
“RhuA lattices was determined through grid inhomogeneous
solvation theory (GIST) calculations to be dictated almost
entirely by solvent entropy. Upon confirming that the
predicted equilibrium populations of lattice conformational
states were quantitatively matched by experimental character-
ization, the researchers rationally engineered the “*RhuA
surfaces with negatively charged Glu residues (“**RhuA) to
favor a more open lattice conformation at equilibrium (Figure
77b—c). The Glu side chains also created another handle for
lattice dynamics actuation, as divalent metal-coordination to
CEERhuA crystals triggered lattice closing. The “**RhuA
assembled into a lattice whose structure could be both
mechanically and chemically actuated (Figure 77d—e). The
simultaneous presence of structural order/integrity and
flexibility, which are often mutually exclusive in designed
systems, is an important design principle for adaptive protein
assemblies. This requirement is also met in 3D lattices of
cagelike proteins that are mediated by flexible linkages®'>*"
and adaptive polymer matrices.””>"”

Allostery is a key biological concept in the dynamic control
of protein functions,''>*”**”* which refers to the control of a
binding or catalytic process by a chemical event at a distinct
site in the protein. To the best of our knowledge, there are only
a few examples of designed, allosteric protein assemblies that
fit this definition, excluding the many examples of natural
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Figure 79. Encapsulation within artificial protein cages. (a) Encapsulation of supercharged GFP in a positively charged I53—S50 cage variant and
formation of a I3-01 ctGFP cage by genetic fusion. (b) Design model of I-53-50-v1 (left). Synthetic nucleocapsids encapsulate their own mRNA
genomes while assembling into icosahedral capsids inside E. coli cells (right). (c) Self-assembly of lipoprotein-mimetic capsids. (a) Adapted with
permission from ref 391. Copyright 2016 AAAS. Adapted with permission from ref 392. Copyright 2016 NPG. (b) Adapted with permission from
ref 582. Copyright 2017 NPG. (c) Adapted with permission from ref 583. Copyright 2020 NPG.

proteins that have been reengineered to be switch-
able.**>*7%*”7 In such an example, Churchfield et al. sought
to construct a flexible oligomeric protein assembly in which
structural changes induced by metal binding could be
mechanically transmitted onto a distant site to elicit a chemical
event.”>”** For this goal, they employed a previously
designed, Zn-templated, tetrameric cyt cbss, assembly
(Zn4:C81/C96RIDC14; section 3.2.3),210 whose interfaces were
redesigned with fluid hydrophobic interactions and two pairs
of disulfide bonds. Based on the observation that
Zn,:“VCRIDC1, underwent a considerable separation of
one of the intermonomer interfaces, the researchers incorpo-
rated an additional disulfide bond into this interface to create a
mechanically strained quaternary architecture bearing three
pairs of disulfide bonds (“**“*/C*RIDC1,). Structural and
biophysical analyses indicated that ©¥<VC%RIDC1, was
indeed an allosteric system in which Zn*" binding and
dissociation were remotely coupled to the reversible formation
and breakage of a disulfide bond over a distance >14 A (Figure
78).

More recently, Ghanbarpour et al. exploited domain
swapping as a means to design allosteric control of protein
function in human cellular retinol binding protein II
(hCRBPII).**° It was previously observed that certain
mutations in hCRBPII yield domain-swapped dimers which
undergo large conformational changes upon retinal binding.*"”
After identifying key residues responsible for the ligand-
induced structural transformation (i.e., mechanical coupling),
the researchers installed a His,Cys metal binding site at the
interface of the mobile domain of the dimer distant from the
retinal binding site. The resulting system displayed a 5-fold
difference in the Zn** binding affinity between the retinal-

bound and -unbound forms, thus establishing an allosteric
system with remote coupling between ligand- and metal-
binding events.

4.3. Encapsulation, Scaffolding, and Structural
Organization by Designed Protein Assemblies

Natural proteins and protein assemblies with well-defined
shapes and higher-order geometries usually serve as active
scaffolds for different functions, such as storage, protection
from degradation, transport, and structural templating. The
ordered structural features enable accurate control of the
position, orientation, and geometry of all the components.
Moreover, the specific shapes of protein assemblies often
correlate with their functions. For example, hollow cages such
as ferritin and viral capsids serve to store large amounts of iron
minerals and genomic material and isolate them from the
environment.

Inspired by such natural examples, many designed protein
assemblies have been utilized as versatile scaffolds for
constructing functional materials. Particularly in comparison
to synthetic systems (e.g, polymers, MOFs, or covalent-
organic frameworks (COFs)), protein architectures are
attractive scaffolds because of their biocompatibility, immense
structural diversity, ease of functionalization, and versatility in
function. For example, artificial protein cages can serve as
biological containers for encapsulation, release, or transport of
different cargo such as nucleic acids, proteins, and drugs; they
can also act as fluorescent candles for detection or nanoparticle
vaccines when fused to specific functional domains.””> 2D
protein arrays can serve as structural templates for long-range
nanoparticle organization; they can also act as mimics of
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natural light-harvesting membranes when photoactive proteins
are used as building blocks.**’

In this section, we highlight the use of designed protein
assemblies as containers, scaffolds for structure determination,
and structural templates for the immobilization and organ-
ization of biological and synthetic components. We also note
that there is a substantial body of research focusing on natural
protein assemblies/arrays (e.g., viral or porous protein lattices)
as scaffolds that have been modified to serve as templates and
containers.””* 7% We refer the reader to the extensive
literature on these topics.*>?*%7%7%!

4.3.1. Encapsulation. As summarized in section 3.3.2,
icosahedral protein cages with large diameters are desirable
carriers for macromolecule packaging and delivery. In one
study, Bale et al. reported two-component icosahedral protein
cages with large diameters (24 to 40 nm) that assembled
rapidly when the individual components were mixed in vitro.*"
Such structural and assembly features allowed the cage to
encapsulate macromolecular cargo in a controllable manner. In
further pursuit of this application, the authors engineered the
trimeric and pentameric building blocks of an 153-50 cage with
positively charged residues on its interior surface. By mixing
negatively charged GFP (—30) with the two components of
the 153-50 cage, seven to 11 GFP molecules were trapped per
icosahedral cage due to electrostatic interactions, occupying
roughly 11 to 17% of the interior volume in low salt solution
based on fluorescence intensity and UV—vis absorbance
measurements (Figure 79a). To precisely control the number
of GFP molecules encapsulated per cage, the same group built
GFP-tagged assemblies using genetic fusion instead of
electrostatic interactions (Figure 79a).*”> They first fused
sfGFP to one or both termini of the monomeric subunit from a
trimer, and the resulting construct formed icosahedral cages
(I3-01 ctGFP) with 60 or 120 copies of sfGFP. Then, they
applied the same design strategy to generate assemblies with
12 or 24 copies of sftGFP using a previously reported two-
component tetrahedral cage (T33-21).>* All the designed
sfGFP-nanocage assemblies with GFP copy numbers from 12
to 120 could be used as “standard candles” to correlate
fluorescence intensity and GFP copy number.

Besides encapsulation of functional proteins such as sfGFP,
icosahedral protein cages can provide a blank slate to evolve
desired properties such as encapsulation of nucleic acids.
Butterfield et al. started with a two-component icosahedral
protein cage (I53-50-vl), containing a large internal volume
and positively charged residues on its interior surface, to
package its own full-length genome, but with low efficiency
(Figure 79b).°% After several rounds of selection, the evolved
nucleocapsids (I153-50-v4) showed higher genome packaging
efficiency, improved stability in blood, and an extended in vivo
circulation time in mice. The resulting synthetic nucleocapsids
packaged one full-length RNA genome for every 11 icosahedral
cages. By combining computational design and optimization in
the evolution process, this study demonstrated that artificial
protein cages could acquire virus-like genome packaging and
protection properties based on a bottom-up approach.

Edwardson et al. also took advantage of electrostatic
interactions to convert a designed porous octahedral protein
cage'® (03-33, as discussed in section 3.3.2) into a nucleic
acid delivery vehicle. Six solvent-exposed residues on the
luminal surface of O3-33 were mutated to Arg to create a
positively supercharged capsule. The new variant of O3-33, the
OP cage, demonstrated a high binding affinity to oligonucleo-

tides. The OP cage was first tested as an siRNA delivery vehicle
and shown to modulate gene expression in mammalian cells.””
The researchers then repurposed the OP cage to encapsulate
poorly water-soluble small molecules through a two-tier host—
guest approach583 (Figure 79c). Anionic surfactants were
introduced to the positively charged interior of the designed
protein cage, forming protein-scaffolded micelles within the
cavity. The hydrophobic core of the resulting construct was
suitable for encapsulating small nonpolar molecules such as the
fluorescent dye Nile Red or the chemotherapeutic agent
lapatinib. Moreover, altering the lipid composition enabled
fine-tuning of the binding affinity and release kinetics for
different cargo molecules. The resulting hybrid particles
composed of protein cages and amphiphilic molecules are
promising scaffolds for delivering nonpolar therapeutic cargo
molecules to cells as they can establish a practical balance of
serum stability, efficient cellular uptake, and intracellular
release.

Alongside cagelike protein assemblies, GroEL nanotubes
have also been utilized for encapsulation toward drug delivery
applications. The nanotubes retain GroEL’s inherent binding
affinity for denatured proteins if the guest is added before
Mg**-mediated assembly.*'” This property was exploited for
drug encapsulation. Irreversibly denatured a-lactalbumin,
which binds to the barrel interior, was conjugated to a drug
molecule through a cleavable linker and loaded into the
nanotube. The drug release profile was studied in vitro under
various ATP concentrations, as the nanotube underwent
chemomechanical scission in response to ATP. The exterior
surface of the nanotube was also functionalized with a boronic
acid derivative known to activate the cytosolic uptake of
proteins. The modified nanotubes were shown to enter HeLa
cells and responded to intracellular ATP to disassemble and
release loaded cargo. Preliminary biodistribution studies in a
tumor-carrying mouse model showed preferential accumu-
lation of the nanotubes in tumor tissues.”’> Furthermore, cell
uptake studies carried out with length-controlled GroEL
nanotubes showed tubes shorter than 100 nm to have efficient
uptake into HEP3B cells, with a general trend indicating
length-dependent uptake efficiency that favors shorter tubes.”’"

4.3.2. Scaffolding for Applications in Structural
Biology. As demonstrated by an increasing number of
examples, the structural order and uniformity of designed
protein assemblies can be invaluable in scaffolding of
molecular/biomolecular guests for structure determination by
XRD and cryoEM.**"*%%%% Compared to small molecule
crystals, 3D protein lattices exhibit larger channel and pore
diameters that permit the sequestration of large exogenous
molecules and even proteins.’*® Another advantage of protein
building blocks lies in their chemically rich surfaces, which can
be augmented through protein engineering and specifically
functionalized by bioconjugation. Exploiting both character-
istics, protein crystals have been used as crystallographic hosts
to immobilize normally “uncrystallizable” molecules for
structure determination. In an early example, Ni et al
immobilized a flexible heme peptide fragment, microperox-
idase (MP9ss,), within a designed, metal-mediated protein
cage.”” The tetrahedral cage, which featured a 35 A-wide
cavity, was used to capture MP9,4, in its interior via the
coordination of the heme cofactor to a His residue located in
the lumen. This anchoring strategy enabled the determination
of the cage—peptide cocrystal at atomic resolution and the
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crystallographic characterization of a microperoxidase for the
first time (Figure 80a).

Figure 80. Protein assemblies as scaffolds for structure determination.
(a) Crystal structure of the tetrahedral protein cage architecture of
Zn;:CFMC-1,, (top) and of the microperoxidase (MP9ss,)
immobilized within the cage cavity (bottom). (b) Diagrams and
crystal structures of the fusion proteins RIEN-Ub. (c) Design of a
modular protein scaffold for cryo-EM imaging. (a) Adapted with
permission from ref 395. Copyright 2010 Wiley. (b) Adapted with
permission from ref $84. Copyright 2018 ACS. (c) Adapted with
permission from ref 588. Copyright 2019 NPG.

To further develop scaffold-assisted crystallography techni-
ques in an engineered protein crystal with large pores, Huber
et al. used the CJ crystal system.”®” CJ crystals are composed of
a single protein, a variant of CJO, a putative periplasmic
polyisoprenoid-binding protein from Campylobacter jejuni, and
feature 13 nm-wide solvent channels. After designing Cys
residues pointing into the large pores, the researchers were able
to immobilize an array of small molecules via disulfide bond
formation at the designed Cys residues and visualize the
electron densities of the anchored molecules by XRD analysis.

In addition to peptides and small molecules, 3D protein
lattices can also be used to host other proteins for
crystallographic structure determination. Maita demonstrated

the immobilization of ubiquitin through C-terminal genetic
fusion to honeycomb lattice-forming protein RIEN.>** The
large 11 nm pores within the RIEN lattice were able to
accommodate several copies of the target in a symmetric
fashion. Three R1EN-ubiquitin constructs were crystallized
with various linker lengths under the same conditions as the
original R1IEN (Figure 80b). The ubiquitin structure was
solved at 1.7—2.4 A resolution and was almost identical to the
previously published structure.

Following recent technical advances, cryo-EM has become a
very powerful and now-common tool for macromolecular
structure determination. In contrast to XRD, cryo-EM does
not require crystalline samples and provides the distinct
advantage of capturing snapshots of protein assemblies in a
solution-like state, thus enabling the study of dynamic systems.
However, cryo-EM methods have their own intrinsic technical
limitations and challenges.”® For example, image processing
and 3D structure reconstruction can be particularly challenging
for small proteins (<50—100 kDa),>* due to the low signal-to-
noise ratio in single-particle imaging.””* To break through this
size barrier in cryo-EM, one strategy is to attach the imaging
target to a larger host or scaffold structure. Along these lines,
the Yeates Group explored the potential of artificial tetrahedral
protein cages (T33-21°*" and T33-31,>"" section 3.3.2) as
modular, symmetrical scaffolding systems for cryo-EM.>*
Using a rigid, continuous, a-helical linker, the researchers
genetically fused 12 copies of a 17-kDa protein (Ankyrin repeat
protein, DARPin) to the exterior of tetrahedral cages. The
resulting construct was amenable to structural analysis by
single-particle cryo-EM, revealing structural details of the
DARPin adaptor component at resolutions ranging from 3.5 to
5.5 A. Taking advantage of the ability of DARPin adaptors to
recognize and tightly bind protein targets, the same scaffold
was used to bind and symmetrically display 12 copies of GFP,
a 26-kDa protein (Figure 80c).”*® The GEP molecules were
associated rigidly enough with the host cage to be resolved at
3.8 A by cryo-EM/single-particle reconstruction. These results
demonstrate that proteins considerably smaller than the
proposed limit of 50 kDa for cryo-EM reconstruction can be
visualized clearly when arrayed in an ordered fashion on a
designed symmetric protein scaffold, thereby expanding the
accessible target size range that can be studied by cryo-EM.

4.3.3. Scaffolding of Biological Molecules. The
examples described above highlight the use of protein
assemblies as structural scaffolds for encapsulation and
structural determination. In many cases, the scaffolding effect
of protein assemblies can also lead to new, synergistic functions
that are unattainable with the individual components. For
example, coencapsulation of two enzymes in a protein crystal
lattice can enable a cascade of catalytic reactions. Toward this
end, Nguyen et al. redesigned a protein crystal to entrap lipase
B and alcohol dehydrogenase to carry out a two-step reaction
within a protein crystal in vivo.>”> The cytoplasmic
polyhedrosis virus (CPV) programs infected cells to produce
the polyhedrin monomer (PhM) protein, which forms the
polyhedral crystal (PhC) during cellular replication. The PhC
protects CPV particles from damage. The researchers
redesigned PhM, by deleting a 38-residue portion of the
monomer, to form hollow PhC cages with 5 nm wide cavities
that are suitable for enzyme encapsulation. Overexpression of
this PhM mutant along with the two enzymes targeted for
encapsulation produced crystals with both enzymes entrapped
in the crystal cavities inside the cell. Interestingly, the

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig80&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Figure 81. Protein assemblies used for scaffolding of biological molecules. (a) Design of peptide-tagged RIDC3 arrays for enzymatic labeling. (b)
Structural model and ns-TEM image of cTRP24¢SS-scMHC (left); structural diagram of the cTRP24¢SS-scTrimer* '®5, with the single-chain
trimer rendered in space filling representation (right). (c) Covalently linked nanosheets composed of EBFP2 (donor) and EGFP (acceptor)
proteins. Within the nanosheets, energy absorbed by donors can be transferred to acceptors by direct FRET or successive donor-to-donor transfers,
conferring light harvesting properties to the nanosheets. (a) Adapted with permission from ref 594. Copyright 2020 ACS. (b) Adapted with
permission from ref 595. Copyright 2020 NPG. (c) Adapted with permission from ref 469. Copyright 2019 ACS.

composite crystal demonstrated 1.9-fold and 3.8-fold higher
reactivity of the cascade reaction compared to the wild-type
crystal and the mixture of the free enzymes, respectively. The
enhanced reactivity was attributed to the efficient diffusion of
the substrate and intermediate through the expanded channels
within the nanoporous crystal. This study demonstrates that in
vivo protein crystallization is a promising approach toward
generating artificial biocatalyst platforms by immobilizing
different enzymes in nanoporous protein scaffolds.

McConnell et al. covalently attached two enzymes known to
act synergistically in cellulose degradation to the surface of
previously reported tetrahedral cages (section 3.3.2, Figure 30)
using a sortase enzyme to catalyze their tethering to the
designed scaffold via a polyglycine tag.’”> The enzyme-
modified cages demonstrated enhanced activity in a cellulose
degradation assay compared to free enzymes in solution or
unmodified cages.

Crystalline 2D protein arrays are promising biotechnological
scaffolds due to their ability to display polypeptides with high
density and nanoscale tunability/reconfigurability. Engineering
the surfaces of 2D protein lattices enables selective
organization of the target biomolecules in a site-dependent
manner. To generate functionalized 2D protein materials from
the bottom up, Subramanian et al. developed an enzyme-
directed surface modification approach to site-selectively tailor

the surface of 2D protein crystals by using Sfp phosphopante-
theinyl transferase (PPTase). Two different designed, self-
assembled protein arrays (2D Zn-mediated RIDC3 crystals
and disulfide-linked “*RhuA lattices), whose surfaces can be
tagged with functional sites (short peptide ybbR or molecular
tag CoA), were prepared for enzymatic modification by Sfp
PPTase (Figure 81a).°”* Notably, the site-specific modification
of both 2D arrays could be carried out genetically or
chemically without disrupting the underlying crystal lattice
packing, characterized by TEM images of the protein crystals
and confocal microscopy images of the labeled tags. This study
highlights the potential for chemoenzymatic modification of
2D protein arrays toward the hierarchical construction of
multicomponent protein systems.

Bradley and co-workers have designed a circular tandem
repeat architecture with a-helical repeats to generate circular
protein nanoparticles that could display multiple copies of
functional protein domains.”” Their approach centered on
deconstructing a large toroid of 24 left-handed, a-helical
repeats (cTRP24) into monomers with 3, 4, 6, 8, or 12 repeats.
Assembly of the monomers back into the 24-repeat structure
allowed for multiple copies of a functional protein to be
displayed on the larger oligomer via attachment to each
monomer. Initially, only the 12-repeat monomer (cTRP24,,)
assembled into the 24-repeat oligomer. Subsequent design of
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disulfide bonds to the putative interfaces in the oligomer
yielded stable, disulfide-stapled dimers from the 12-repeat
monomer (cTRP24,,SS) and tetramers from the 6-repeat
monomer (cTRP24,SS). Finally, various cargo proteins,
including single-chain class I major histocompatibility complex
molecule (scMHC) and single-chain tumor necrosis factor
receptor superfamily ligand trimers, were displayed on the
disulfide-stapled oligomers either by genetic fusion or by
specific labeling with the SpyCatcher protein ligation domain
or the SH2 peptide-binding domain (Figure 81b). The
attached proteins remained active, and the formation of
oligomers with multiple copies of each protein possessed
properties such as avidity that were unattainable with
monomeric proteins.

Covalent assembly of proteins into a 2D array can lead to
emerging functions due to the highly ordered patterning and
spacing between the components. Li et al. designed a 2D
protein nanosheet as a light-harvesting system by covalent
assembly of EBFP2 (donor) and EGFP (acceptor) proteins, in
which the fluorescent chromophores were evenly distributed
and adopted a fixed orientation (Figure 81c).**” By varying the
length of the inducing linker, the distance between adjacent
chromophores and the overall size of the assembly could be
optimized to enhance energy transfer efficiency.

Zhang et al. reported the design of single-layer porous
protein nanosheets for the precise separation of nano-
particles.”’”” The researchers cross-linked a TMVCP variant
with Cys residues on the outer surface of the ring via Cu®*-
catalyzed disulfide-bond formation to yield ordered 2D
nanosheets (section 3.5.2). The resulting single-layer 2D
nanosheets with regular 4 nm-wide pores extended over tens of
micrometers in width. Based on the single-layer nanosheets,
the authors prepared ultrafiltration membranes with a
thickness of 40 nm that could precisely separate particles
around 4 nm in diameter with high selectivity and exhibited
water permeance up to ~7000 L m™ h™" bar™".

4.3.4. Scaffolding of Inorganic and Synthetic Com-
ponents. The ability to control the spatial arrangement,
orientation, and geometry of assembled nano-objects such as
metal nanoparticles with high precision is crucial to attain
collective optical, magnetic, and electronic properties.' "¢
Given their ability to encapsulate various cargos and
monodisperse structures as discussed above, protein cages
such as ferritin and virus capsids have proven to be attractive
scaffolds for the integration of synthetic components.
Kostiainen et al. leveraged electrostatic interactions between
iron oxide-loaded ferritin cages (recombinant magnetoferritin
particles) with photodegradable Newkome-type dendrons that
lead to self-assembly of micrometer-sized crystals with fcc
lattices.””” The ordered superstructures could be disassembled
by an optical stimulus that degraded the dendrons. Magneto-
metry studies revealed that the crystallographic order imparted
by self-assembly induced dipole—dipole magnetostatic inter-
actions between the magnetic nanoparticles, which manifest in
the hysteresis loops of field-dependent magnetization and field-
cooled temperature-dependent magnetization studies. The
dipolar-coupled assemblies displayed magnetic properties that
deviate from traditional superparamagnetism seen in isolated
magnetoferritin particles. Upon UV-triggered disassembly, the
released magnetoferritin particles regained their superpar-
amagnetic properties. Okuda et al. synthesized cerium oxide
nanoparticles with a narrow size distribution using apoferri-
tin.>”® Moreover, the authors used Ce®* ions to bridge ferritin

cages and form 2D (domain size over S00 nm) and 3D arrays
(octahedral or prism-like) of CeO, nanoparticles encapsulated
within the cages.

Maity et al. employed ferritin crystals as scaffolds to study
Au subnanocluster nucleation under reducing conditions.>””
They first replaced two residues at the metal accumulation
center of ferritin with Cys to preorganize Au ions within the
cage lumen and then obtained Au-treated ferritin single crystals
and cross-linked them with glutaraldehyde to facilitate
structural investigation by XRD. Upon treatment of these
crystals with a strong reduction agent (NaBH,), the
researchers were able to track the movement of Au ions
toward the 3-fold symmetric ferritin cage channels where the
ions formed subnanoclusters. The ion migration and cluster
formation were accompanied by changes in the side-chain
conformations of Au-bound amino acids, providing insights on
dynamic metal—protein interactions involved in metal cluster
formation.

Protein cage superlattice scaffolds are not limited to single-
component systems. As described in section 3.6.3.2 (Figure
71), Lijestrom et al. electrostatically assembled avidin and
CCMYV cages into binary crystals with bcc lattices responsive to
external stimuli, such as pH and ionic strength.””’
Furthermore, avidin—biotin interactions enabled selective
lattice functionalization pre- and postassembly with various
synthetic molecules, including fluorescent dyes, enzymes, and
plasmonic nanoparticles. Mikkila et al. combined ferritin,
phthalocyanines (Pc), and 1,3,6,8-pyrenetetrasulfonic acid
(PTSA) to form ternary fcc crystals with photoactive
properties.”’”” The design strategy was based on the formation
of a Pc/PTSA complex through electrostatic and 77—z
interactions, which in turn could bind to the ferritin cages
via charge interactions to induce crystallization. The resulting
crystals retained photoactive properties, such as fluorescence at
695 nm and efficient light-induced singlet O, production,
which hold great promise in various applications such as
photodynamic therapy (PDT), water treatment, and diagnostic
array development. Using Thermotoga maritima ferritin
(TmFtn) as a host protein for enzyme encapsulation,
Chakraborti et al. generated binary crystals consisting of
cargo-encapsulated TmFtn and Au nanoparticles (AuNPs).®”
The TmFtn cage was capable of salt-mediated reversible
assembly/disassembly, and its negatively charged lumen
enabled encapsulation of the positively charged guest proteins
such as +36GFP and lysozyme. TmFtin-encapsulated lysozyme
retained its enzymatic activity both in solution and within the
superlattice of TmFtn—AuNP cocrystals.

As discussed in section 3.6.1 (Figure 64), the Beck Group
has relied on electrostatic interactions to assemble binary
protein lattices based on oppositely charged ferritin cages.”””
This protein assembly strategy enabled the formation of mixed
nanoparticle architectures, which was demonstrated by loading
cerium oxide and cobalt oxide nanoparticles into positively and
negatively charged ferritin cages, respectively (Figure 82a).
The controlled assembly of these protein—nanoparticle
composites via electrostatic interactions led to the formation
of highly ordered binary nanoparticle superlattices as free-
standing crystals hundreds of micrometers in size. The binary
protein—nanoparticle crystals could function as versatile,
highly modular materials for various applications due to the
functional diversi? of nanoparticles that could be loaded into
the ferritin pores.””"
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Figure 82. Protein assemblies used for scaffolding inorganic
components. (a) Scheme for the assembly of binary nanoparticle
superlattices based on charged protein containers. (b) Hierarchical
structure of the superlattice wires composed of TMVs and AuNPs. (c)
Self-assembly of highly ordered 2D AuNP lattices directed by TMV
monolayer sheets. (a) Adapted with permission from ref 277.
Copyright 2016 ACS. (b) Adapted with permission from ref 296.
Copyright 2017 NPG. (c) Adapted with permission from ref 479.
Copyright 2019 Wiley.

In a follow-up study, the same group demonstrated that the
free-standing nanoparticle superlattices are catalytically active
and can be reused for multiple reaction cycles.””> Specifically,
the CeO, nanoparticles were shown to display oxidase and
peroxidase-like activity. Compared to free nanoparticles in
solution, which are prone to aggregation and are hard to reuse,
well-ordered CeO, nanoparticles in superlattices were
stabilized by the protein scaffold without losing access to
reactants due to channels within the crystal and protein cage
pores and therefore retained high activity after several reaction
cycles. The researchers also found that the binary protein

lattice can be transformed to a unary cubic lattice composed
only of the negatively charged ferritin variant under high Mg>*
concentration conditions, which were also used to organize
metal oxide nanoparticles.’”” As illustrated in these studies,
protein cage superlattices are versatile and tunable platforms to
construct functional hybrid materials with modular biological/
inorganic components.

Ring-shaped proteins tend to stack and form 1D nanotubes
with a central hollow channel, which could serve as a template
for 1D nanoparticle assembly (section 3.3). Ardini et al.
prepared 1D nanotubes by metal-induced self-assembly of ring-
shaped peroxiredoxin with an engineered N-terminal His-tag
and divalent metal ions such as Ni?*, Zn?*, and Co?*".°*> The
well-stacked protein rings have been applied to successfully
capture and arrange colloidal Ni**-modified AuNPs into 1D
arrays. The formation of such nanopeapod complexes strictly
depended on nanoparticle dimensions as the peroxiredoxin
template could only capture ultrasmall AuNPs (~1.6 nm) in a
size-selective manner. Similarly, Manuguri et al. installed a His-
tag as a metal-binding site in the 7 nm diameter pore of the
peroxiredoxin and used the en§ineered protein to organize iron
oxyhydroxide nanoparticles.” Changing the pH caused the
peroxiredoxin bound to nanoparticles to stack, thus confining
the nanoparticles to extended 1D assemblies. Both studies
demonstrate that the peroxiredoxin-based 1D nanotube is a
versatile template to induce one-dimensional nanoparticle
assembly.

The SP1 dodecamer, which naturally forms nanotubes, has
been an appealing scaffold to organize QDs.””" Miao et al. have
taken advantage of electrostatic interactions between SP1
protein nanorings and CdTe QDs to make sandwich
nanowires, bundles, and irregular networks. Detailed character-
ization by AFM, TEM, and DLS indicated that the size of QDs,
as well as the structural topology of the SP1 nanoring, played
critical roles in the formation of the superstructures. Moreover,
combining different sizes of QDs in the protein nanowires
enabled efficient FRET), suggesting that the ordered QD arrays
could be promising scaffolds for designing artificial light-
harvesting systems. The design strategy was further applied to
functionalize covalently linked 2D SP1 nanosheets with
QDs.”* The nanosheets were decorated with CdTe QDs
that bound electrostatically to the negatively charged surface of
SP1-based assemblies. The ordered arrangements of QDs of
different sizes on protein nanosheets, which served as donor
and acceptor chromophores, yielded a pronounced FRET
phenomenon. The light-harvesting behavior of these protein-
QD nanosheets emulates the thylakoid membranes of natural
chloroplasts.

Highly rigid GroEL nanotubes (sections 3.4.3 and 4.2.1)
have also served as scaffolds for nanoparticle organization.””*
Prior to metal-mediated assembly, MC-modified GroEL
barrels were loaded with superparamagnetic iron oxide
nanoparticles (SNPs) bearing a dopamine sulfonate zwitter-
ionic ligand coating and hydrophobic, catechol-modified
fluorescent dyes. The hydrophobic modification of the surface
was required for the association of SNPs with the barrel cavity,
which naturally binds to denatured proteins. Under a magnetic
field, SNP-loaded nanotubes assembled into thick bundles,
while removing the field returned them to the dispersed
nanotube state. This process could be repeated over multiple
cycles without causing denaturation of the nanotubes.
Importantly, SNPs that were not housed in a protein nanotube
sheath remained in an aggregated state when the magnetic field
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was removed. This work marked the first experimental
observation of lateral aggregation of 1D SNP arrays, which
had been predicted by theory. The rigid GroEL nanotubes
proved to be an ideal SNP array scaffold for experimental
observation of this phenomenon.

Superlattice wires represent another class of 1D protein
assemblies. Such wires have been prepared through multivalent
electrostatic association between anionic TMV rods and
functional, cationic, gluelike components. The Kostiainen
Group first reported superlattice wire formation in a system
composed of TMV and spherical AuNPs.*’° The ordered
association of the components was carried out by progressively
lowering the ionic strength of the solution using sequential
dialysis steps and was reversible with increased ionic strength.
The superlattices assembled following a cooperative self-
assembly pathway that proceeded in a zipper-like fashion,
where nanoparticles cross-linked TMV rods into bundles. In
cross sections, the wires showed square lattice (p4m) packing
of the TMV rods, rather than the hexagonal geometry
commonly observed for the packing of rod viruses (Figure
82b). This observation was explained by the relatively large
size of the AuNPs (d ~ 12 nm) in this system, which could
bridge four TMV rods to form the close-packed square lattice.
In contrast, smaller nanoparticles bound at most to three rods
due to steric constraints, which induced hexagonal packing.
The consistent interparticle distance within the lattice was
controlled by competing repulsive (between AuNPs) and
attractive (between AuNPs and virus rods) interactions. The
right-handed helicity of the virus rods was imparted on the
helical twist of the superstructure, leading to structure-
dependent chiral plasmonic optical properties within the
material. Proof-of-concept experiments were carried out to
demonstrate the potential application of the superlattice wires
as plasmonic polarizers by decorating the structures with
cationic magnetic iron oxide nanoparticles.

In a related study, the same group generated photoactive
TMV bundles with hexagonal packing using a peripherally
crowded ZnPc as a cationic glue.”* Within the scaffolds, the
ZnPc acted as a photosensitizer to generate reactive oxygen
species (ROS) under illumination with visible light. The
immobilization of ZnPc within the fibers thus gave rise to a
heterogeneous catalyst that could be easily purified by physical
methods and had a high solvent-accessible area owing to the
high aspect ratio of the structures. The bundles could be
immobilized and irradiated over multiple cycles within a
microfluidic device, showing consistent production of ROS.
This self-assembled material was proposed as a promising,
biodegradable catalyst system for applications in green organic
synthesis and wastewater treatment.

Most of the examples described in this section thus far have
highlighted the template-based design strategy to prepare
nanoparticle assemblies. The Schiller Group developed a
bottom-up approach, termed protein adaptor-based nano-
object assembly (PABNOA), to prepare template-free
assemblies of different plasmonically active AuNP nano-
architectures.”*® Specifically, they designed protein adaptors
with genetically encoded interaction sites to guide the
assembly of AuNPs. The interactions between geometrically
defined protein adaptors (modified Hcpl toroidal protein
building block) and AuNPs induced the self-assembly of
different hybrid architectures including 1D chains, networks,
and stars. Interestingly, the interparticle distance between
AuNPs could be controlled by different assembly conditions.

The functionality of the different NP architectures could be
extended by cotranscriptional encoding of unnatural amino
acids as additional site-specific modification sites on the
protein adaptors for covalent attachment of dye molecules.

The Trent Group introduced the strategy of using crystalline
2D protein assemblies as templates to generate ordered
nanoparticle arrays.”’° They used Cys-modified heat shock
protein 60 (HSP60), a chaperonin subunit that assembles into
hollow octadecameric double-ring structures, with nine
subunits per ring and 3- or 9-nm apical pores depending on
the presence of an apical loop in the monomer. The Cys
residue was located in a solvent-exposed position on the apical
side of the monomer. The engineered HSP60 monomers were
crystallized into disk-shaped, hexagonally packed 2D templates
with periodically arranged thiol groups serving as binding sites
to organize AuNPs or CdSe-ZnS QDs into arrays in a size-
selective manner. The size selectivity was attributed to the
accessibility and positioning of Cys residues, along with the
pore size of the templates. The same group further explored
the templating and patterning of nanoparticle arrays using
chaperonin assembled by heat shock protein TF554.°"” The
designed variant formed cage structures with a 20 nm diameter
and a core containing 180 imidazole groups from the 18 N-
terminal His;, peptides. The chaperonin cages adopted
hexagonal 2D packing and the His-rich cores within the
lattices served as templates for the synthesis of bimetallic
nanoparticle arrays (Ni—Pd or Co—Pd). The average size of
the NPs corresponded to the interior diameter of the
chaperonin cage, and their patterning in arrays reflected the
structure of the underlying 2D protein lattice.

Protein assemblies can also be used as chemically active
scaffolds to induce nanoparticle assembly. Brodin et al
demonstrated that 2D Zn-RIDC3 arrays could function as
redox-active scaffolds for templated growth of Pt’ nanocryst-
als.”** Specifically, the Zn-porphyrin (ZnP) cofactor in each
Zn-RIDC3 building block is redox-inactive in its ground state
but becomes a strong reductant/oxidant upon irradiation with
visible light. Upon incubation with Pt** and light excitation,
Zn-RIDC3 arrays displayed uniform coverage with Pt NPs
with a narrower size distribution than (a) Pt NPs produced in
solution in the absence of the protein arrays or (b) Pt NPs on
protein arrays formed in the absence of light, as characterized
by SEM and ns-TEM images. This study illustrated that the
supramolecular protein assemblies not only played an
important role as structural templates but could also actively
control the growth of redox-active NPs due to the specific
functional activity of the protein building blocks.

Thomas et al. used a 2D protein array as a versatile platform
for the assembly of multicomponent nanostructures by
functionalizing the building blocks with specific tags to recruit
various components.””’ Starting with a computationally
redesigned protein called TTM that forms hexagonal 2D
arrays upon Ca®' triggered assembly, the researchers further
modified the protein building block with different functional
tags (e.g, hexa-His tag, gold-binding peptide, biotinylation
tag). The resulting 2D arrays were used as 2D scaffolds for the
fabrication of hybrid materials by binding AuNPs and proteins
to the functionalized array surface. These proof-of-concept
studies demonstrated that protein-based 2D arrays hold great
potential for constructing versatile hybrid materials with
promising applications in sensing, medicine, and energy
harvesting.
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Figure 83. Mechanical properties of protein-MOFs and ferritin-PIX. (a) fdh-Ni-ferritin lattice unit cell with a close-up view of the interfacial
connectivity (left). Thermal hysteresis loop (middle) and reversible cycling (right) of the fdh-Ni-ferritin lattice expansion/contraction. (b)
Schematic representation (top) and light micrographs (middle) showing the formation, expansion, and contraction of ferritin-PIX. Light
micrographs of ferritin-PIX (bottom) showing the self-healing behavior of cracks that appear during Ca-induced contraction. (c) Schematic
representation of the reversible anisotropic expansion/contraction of rhombohedral ™ ferritin-PIX (top). Light micrographs of the rhombohedral
1ftferritin-PIX crystal showing cation-induced bending motion (middle) and self-healing behavior (bottom). (a) Adapted with permission from ref
513. Copyright 2020 ACS. (b) Adapted with permission from ref 295. Copyright 2018 NPG. (c) Adapted with permission from ref 573. Copyright

2021 ACS.

Zhang et al. modified TMVCP disks to direct self-assembly
of AuNPs and QDs into ordered nanostructures.””” TMVCP
was modified with two distinct mutations: a Cys residue in the
center of the TMVCP disk and a His residue on the outer
surface of the disk. The combination of these mutations
enabled both self-assembly of 2D TMVCP monolayer sheets
via Cu**-His interactions and formation of highly ordered 2D
AuNP lattices in three different geometries based on three
different binding modes between AuNPs and TMVCP disks
(Figure 82c). Similarly, assemblies incorporating two types of
QDs arranged in honeycomb and hexagonal lattices were
obtained by using the 2D protein nanosheets as templates.
Moreover, because the TMVCP nanosheets contained two
different functional groups, they could direct the coassembly of
AuNPs and QDs simultaneously, thus giving rise to binary
functional NP lattices. Recently, Du et al. have also reported
ordered binding of AuNPs to p42,2 “*RhuA lattices modified
with an additional Cys residue.®”®

4.4. Mechanical Properties of Designed Protein
Assemblies

From the mechanosensitive Piezo proteins’’® and cytoskeletal
fibers at the nm-to-um scale,''* to extracellular protein
composites (e.g., silk, skin, hair) with macroscopic dimen-
sions,®'”°"* protein-based materials possess outstanding
mechanical properties (e.g, toughness, strength, elasticity,
self—healin§, etc.) that are central to their biological
functions.' #*'#*'* These mechanical properties derive chiefly

from how structural components within these materials are
interconnected, hierarchically organized, and interfaced with
other materials."'#®'3°'* Therefore, there is much interest in
understanding and manipulating how intermolecular inter-
actions are translated into mechanical properties upon
assembly and organization at extended length scales. Much
of the work in protein-materials engineering has centered on
structural proteins including collagens, elastins, resilins, and
silks, which combine many attractive features such as
biocompatibility, biodegradability, and processability.'>*"¢
These materials are characterized by peptide-repeat sequences
that give rise to interconnected secondary structure motifs with
local order, often dispersed within a nonordered matrix.

In contrast, the protein assemblies discussed in this review
are composed of building blocks with well-defined tertiary
structures and have been intentionally designed to possess
structural order at all length scales. While these assemblies
often result in crystalline materials, the highly tunable
interprotein interactions that dictate assembly formation can
manifest a wide range of mechanical properties. For example,
artificial protein cages held by an extensive network of
hydrophobic interfaces possess Young’s moduli in the range
0.1-1 GPa, typical of virus capsids with high mechanical
strengths. In contrast, metal-directed, 1D protein nanotubes
display moduli that are orders of magnitude smaller (0.1—30
MPa),*"” more similar to flexible natural materials such as
fibrin and elastin. Notably, as alluded to in section 4.2.2, there
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are several emerging examples of reconfigurable protein
assemblies/arrays that display outstanding mechanical proper-
ties owing to their unique compositions and connectivities.
2D “®RhuA lattices were previously introduced as
crystalline arrays with coherent in-plane dynamics, enabled
by the short yet flexible disulfide linkages between the C,
symmetric protein units. Due to the rotary motion of the
proteins with respect to their neighbors, coupled with the
overall P42,2 plane group symmetry, “*RhuA lattices expand
in the x dimension to the same extent as in the y dimension
and vice versa. Thus, ©*RhuA lattices are auxetic and possess
the thermodynamically smallest possible Poisson’s ratio () for
an isotropic crystalline material of v = —1, the first such
material designed and constructed at the molecular scale. This
behavior stands in contrast to common materials, which
expand longitudinally when comépressed transversely, corre-
sponding to positive v values.”'” Due to their unusual
mechanical behavior, auxetic materials have been proposed
for use in smart textiles, actuated filtration, sensing, and
biomedical devices, as well as piezoelectric materials.”'%*"”

Indeed, Zhang et al. recently demonstrated a potential route
to generate a piezoelectric system through surface-templated
C%RhuA self-assembly.””” A structural analysis of the “*RhuA
building blocks revealed a very large dipole moment (1200 D)
aligned with the protein’s principal C, symmetry axis (section
3.5.6; Figure 62). As the ““RhuA lattices assembled in
solution have p42,2 symmetry, which is associated with an
alternating up—down arrangement of the monomers, their
overall dipole moment is zero. In contrast, lattices assembled at
the mica interface are p4 symmetric, resulting in coaligned
“%RhuA dipole moments within the lattice. Formally, lattices
of coaligned dipoles are “electrets” or polarized dielectric
materials with a permanent dipole. Importantly, because
“%RhuA lattices isotropically expand and contract in plane,
they are calculated to carry a lattice conformation-dependent
polarization density (0.008—0.016 C-m™?) and predicted to be
piezoelectric.

The combination of crystalline protein lattices with flexible
linkages can also be used to construct 3D protein materials
with bulk-scale mechanical properties. To obtain thermores-
ponsive 3D lattices of P. furiosus ferritin (pl ~ 4.5-5.5),
Valimaki et al. synthesized linear-branched diblock copolymers
consisting of a cationic multivalent dendron with a linear
thermoresponsive polymer (pDEGMA) tail.**° Electrostatic
interactions between the negatively charged ferritin and the
dendron resulted in the formation of an fcc lattice (a = 18.55
nm). Notably, heating the lattice to S0 °C, above the cloud
point temperature of PDEGMA (T, ~ 31 °C), induced a ~2%
contraction to a4 = 18.18 nm owing to the compaction of the
pDEGMA chains, thus yielding a thermoresponsive material
displaying negative thermal expansion.

In a similar vein, Bailey et al. exploited the synthetic
modularity of protein-metal—organic frameworks (protein-
MOFs) to synthesize six different ferritin-MOF lattices from a
combination of two metal ions and three ditopic linkers.”"
The thermostabilities of all six ferritin-MOFs were tunable
with the addition of molecular crowding agents. Furthermore,
one of the bcc frameworks (fdh-Ni-ferritin) underwent a
reversible and isotropic first-order phase transition near room
temperature, with the unit cell dimensions decreasing by 1.3%
at 33—34 °C within a transition window of <1 °C,
corresponding to a volumetric change of 4%. The lattice

compaction was fully reversed at 25 °C, yielding a hysteresis
window of nearly 10 °C (Figure 83a), which is a property that
may be exploited in sensing and memory devices. Differential
scanning calorimetry (DSC) and XRD measurements showed
that these transitions were first-order and could be attributed
to a diffusionless rearrangement of the organic linker
connecting the metal nodes on the ferritin building blocks.
Such extremely sharp phase transitions are rare in biological
systems and typically associated with order-to-disorder
transitions.’”' "®** In solid-state materials, these phase
transitions typically involve electronic/spin-state
changes.(’m’625 The thermomechanical behavior of the fdh-
Ni-ferritin framework demonstrates the benefits of modular
protein design strategies in discovering novel material
properties that cannot be predicted from first principles.”*' ~***

Finally, it is important to note that most biological materials
such as skin, muscle, or bone are not phase-pure or uniform.
They are composites of different types of structural
components hierarchically organized at different length scales,
which enables the combination of properties such as strength,
toughness, flexibility, damage tolerance, and self-healing.”**>**
In contrast, the highly crystalline, compositionally uniform
protein materials described above are highly brittle, have
limited flexibility that depends on the bonding interactions
which maintain the protein lattice, and are incapable of self-
healing.

To address these limitations, Zhang et al. sought to create a
composite material where 3D protein crystals are fully
integrated with synthetic hydrogel polymers.””> The research-
ers took advantage of the mesoporosity of Ca**-directed,
HuHF fcc crystals, to thoroughly infuse the lattice channels
with acrylate/acrylamide monomers and form a polymer
matrix that noncovalently bonded to the underlying protein
lattice. The resulting polymer-integrated crystals (PIX) had a
~1 GPa modulus, typical of protein and small-molecule
crystals. Despite this high stiffness, the ferritin-PIX displayed
notable mechanical properties stemming from their flexibility:
(1) They isotropically expanded to nearly 600% of their
original volume while retaining crystalline periodicity and
faceted polyhedral morphologies. (2) After substantial
expansion (separation of the ferritin molecules in the lattice
by more than 50 A), the ferritin-PIX contracted back to their
original state when solution ionic strength was increased and
fully regained atomic-level periodicity (Figure 83b). Polymer
integration and the expansion/contraction process were
frequently observed to improve XRD quality, yielding a very
high resolution (~1.1 A) crystal structure of ferritin. (3)
Owing to the dynamic bonding interactions between the
hydrogel network and ferritin molecules, the ferritin-PIX
displayed efficient self-healing behavior (Figure 83b).

Due to the cubic symmetry of the Ca**-mediated HuHF
crystals and the isotropic expansion/contraction of the
polymer network within the protein lattice, the structural
dynamics of ferritin-PIX were also isotropic. In a subsequent
study, Han et al. sought to achieve directional/anisotropic
dynamic behavior by controlling the s;)atial distribution of
hydrogel networks within ferritin-PIX.>”> They employed a
ferritin variant that self-assembled upon Ca®* coordination into
rhombohedral lattices composed of stacked hexagonal protein
layers, which enabled an anisotropic patterning of the hydrogel
matrix that formed in crystallo. The resulting ferritin-PIX
indeed displayed directional expansion/contraction in re-
sponse to changes in solution ionic strength, whereby the
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aspect ratio of the crystals increased/decreased by more than
30% (Figure 83c). These PIX also displayed rapid bending
motions in response to directional influx of cation gradients
(bending rates of >10° per second) and were capable of rapid
self-healing like the isotropic ferritin-PIX. These studies
collectively indicate that it is possible to attain some of the
salient mechanical properties of sophisticated biological
devices such as skeletal muscles through the proper design of
self-assembled protein architectures and their simple integra-
tion with synthetic materials.

4.5. Biochemical Functions of Designed Protein
Assemblies

Alongside the construction of biomaterials with emergent
physical and mechanical properties, a major goal in designing
protein assemblies is to engineer new biochemical functions
that can ultimately be integrated into living systems. As we
discuss in this section, designed protein assemblies not only
enable the generation of new-to-nature biochemical activities
that would be difficult to achieve with small (nonassembled)
proteins but also provide a unique platform for understanding
and manipulating protein structure—function relationships
without evolutionary constraints. The studies described
below also highlight how rapidly the field of protein assembly
design has transitioned from structure-building to function-
building, thereby producing systems that demonstrate in vivo
activities and successful interfacing with cellular systems.

4.5.1. Binding and Recognition. Perhaps the most
mechanistically straightforward biochemical function for a
protein or protein assembly is the recognition and binding to
targets for downstream effects. As summarized in section 4.3.3,
an important advantage of designed protein assemblies in this
regard is the ability to display biological recognition elements
with potentially controllable valency and periodicity. Partic-
ularly exciting is the design of protein arrays for scaffolding
antibodies that may mimic and even go beyond the valences of
IgG (bivalent), IgA (tetravalent), and IgM (decavalent) in the
context of stable and readily modifiable platforms. In an early
study, Wagner and colleagues reported a series of ring-shaped
assemblies of genetically fused dihydrofolate reductase dimers
(DHFR,), which were self-assembled via chemical dimerizers
(bis-MTX) and varied in size and composition from two to
eight monomers.*”® Based on these nanoring architectures, Li
et al. constructed self-assembled antibody nanorings (CSANs)
from fusions of DHFR, with single-chain anti-CD3 antibodies,
affording valences of eight to ten (Figure 84a).%% Through
flow cytometry measurements, it was determined that the
octavalent anti-CD3 CSANSs in particular demonstrated
improved affinity to CD3 expressing cells compared to the
parental monoclonal antibody (mAb) UCHT-1. Moreover, the
researchers found that anti-CD3 CSANs and the parental mAb
UCHT-1 demonstrated a similar cellular internalization
mechanism. In contrast to mAb, no significant T-cell
proliferation was observed after the treatment of peripheral
blood mononuclear cells (PBMCs) with the bivalent and
octavalent anti-CD3 CSANs. mAb and anti-CD3 CSANSs also
exhibited distinct effects on T-cell receptor internalization and
IL-2 receptor expression.

To further evaluate the efficacy of CSANs as prosthetic
antigen receptors (PARs) in vivo, the same group developed
bispecific PARSs that selectively target the human CD3 receptor
and human epithelial cell adhesion molecule (EpCAM), which
is overexpressed on multiple carcinomas and cancer stem

Figure 84. Design of protein assemblies with specific target
recognition and binding properties. (a) Scheme of the assembly and
disassembly of octavalent anti-CD3 scFv antibody targeting T cell
receptors. (b) Design and characterization of HA nanoparticle
immunogens (qsMosaic-IS3_dnS and gsCocktail-153_dnS). (a)
Adapted with permission from ref 629. Copyright 2010 ACS. (b)
Adapted with permission from ref 630. Copyright 2021 NPG.

cells.”*! The designed bispecific CSANs stably bound to T cell
surfaces for >4 days in vitro, while being easily disassembled on
the cell membrane by treatment with the nontoxic FDA-
approved drug trimethoprim. Furthermore, the study also
demonstrated that CSANs could nongenetically generate
reversibly modified T cells that were capable of eradicating
target solid tumors.

Based on the design principles developed to build symmetric
two-component nanocages, 86389391 Divine et al. recently
described a general approach for building precisely oriented
antibody assemblies without the need for covalent modifica-
tion.””* As described in section 3.3.2 (Figure 33), such
“antibody nanocages” (AbCs) were produced by leveraging the
inherent 2-fold symmetry of IgG antibodies, which drove
nanocage self-assembly in combination with properly designed
Fc-binding homo-oligomers. The authors prepared a series of
AbCs with dihedral, tetrahedral, octahedral, and icosahedral
architectures bearing 2, 6, 12, and 30 antibodies per nanocage,
respectively. Compared to free antibodies or Fc-fusions, the
binding of designed antibody nanocages to cell-surface
receptors showed enhanced signaling in DRS-mediated
apoptosis, Tie2-mediated angiogenesis, CD40 activation, and
T cell proliferation. Moreover, antibody nanocages composed
of a-SARS-CoV-2 monoclonal antibodies and FcACE?2 fusion

https://doi.org/10.1021/acs.chemrev.1c00308
Chem. Rev. 2021, 121, 13701-13796


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig84&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig84&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig84&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?fig=fig84&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

proteins also increased SARS-CoV-2 pseudovirus neutraliza-
tion.

In a slightly different structural context, Boyoglu-Barnum et
al. transformed previously reported, artificial two-component
icosahedral protein cages into nanoparticle immunogens that
induce potently neutralizing and broad? protective antibody
responses against influenza viruses. ** The researchers
genetically fused hemagglutinin (HA) ectodomains from the
four strains in licensed 2017—2018 seasonal influenza vaccines
to the N terminus of a trimer (IS3_dnSB). The resulting
trimeric construct (HA-IS3_dnSB) was mixed with IS3_dnSA
pentamer to generate a mosaic nanoparticle immunogen that
codisplayed the four HAs (gqsMosaic-153_dnS). Similarly,
nanoparticle immunogens with individual HAs were purified
and mixed in equimolar amounts to prepare a “cocktail”
immunogen that contained four individual HA-displaying
nanoparticles (qsCocktail-153_dnS) (Figure 84b). In several
animal models, both qsMosaic-IS3_dnS and gsCocktail-
153_dnS elicited antibody responses against vaccine-matched
strains that were equivalent to or better than commercial
quadrivalent influenza vaccines. Simultaneously, these immu-
nogens induced broadly protective antibody responses to
heterologous viruses by targeting the subdominant yet
conserved HA stem. Following a similar design approach,
protein nanoparticles displaying virus antigens such as
gl}rcoprotein,é‘?’z'é33 HIV envelope trimers,”** and SARS-CoV-
2 spike receptor-binding domains®** have also shown promise
in inducing potent immune responses as potential vaccine
development candidates.

In addition to the multivalent display of proteins that bind to
biological targets, protein assemblies can also be designed to
directly bind small molecules. Park et al. redesigned a C;-
symmetric homotrimer, which they had previously designed
with HBNet, to bind amantadine, an FDA-approved drug that
is also Cj-symmetric.”>® The resulting protein bound
amantadine with an affinity of 24 uM and a crystal structure
revealed decent similarity with the design model (RMSD =
0.63 A), though there were differences in the hydrogen
bonding interactions between the protein and the ligand. Rittle
et al. reported that a penta-His Fe(II) binding site designed
through their MASCoT approach was capable of binding nitric
oxide (NO).**” Addition of the NO donor diethylammonium
NONOate to the iron-loaded protein in anaerobic conditions
resulted in spectroscopic features consistent with an {FeNO}’
species. A crystal structure of the complex featured electron
density above the iron center that was modeled as a bound NO
ligand.

4.5.2. Membrane-Related Functions. Aside from
displaying antibodies for protein binding, protein assemblies
have also been designed for interactions with cellular
membranes and membrane components. Sundquist, King,
and colleagues reported artificial protein assemblies (envel-
oped protein nanocages or EPNs) that directed their own
release from human cells and could deliver cargo to other
cells.*” For this purpose, the building blocks of a previously
designed icosahedral cage (I3-01, section 3.3.2, Figure 32)
were genetically fused to a signal peptide sequence for N-
myristoylation in its N-terminus to enable membrane binding.
In addition, a sequence (p6Gag from HIV-1) for the
recruitment of endosomal sorting complexes required for
transport (ESCRT) machinery was also attached to its C-
terminus to generate the construct EPN-1 (Figure 85a). When
expressed in human embryonic kidney 293T cells, a small but

Figure 85. Protein assemblies designed for interactions with cellular
membranes and membrane components. (a) Central slice from a
cryo-EM tomographic reconstruction of a released EPN (left),
structural models of the 3D cryo-EM reconstruction from EPN-1
(middle), and I3-01 nanocage (right). (b) 2D array functionalization
by genetic or post-translational fusions (top) and 3D reconstruction
of clustered TIE2 with or without the presence of 2D arrays
(bottom). (c) Structure of water-soluble hexameric WSHC6
determined by XRD and the ion conductivity of the 12-helix
TMHC6 transmembrane channel (left) and ion conductance of
TMHC6 with different cations (right). (a) Adapted with permission
from ref 637. Copyright 2016 NPG. (b) Adapted with permission
from ref 489. Copyright 2021 NPG. (c) Adapted with permission
from ref 359. Copyright 2020 NPG.

significant amount (13.3%) of EPN-1 was found to be released
into the culture medium in the form of multiple, 25 nm cages
contained inside 107 + 44 nm membrane envelopes (EPNs)
(Figure 85a). Mutational analyses indicated that all three
protein components were necessary for EPN release from the
kidney cells. Vesicular stomatitis viral glycoprotein (VSV-G)
could be recruited into EPNs, allowing their fusion with HeLa
cells and delivery of cargo proteins into these cells. The
researchers demonstrated the generality and modularity of
EPN design with several more successful constructs that
carried a variety of membrane-binding, self-assembly and
ESCRT-recruiting elements, including designed, self-assem-
bling protein cages with octahedral symmetry (O3-33).

More recently, Ben-Sasson et al. reported that computation-
ally designed, binary 2D protein arrays could interact with cell
membranes and control membrane receptor clustering.**’
They took advantage of the two-component, hexagonal protein
arrays composed of D, and D; symmetric building blocks,
which were shown to self-assemble in vitro and in vivo with
high fidelity (section 3.5.5, Figure 60). An advantage of the
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Figure 86. Designed protein assemblies as metalloenzymes. (a) Studies of kinetic properties of cyt cbsg, variants for pPNPA and ampicillin hydrolysis
(top). Representative LB/agar plates in the absence and presence of 0.8 mg/L ampicillin streaked with cells expressing “°RIDCI1 and *!**AB3
(bottom). (b) Emulating metalloenzyme biogenesis from Zn-mediated assembly and the hydrolysis of fluorogenic ester catalyzed by MID1sc (top).
Michaelis—Menten plots and stereoselectivity of the hydrolysis reaction using MID1sc (yellow) and MID1sc10 (green). (a) Adapted with
permission from ref 205. Copyright 2014 AAAS. (b) Adapted with permission from ref 207. Copyright 2018 AAAS.

two-component system is that the coassembly process can be
controlled by mixing. Due to their robustness, the 2D arrays
could be genetically and post-translationally modified with
other proteins and ligands for cell-surface receptors, such as
GFP and TIE2, respectively. This allowed the researchers to
demonstrate that these arrays can induce the clustering of
membrane proteins and activate downstream signaling
processes (Figure 85b). Specifically, super-resolution micros-
copy experiments revealed extensive remodeling of the actin
cytoskeleton underneath the 2D-array-induced TIE2 clusters,
whereas high-resolution AFM imaging confirmed that the in
vivo-assembled arrays maintained the same hexagonal
architecture observed under in vitro conditions. It was also
observed that the extensive 2D arrays tailored with ligands for
epidermal growth factor receptors (EGFR) suppressed
endocytosis in a tunable fashion, whereas smaller particles
such as designed protein cages were readily taken up by cells
and degraded in lysosomes. The researchers proposed that the
ability of designed 2D arrays to inhibit endocytosis without
inducing signaling could help improve the efficacy of signaling-
pathway antagonists by extending receptor engagement and
immune evasion.

In another recent development, Xu et al. engineered
oligomeric transmembrane pores that assemble in membranes
in vitro and in vivo.”> Using a two-step strategy, the
researchers first designed a water-soluble hexamer of coiled-
coil motifs to generate a 12-helix barrel (WSHC6) whose
crystal structure closely matched the computational design.
The outward-facing residues of WSHC6 were then redesigned
to promote membrane insertion, yielding the construct
TMHCG6 (Figure 85c). This construct was expressed as a
hexamer in the membranes of E. coli cells and was highly
thermostable. Whole-cell patch-clamp experiments with
Trichoplusia ni insect cells expressing the TMHC6 pore
indicated ion conductance, with higher selectivity observed
for K* compared to other monovalent cations such as Na*
(Figure 85c). This selectivity was likely due to the size of the
transmembrane pore, which was large enough to allow partially

dehydrated K" ions, but not fully hydrated Na* ions, to pass
through.

4.5.3. Catalysis. As illustrated by the aforementioned
cagelike and 2D scaffolding systems, the enhancement of
binding between protein assemblies and their targets can have
many potential biological applications. However, binding and
recognition alone cannot trigger more complex biochemical
functions such as catalysis. Such functions require proteins to
not only bind and organize substrate and solvent molecules but
also act upon them in a choreographed fashion to enable
chemical transformations. In a way, the difference in
complexity between “a binder” and “a catalyst” is similar to
the difference between a stable protein structure sitting in a
deep energy well and a dynamic one that can traverse a
complex free-energy landscape with many minima (see section
4.2). Given the inherent reactivities of metal ions, the majority
of successes in enzyme design has involved the construction of
protein structures with active sites containing metal ions or
metallocofactors.”**™** Most of these engineered metal-
loenzymes are constructed by repurposing the active sites or
cavities of pre-existing protein scaffolds in order to circumvent
the need for designing a protein structure from scratch.”****’
An important advantage of designed protein assemblies for
enzymatic functions is that they provide extensive protein—
protein interfaces where catalytic sites can be built without
evolutionary constraints. This advantage has been successfully
used in recent years.

The first example of a designed protein assembly with
enzymatic activity was reported by Der et al.*** In their efforts
to generate a stable C, symmetric dimer of a model helix—
turn—helix domain (Rab4-binding domain of rabenosyn), the
researchers incorporated two His,-Zn** coordination sites and
computationally modeled the dimeric interfaces (section 2.2.2,
Figure 12, Figure 86a).>** One of the resulting constructs,
termed MID1, formed a stable dimer with high Zn** affinity at
the interface (Ky < 30 nM). However, the crystal structure of
MID1 revealed that the two Zn centers were coordinated by a
His; rather than the intended His, coordination motif.
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Noticing the similarity of the resulting Hisy;:Zn>* centers
positioned in hydrophobic niches to the catalytic sites of
natural Zn-dependent enzymes, the researchers examined the
catalytic activity of the MID1-Zn** dimer. This construct was
found to be quite active toward the hydrolysis of the model
substrates p-nitrophenyl acetate (pNPA) and p-nitrophenyl
phosphate (pNPP), with rate accelerations of 7 X 10° and 1 X
10* and k_,/K,, values of 630 M™' s™! and 14 M~ 57! for
pNPA and pNPP, respectively.”*’ The finding that relatively
high catalytic efficiencies could be obtained in a minimally
designed interface suggested that metal-mediated protein
interfaces could provide a powerful strategy for the rational
engineering and evolution of new catalytic activities.

Following up on this concept, Song et al. developed an
artificial metallo-f-lactamase that functioned in vivo.”” The
researchers used the Zn-directed, D,-symmetric tetramer of the
cyt cbsg, variant C*RIDC1 (Zn,: “°RIDC1,) (section 3.2.4,
Figure 25) as a scaffold. While preserving the four
coordinatively saturated Zn sites to stabilize the tetrameric
assembly, they designed four additional three-coordinate Zn®*
centers into one of the C, symmetric interfaces to generate a
series of catalytically active protein complexes. One of the
variants, Zng:'***AB3,, displayed enzymatic activity not only
for ester hydrolysis (k. = 0.2 s and k. /K,, = 120 M~! s7*
for pNPA at pH 10) but also for the more challenging f-lactam
hydrolysis reaction (k.,/K,, = 115 M™" min™" for ampicillin, a
p-lactam antibiotic). Leveraging the previous observation that
C%RIDC1 derivatives were capable of assembling into the
designed tetramers by selectively binding Zn®* in the periplasm
of E. coli cells”***” the researchers then demonstrated that
Zng:X'***AB3, was also catalytically active in bacterial cells,
allowing them to survive in the presence of moderate
concentrations of ampicillin. This construct thus represented
the first designed protein assembly to confer a functional
benefit to a living organism.

The in vivo effect of Zng:*'***AB3, on cell viability enabled
the researchers to improve the artificial enzyme’s S-lactamase
activity by directed evolution. The optimized variant
KIMA/ESTGAB3 had a 3-fold higher catalytic efficiency (k./
K,) 115 M~ min™", a catalytic proficiency (k.¢/Kpn/kuncar) Of
2.3 X 10° M™!, and a 4-fold enhanced selectivity over pNPA
hydrolysis (Figure 86a). Unexpectedly, the crystal structure of
Zng:IMAETGAR3  revealed a substantially altered architecture
compared to that of Zng:AB3,. Notably, the ES7G mutation,
which emerged in the course of in vivo screening, was found to
increase the mobility of an otherwise-ordered loop near the
active site and enhance substrate binding through hydrophobic
interactions, which is a key feature of natural p-lacta-
mases.”***"” Follow-up studies using related tetrameric f-
lactamases further established that the local structural
flexibility/rigidity near the metal active sites can have
substantial effects on the evolvability of f-lactamase
activities’”® and that symmetry-related residues in protein—
protein interfaces may have outsized effects on catalysis.***~***

Studer et al. recently adopted a similar strategy to convert
the aforementioned MID1-Zn dimer into a highly efficient,
single-chain esterase.””’” Using the MIDI1-Zn dimer crystal
structure as a guide, the MID1 monomers were appropriately
linked through C—N terminus gene fusion. The resulting
construct was subjected to an extensive series of redesign,
rational and random mutagenesis, and gene shuffling steps,
which were coupled to an activity screen for the hydrolysis of a
fluorogenic substrate. These directed-evolution steps led to a

variant (MID1sc10) with a remarkably high catalytic perform-
ance (k. = 1.6 s}, k,/K,, = 980,000 M~" min~!, k_./K,./
Kpnear = 9.3 X 10" M™) and stereoselectivity (~1000-fold
kinetic preference for S over R enantiomer), on par with highly
evolved natural enzymes649 (Figure 86b). In addition to
hydrolysis reactions, Lewis acidic metal ions can catalyze a
number of abiological reactions, including the Diels—Alder
reaction.”” Basler et al. used the MID1-Zn dimer as a starting
point to design and evolve an artificial Diels—Alderase.”** After
multiple rounds of directed evolution, the researchers obtained
an enzyme with >99% enantioselectivity and the highest
reported catalytic proficiency of any Diels—Alderase, thereby
demonstrating that interfacial metal active sites can be used to
develop enzymes for reactions that are typically considered
abiological.

Although the scope of designed metalloprotein assemblies
with catalytic activities have thus far been limited to Zn-based
hydrolases and Diels—Alderases, the examples summarized
above demonstrate the immense potential to generate new and
evolvable activities in nascent protein interfaces. Given the
genetic economy with which metal ions can nucleate protein—
protein interactions and simultaneously provide inherent
reactivities, these examples also implicate a potential role of
metal-templated protein assembly in the evolution of modern
metalloenzymes.***30%¢5!

5. FUTURE DIRECTIONS AND CHALLENGES

Proteins are nature’s premier building blocks for sophisticated
molecular machines and materials, which has inspired scientists
from diverse disciplines to try their own hand at designing
protein assemblies with the structural and functional complex-
ity of natural assemblies. In this review, we have summarized
the remarkable progress that has been made in the rational
design and construction of protein assemblies in the last two
decades. To tackle the chemical and structural complexity of
molecular interactions that guide protein self-assembly,
scientists have devised many computational,””” chemical,”’
and protein engineering% strategies to create an ever-
expanding design toolkit. These advances have enabled the
construction of complex protein architectures, ranﬁin% from
small oligomers'”**°° and cagelike assemblies *”"'"° to
extended 1D structures,’*>*** as well as 2D'***** and 3D
crystals.”””>"* Many of these assemblies are not only stable but
also demonstrate dynamic, adaptive, and stimuli-responsive
behavior.

Importantly, the field of protein nanotechnology has made a
swift transition from structure-building to property- and
function-building. Protein materials with novel mechanical
properties,®'® catalytically®®> and optically’®” active systems,
and assemblies that interface with cellular components**”**”
and possess bona fide biological functions,”” all reported
within the last five years, aptly illustrate the field’s transition
toward function-building. The protein assembly design field
has greatly benefited from contemporaneous technological
advances in the characterization of static and dynamic
structural protein assembly features,">” the development of
computational methodologies,'”” as well as new protein
biochemistry and molecular biology tools.*® Perhaps more
importantly, these advances have been enabled by our growing
understanding of molecular interactions and self-assembly, and
the combination of knowledge from diverse disciplines such as
protein design, supramolecular chemistry, inorganic chemistry,
nanotechnology, polymer chemistry, and physics.
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What are some of the challenges and prospects of protein
nanotechnology in the coming years? As usual, one needs to
look no further than the structural and functional sophisti-
cation of natural protein assemblies or protein-based materials
(e.g, multicomponent machines such as photosystem 1% or
dynamic materials such as cytoskeletal filaments®*) for
inspiration. Despite our expanding design toolkit for
controlling protein self-assembly (section 2), essentially all
the protein structures described in this review are symmetrical
or periodic and consist of one, and at most two, protein
components (section 3). Often, these artificial assemblies are
built for stability rather than dynamic or responsive behavior.
Thus, an important technical challenge will be to improve the
accuracy and efficiency of computational protein design
methods, while also incorporatin§ responsive elements/fluid
bonds (e.g, metal-coordination,”™® electrostatic,””> polar,489
and water-mediated interactions'?®) to enable the self-
assembly of dynamic, multicomponent architectures via the
simultaneous formation of multiple protein—protein interfaces.
The presence of responsive elements will be instrumental in
asserting control over self-assembly kinetics and for construct-
ing reconfigurable and far-from-equilibrium systems.

Along these lines, it will be important to look beyond simple
self-assembly. The formation of most natural protein-based
machines and materials does not happen spontaneously from a
one-pot mixture of building blocks. Instead, their assembly is
often directed by templates (e.g, membranes,"**** chaper-
ones,”*® polynucleotide sequences®’) and takes place in a
stepwise, spatially and temporally controlled fashion. Thus, it
will be necessary to design/tailor protein building blocks for
association not only with other proteins but also with external
templates and, once again, to incorporate responsive/externally
tunable interactions to access spatiotemporal control over
protein assembly. Likewise, the construction of protein-based
materials at the micrometer or longer length scales will require
us to think beyond the design of short-range, noncovalent
interactions, which is the traditional realm of protein design.
Considering other design elements, such as protein shape,
charge, charge distribution, hydrophilic/hydrophobic pattern-
ing, etc., will enable the exploitation of other forces
(electrostatic/dipole, magnetic, depletion, phase separation,
etc.) and external fields to build hierarchical protein
architectures at extended length scales.”’

While the structure of a protein assembly is the obvious
immediate target for design, it is hardly sufficient for obtaining
a desired property or function. Indeed, the greater challenge in
the design of functional protein assemblies does not stem from
designing a particular structure with high accuracy, but rather
from the fact that we possess an insufficient understanding of
structure—property or structure—function relationships in
proteins (except perhaps for simple functions such as binding
and recognition). For example, if we did not know the function
of hemoglobin, we might still deduce from its globin fold and
heme coordination environment that it is likely involved in
small-molecule binding and not electron transfer. Yet, we
would not be able to predict that it functions as a reversible O,
transporter that displays positive cooperativity and allosteric
modulation by CO, and BPG.**® Similarly, it would not be
possible to describe the mechanical properties and nucleotide-
dependent assembly/disassembly behavior of microtubules
simply from 3D structures of a- and f-tubulin and the
intermolecular interfaces between them.*”°%

13778

Given this current knowledge gap between structure and
property/function, we believe that it is impractical to solely
rely on the conventional, deterministic protein design
approach of “one design — one structure — one function”,
which is challenging in its own right and inherently limited to
one or a few functional outcomes in the best-case scenario.
More favorable, in our opinion, would be an alternative design
pathway of “one design — multiple structural outcomes —
multiple functional outcomes”. In this pathway, condition-
dependent protein—protein interactions would enable one or a
few building blocks to yield a multitude of protein assemblies
(for example, via switchable interactions), which in turn would
provide a higher likelihood of obtaining the desired functions
as well as the discovery of serendipitous ones. The key to the
execution of this strategy would be modular protein assembly
strategies (e.g., reconfigurable systems described in section 4)
coupled with efficient functional selection or screening
methods, similar to those successfully used in the directed
evolution of artificial enzymes and other functional proteins.

In closing, the structural and functional sophistication of
natural protein assemblies and materials—which have evolved
through functional selection over millions of years—may
appear far out of reach for rational design. Yet, rational design
is unbounded by the synthetic restrictions of living systems and
has access to an unlimited source of building blocks, chemical
tools, and assembly strategies. Indeed, as we have attempted to
describe in this review, the field of protein nanotechnology has,
in very short order, produced artificial protein assemblies and
materials whose structural and functional attributes also lie
beyond those of natural systems. Given the large momentum
of this field and its expanding interdisciplinary scope, it would
not be a big stretch to predict that there will soon be artificial
protein assemblies used in real-life applications (e.g., as
pharmaceutical agents,°°' catalysts in industrial pro-
cesses,"*”%® or device components”®") and incorporated into
the life cycles of organisms for synthetic biological purposes.
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LIST OF ABBREVIATIONS

AFM atomic force microscopy
Ala alanine

Arg arginine

Asp aspartic acid

AUC analytical ultracentrifugation
AuNP gold nanoparticle

Bipy bipyridine

BPG 2,3-bisphosphoglycerate
CCMV  cowpea chlorotic mottle virus
CD circular dichroism

COF covalent-organic framework
Cys cysteine

Cyt cytochrome

DLS dynamic light scattering

dsDNA  double-stranded DNA
cryo-EM  cryogenic electron microscopy

EDC 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide
FRET Forster resonance energy transfer
GFP green fluorescent protein

Glu glutamic acid

GST glutathione-S-transferase

HA hydroxamic acid

Hepl hemolysin-coregulated protein 1
His histidine

HRP horseradish peroxidase

HuHF human heavy chain ferritin

Lys lysine

MDPSA  metal-directed protein self-assembly

MeTIR  metal-templated interface redesign

MOF metal—organic framework

ns-TEM  negative stain transmission electron microscopy
NHS N-hydroxysuccinimide

NMR nuclear magnetic resonance

PAMAM polyamidoamine

Pc phthalocyanine

PDB Protein Data Bank

pDEGMA poly(di(ethylene glycol) methyl ether methacry-
late)

PEG polyethylene glycol

pl isoelectric point

pNPA p-nitrophenyl acetate

pNPP p-nitrophenyl phosphate

QD quantum dot

RhB rhodamine B

RhuA r-thamnulose-1-phosphate aldolase
rMeTIR  reverse metal-templated interface redesign

SAXS small angle X-ray scattering

sfGFP superfolder green fluorescent protein
SP1 stable protein 1

TMV tobacco mosaic virus

TMVCP  tobacco mosaic virus coat protein
TRAP tryptophan RNA-binding attenuation protein

VLP virus-like particle
XRD X-ray diffraction
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