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In nature, many proteins have evolved to have self-
complementary shapes. This drives them to assemble
into supramolecular structures, sometimes of great
complexity, and often carrying out sophisticated cellular
functions. Designing novel proteins that can self-assem-
ble into similarly complex structures is a longstanding
goal in bioengineering. New ideas, combined with con-
tinually improving computer algorithms, are making it
possible to advance on that goal, bringing wide-ranging
applications in synthetic biology within reach. Prospec-
tive applications range from vaccine design to molecular
delivery to bioactive materials. Recent strategies and
examples of successfully designed protein cages, layers,
and crystals are reviewed.

Protein assemblies as a synthetic biology goal

The emerging research area of synthetic biology seeks to
recreate various complex phenomena exhibited by biologi-
cal systems, especially at the molecular level [1]. The
phenomena of interest are often characterized by a high
degree of order — either in time or space. The emergent
behavior or ‘output’ of synthetic systems can be consider-
ably more complex than the behavior of the individual
components [2]. Often, this arises from the introduction
of non-trivial or self-referring interactions between compo-
nents. For example, if rather than simply A affecting B,
instead B also affects C, and C affects A, then an output
behavior may arise where molecular concentrations oscil-
late in time [3]. Likewise, if rather than simply A binding to
B, instead A binds to itself in multiple ways, surprisingly
large and complex molecular assemblies can arise, leading
to spatial organization of various types, such as compart-
mentalization or long-range propagation of forces by rigid
structures. We concern ourselves here with strategies for
designing protein molecules that self-associate to produce
large, complex assemblies with potential synthetic biology
applications.

Diverse efforts in the area of designing protein-based
assemblies and materials can be divided into two groups:
stochastic and deterministic [4,5]. The stochastic group
encompasses several design strategies where the self-
assembling protein molecule is highly flexible [4,6]. When
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a highly flexible molecule self-associates to form a higher-
order assembly, the result is typically an extended and
geometrically irregular material. Such network or mesh-
like materials have interesting bulk properties, which can
sometimes be modulated in useful ways [7]. The second
group, where the assembly behavior is intended to be
deterministic, encompasses those strategies aimed at pro-
ducing specific 3D structures [5]. These structures, which
may be finite in size (e.g., clusters or cages) or indefinite in
extent (e.g., arrays or crystals), can be built with atomic
level features in mind.

Early work on designing geometrically specific protein
assemblies focused on filamentous structures as design
targets. That early focus reflects the relatively simple
design requirements for filamentous assemblies: a single
self-associating interface can produce end-to-end polymer-
ization. Specific well-studied self-associating protein
motifs have been a rich source of building blocks for
designing filamentous structures. Helical coiled-coils have
been especially useful [8,9]. Cyclic polypeptides composed
of B-strand-preferring amino acids have provided another
self-associating motif, in this case leading to rigid tubular
assemblies [10]. Variations on filamentous designs have
sought to produce more complex patterns, such as branch-
ing [11], but the end-to-end polymerization strategies cen-
tral to filament design do not extend easily to the problem
of creating highly specific 3D architectures.

In this review we focus on strategies for designing
proteins that self-assemble to give defined structures with
complex architectures, including cages and extended 2D
and 3D crystalline arrays.

Underlying principles

In nature, wherever supramolecular structures are built
up by the assembly of multiple copies of the same subunit
(or similar subunits), the subunits are nearly always as-
sembled in a symmetrical fashion [12,13]. The reason for
this was anticipated as early as 1956 by Crick and Watson
[14]: symmetric assemblies require fewer distinct kinds of
specific interaction interfaces compared to asymmetric
assemblies. It is natural then that efforts to design ordered
protein assemblies should rely on principles of symmetry.
We articulate three connected ideas that we believe are
important to permit full exploitation of symmetry-based
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approaches for designing self-assembling molecular sys-

tems:

(i) A symmetric molecular assembly, whether it is a finite
structure or an extended array, is characterized by its
symmetry group. A symmetry group is an exact
mathematical idea that expresses the complete set of
spatial operations that interrelate a set of individual
components, in this case a set of structurally identical
protein subunits in a 3D assembly. For example, a 24-
subunit assembly built with the symmetry of a cube
(referred to as octahedral symmetry) is described by a
symmetry group with 24 spatial operations. Every pair
of subunits is related by some operation in the group.
For chiral biological molecules, such as proteins, these
operations must be rotations, potentially combined
with translations, but excluding reflections.

(i) Any interface formed between two subunits in a
symmetric assembly corresponds to one of the
operations of the symmetry group (vide supra).

(iii)) For a hypothetical, symmetric constellation of sub-
units (whether finite or indefinite) to constitute a
plausible, physically connected assembly — in other
words, to not be two or more disjoint sub-complexes —
the following condition is both necessary and suffi-
cient. Taking any individual subunit as a reference,
the distinct interface types it uses to contact its
neighbors comprise a subset of the operations of the
complete symmetry group, and this subset of opera-
tions must be capable of generating the full symmetry
group. That is, repeated combinations of this typically
small subset of operations must be able to reform the
whole symmetry group. In physical terms, this is
equivalent to stating that it must be possible to trace
a path from any one molecule to any other molecule in
the assembly through the contacts between molecules
in the assembly (Box 1). Otherwise, the collection of
molecules would be disjoint.

The first two ideas are relatively well-known to those
familiar with crystallography or molecular symmetry, but
the third is less obvious. It was first articulated in the
context of crystal symmetries [15], and then in the context
of designed protein assemblies [16]. Particularly surprising,
and important from a design perspective, was the realiza-
tion that large, complex symmetries (including some 3D
crystal symmetries) could be generated using only two
distinct symmetry elements [16]. This translates to the idea
that if one can design two distinct, geometrically specific,
self-associating interfaces into a single molecule, then a
wide range of assembly architectures can be realized. Al-
though more than the minimum number of distinct contact
types can be introduced in a design — and large natural
assemblies such as viral capsids almost always exhibit more
than the minimum number of distinct contact types [17] —
the minimum contact number (which is just two for many
cases) establishes an important design principle.

Design strategies and successes

Owing largely to the complexity of protein molecules, and
our incomplete understanding of the rules by which they
fold and recognize each other, designing complex protein
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assemblies has been a difficult challenge. However, efforts
along multiple lines are beginning to bear fruit. Recalling
the discussions above on the design requirement of intro-
ducing two (or more) modes of self-association into a single
protein molecule, varied approaches to the problem of
designing self-assembling proteins can be grouped accord-
ing to the strategy used to satisfy this central requirement.
Different strategies rely to different degrees on natural (or
native-like) protein—protein interfaces versus novel inter-
faces created by amino acid sequence design (Figure 1).

Fusion of natural oligomers
An early idea for introducing two self-associating interfaces
into a single protein molecule emerged at a time when the
prospects for designing novel protein—protein interfaces by
computational methods were limited. In 2001, we proposed
that genetically fusing two different, naturally oligomeric
domains into a single protein chain could satisfy the design
requirement of combining two self-associating motifs [16].
The problem was how to dictate, or at least predict in
advance, what the relative orientation would be between
two genetically fused domains; free backbone rotations
occur at a point of fusion, and this would make the final
geometry unpredictable. The solution for how to predict the
relative orientation in advance was to use oligomeric
domains that began or ended in an a-helix, such that the
protein backbone (and any a-helix-preferring amino acids
introduced as a linker) might adopt an unbroken a-helix
running from within one oligomeric domain into the next. In
this way, pairs of oligomeric domains of known structure
would be combined in hypothetical, predicted arrange-
ments, and a search could be made for pairs that would
satisfy specific geometric rules for constructing different
architectures such as cages or crystals. The same paper laid
out geometric rules for how the symmetry axes of the
component domains would have to be oriented relative to
each other to obtain various architectures ([16], Box 1). That
initial set of geometric rules only covered combinations of
dimers and trimers because the protein structure database
at that time contained relatively few proteins with both
higher oligomeric symmetry and subunits ending in helices
[16]. A tremendous range of assembly architectures can be
achieved using higher symmetry building blocks; those
possibilities have not been completely enumerated yet.
The oligomeric fusion method was first used in the design
of protein filaments — a relatively easy design target —and a
12-subunit molecular cage with a tetrahedral shape, repre-
senting the first protein construction of its kind. However,
that initially designed protein sequence formed cage-like
assemblies whose sizes were too heterogeneous to charac-
terize in atomic detail; crystals could not be obtained [16].
This barrier was surmounted in recent work. When the
original design was revisited, and two amino acid changes
were made based on a visual identification of potential steric
conflicts, a homogenous 12-subunit cage was obtained and
crystallized [18]. The designed cage is roughly 16 nm in
diameter and contains a central opening about 5 nm in
diameter (Figure 2a,b). Interestingly, despite an overall
match to the design, the observed assembly exhibited sig-
nificant deviations (about 8 A root-mean-square deviation,
RMSD) from perfect symmetry [18].



Box 1. Principles for designing ordered protein assemblies
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A general requirement for engineering complex self-assembling
structures is to create a protein molecule bearing multiple distinct
self-associating interfaces (Figure |, top). This can be achieved
through the use of natural oligomeric proteins or computational
sequence design, separately or in combination. The multiple
interfaces must be combined according to specific geometric rules
[16] if defined structures are to be created (Figure I, bottom). The
geometric design requirements are given for some example

assemblies. In each case, the two types of symmetry elements are
noted in bold, together with the angle they must form. The
symmetries of the resulting assemblies are given (T: tetrahedral;
O: octahedral; I|: icosahedral). For 2D layers and 3D crystals (not
shown), rules for constructing the full range of possible symmetries
have not been articulated yet [16], though specific instances of 2D
layers and 3D crystals have been successfully engineered
[22,35,36].

Generating multiple self-associating interfaces by fusion or sequence design
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Figure I. Strategies and geometric rules for combining multiple protein interfaces.

Variations on the fusion approach have been introduced
by others. In one study [19], natural oligomers were used to
supply the two self-associating interfaces required for an
extended 2D array of protein molecules, but in this case the
components were connected by binding to biotin instead of
by genetic fusion; one of the oligomers was streptavidin, a
D, tetramer, and the other was aldolase (RhuA), a C4
tetramer. Arrays of only limited extent were obtained,
probably owing to flexibility of the biotin linker and imper-
fect control over the relative orientation of the component
oligomers. In another study, two types of building blocks
were generated by fusing PDZ domains or PDZ-binding
peptides to the termini of a tetrameric (Do symmetry)

superoxide reductase [20]. These building blocks formed
linear filaments upon mixing. Smaller protein motifs have
also been used in oligomeric fusion approaches. One study
connected a trimeric coiled-coil to a pentameric coiled-coil
with the goal of generating 60-subunit icosahedral parti-
cles [21]. A disulfide bond was introduced to force a bend
between the two helical components; an angle of precisely
37.4° is required to satisfy icosahedral symmetry. The
particles formed by this design appeared polymorphic
but were roughly the intended size of 16 nm.

A notable extension to the original oligomer fusion
strategy was recently introduced [22] (Figure 2¢,d). These
authors noted that, if higher-order oligomers are used as
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Figure 1. Strategies for introducing a new oligomerization interface. (a) Oligomeric fusion strategy. Two different oligomeric proteins can be fused together to generate two
oligomerization interfaces within a single protein subunit, thereby driving the assembly of complex structures [16]. A single protein chain within the complex is shown in
the black rectangle. In the example shown, the green domain derives from a natural trimer and the magenta domain derives from a natural dimer. Linking residues are
yellow. (b) New interfaces generated through metal-binding. Multiple histidine residues incorporated into the side of an exposed a-helix can constitute a new dimeric
interface [30]. Two different chains are shown in green and yellow, histidine residues are shown in black lines, and metal ions are shown as orange spheres. (¢) a-Helix-
based oligomerization. a-Helices can be designed to form different oligomerization states based on well-studied coiled-coil motifs [32]. Different chains are shown in
different colors. (d) B-Sheet-based oligomerization. The open edge of a B-sheet can be used as a site for designing a dimeric interaction [31]. Two different chains are
colored in green and cyan. (e) De novo design of a new interface. A new interface can be introduced into a natural oligomer of relatively low initial symmetry to generate
higher-order assemblies [34]. In the case illustrated, multiple copies of a natural trimer are shown in different colors. One trimer, shown in green, is lifted from its assembled
position. The de novo designed interaction patches are shown in red. The designed interactions between the green subunit and other subunits are indicated by thin lines.

the components, the two oligomers to be genetically fused
can be aligned at an axis of symmetry that they both share.
In such a scenario, there will be two (or more) polypeptide
linkers instead of one running between adjacent oligo-
mers. The requirement for a rigid a-helical linker could
then be removed, with the necessary orientational control
resulting instead from the multiple chain connections.
This symmetry-matching fusion protein strategy success-
fully generated a linear filament and 2D arrays. A notable
success rate of 40% was achieved when constructing 2D
arrays, and one of the arrays exhibited exceptionally good
long-range order. The design of 3D crystals based on this
strategy led to large solid aggregates having crystal-like
morphology, but the long-range order required for crystal-
lographic analysis has not been reported yet.

In theory, the shared symmetry axis method can be used
to create 2D and 3D arrays obeying a variety of different
symmetries, the full range of which has not been articu-
lated yet. However, an unavoidable constraint of the meth-
od is that only extended materials (e.g., 2D arrays and 3D
crystals) can be generated, but not finite structures such as
molecular cages.

Interface design

Computer programs for designing protein—protein inter-
actions are becoming increasingly powerful [23-25], mak-
ing it possible to design sequence mutations that drive
specific modes of symmetric self-association. This has
opened up more direct strategies for designing large pro-
tein assemblies and extended materials. The most conser-
vative approaches for designing such large assemblies,
including most of the successful experiments reported so
far, rely on a natural (or native-like) oligomerization
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motif to provide one of the modes of self-association,
and computer algorithms are then used to introduce an
additional interface (or interfaces) (Box 1). This approach
minimizes the number of novel interfaces that must be
successfully designed computationally. Strategies that
combine a natural oligomeric interface with the computa-
tional design of an additional interaction were presaged in
experiments [26] in which assemblies such as double-ring
structures were generated by introducing relatively sim-
ple interfacial features such as a hydrophobic patch into
simpler, single-ring, natural protein assemblies. The suc-
cess rate of that strategy was higher when the starting
structures contained more subunits (for example, C4 com-
pared to C2), presumably owing to the higher multiplicity
of the newly introduced interaction sites. In addition, the
observed assemblies typically showed substantial devia-
tions from the intended structures, presumably reflecting
the limited geometric precision provided by the sequence
design strategy.

Numerous sequence design strategies for promoting
self-association have been demonstrated, with strategies
that deliver the highest geometric specificity placing the
greatest demand on the sequence design process
(Figure 1b—e). At one end of the spectrum, a simple se-
quence element such as two histidines at positions i and
i+4 on the exposed surface of an a-helix has proved to be a
straightforward approach for driving protein self-associa-
tion in the presence of metals [27-29]. However, the spe-
cific geometries of those associations have been hard to
predict [30]. Higher levels of geometric specificity have
been demonstrated in the design of self-associating inter-
actions involving an exposed B-strand in one case [31], and
a-helical bundles in several other studies [32,33]. At the
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Figure 2. Designed assemblies based on two types of oligomer-fusion strategies. (a) Fusion through a semi-rigid helix linker. Two natural oligomeric domains (green and
purple; left) are held in a predetermined orientation by genetic fusion of the two domains and an a-helical linker (yellow; middle) [16]. Multiple copies of the fusion protein
can then self-assemble into a well-defined shape (right). (b) Crystal structure of a successful example by using the helix-linker fusion strategy [18]. Twelve different chains in
the assembly are colored differently; a central sphere of about 5 nm is shown in black. (¢) Fusion by common symmetry axis. Short and relatively flexible linkers (green; left)
are used to fuse natural oligomeric domains (pink and yellow) such that the shared symmetry axes tend to align with each other (blue arrow; left) [22]. Multiple subunits can
then self-assemble into extended arrays (right). (d) Molecular model of a layer assembled by the common-symmetry-axis fusion strategy, which was consistent with
electron micrographs of the resulting material. Panels (a) and (b) adapted, with permission, from [18]. Panel (c) adapted, with permission, from [55]. Panel (d) adapted, with

permission, from [22].

extreme end, the sequence design of entirely novel,
geometrically specific self-associating interfaces (i.e., not
modeled on well-characterized natural motifs) has been
demonstrated in a newly published study [34]. Together,
these varied modes of interface design have been exploited
in a recent flurry of experiments demonstrating the crea-
tion of complex assemblies and extended materials.
Metal site design, combined with additional interface
design, was used to create a small protein that self-assem-
bles into a series of different architectures [35]. A cyto-
chrome protein that had been engineered by the
introduction of coordinating histidine residues to form a
metal-induced dimer was stabilized in that specific geomet-
rical configuration by further mutations using computer-
aided interface design. In the resulting configuration, the

two symmetric metal-binding motifs each had one open
coordination site to promote a further twofold association
between dimers. Typically, a tail-to-tail association between
head-to-head dimers tends to produce a filament or strip of
molecules. In this study [35] it appears that different exper-
imental conditions promoted different arrangements and
associations of such strips, such as side-by-side associations
to give sheets, or helical wrappings to give tubular struc-
tures (Figure 3). Assemblies produced by the metal-mediat-
ed strategy have the potential to be fine-tuned through the
adjustment of the protein:metal ratio or pH. At the present
stage, the assembly outcomes in metal-mediated designs
must be established experimentally, and the generation of
predictable structures constitutes an important future chal-
lenge.
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Figure 3. Layers and nanotubes by metal-mediated assembly. (a) Zinc was used to trigger the assembly of protein subunits with designed di-histidine motifs in two
perpendicular directions into a layer, as shown in (b) [35]. The equivalent part of (a) is shown in the green box. Three differently located zinc ions are colored in cyan,
orange, and red. (¢) Bending and twisting around the binding site for zinc #3 caused the layer to curl into a nanotube. Adapted, with permission, from [35].

657



Trends in Cell Biology December 2012, Vol. 22, No. 12

(a) (b)

TRENDS in Cell Biology

Figure 4. A designed 3D protein crystal using coiled-coil building blocks. (a) An assembly obeying P6 crystal symmetry was designed using a parallel 3-helix coiled-coil as
the starting motif [36]. Computational sequence design was used to promote lateral and vertical contacts between trimers. Distinct chains in the trimer are colored in green,
cyan, and magenta. Minor breakage of the intended P6 symmetry is visible. (b) The vertical stacking of layers is illustrated in a perpendicular view from the position of the
black triangle in (a). The ends of the helices in one layer form hydrogen bonds with helices in neighboring layers, forming semi-continuous helices along the longitudinal

crystal dimension. The layer shown in (a) is located between the two solid lines.

The successful design of a self-assembling 3D protein
crystal was recently demonstrated [36]. First, a protein
backbone conformation based on a well-studied protein
motif, a three-helix bundle, was placed in a chosen crystal
lattice. In this case, the template trimer was placed on the
threefold symmetry axis of a P6 crystal unit cell (Figure 4).
Favorable unit cell spacings and trimer orientations were
then sampled, after which the sequence of the protein was
optimized based on its interactions with symmetry-based
neighboring protein molecules. Following production of the
designed protein, two different protein crystal forms were
obtained, one of which agreed very closely with the designed
crystal model, with deviations in the range of about 1 A.

Two different test cases recently demonstrated the ability
to design a large, novel self-associating interface into a
naturally oligomeric protein subunit to produce large molec-
ular cages and clusters [34] (Figure 5). Novel homodimeric
interfaces were designed into two different naturally trimer-
ic proteins in geometries intended to yield a 24-subunit cage
with octahedral symmetry in one case and a 12-subunit
assembly with tetrahedral symmetry in the other. This
design strategy relied on a computational docking procedure
that restrained the rigid body and conformational sampling
to configurations obeying the target symmetry [37,38]. Mul-
tiple crystal structures of the designed proteins revealed
that the resulting assemblies matched the design models at
atomic-level resolution, exhibiting backbone RMSDs of
about 1A or less. It should be noted that the initially
designed sequence for the tetrahedral case yielded an as-
sembly that was slightly less accurate (backbone RMSD of
2.7 A); introducing three additional mutations yielded the
more accurate assembly. This study demonstrated that
designing interfaces based on many weak interactions over
large interface areas — similar to the interfaces found in
natural protein assemblies — can result in highly ordered
and accurately assembled structures. However, the two
successes were accompanied by 39 other designed proteins
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that either expressed insolubly or failed to assemble,
emphasizing the need for improved methods for designing
protein—protein interactions if this approach is to become
widely used.

Strategic variations

The basic design ideas discussed above admit numerous
variations, some of which have been demonstrated already.
For extended protein assemblies, one immediate obstacle
is the production of recombinant proteins in soluble form
during bacterial protein expression. The building blocks for
such assemblies tend to associate as soon as they are
produced inside the host cell, leading to large aggregates
and inclusion bodies that seriously complicate the problem
of protein purification. Several groups have overcome this
problem by splitting the assemblies into two or more
distinct components that can be produced in soluble forms
in separate bacterial strains [19,20,22]. Purified, soluble
components can then be mixed to form the intended as-
semblies in situ. Other methods to trigger protein assem-
blies rely on the addition of metals or other ligands into the
otherwise soluble protein building blocks [35,39,40]. These
approaches offer the additional advantage that the metals
or ligands can be chelated or scavenged to revert the
protein assemblies to their soluble building blocks.

The surfaces of protein building blocks can also be
decorated with various functional groups to generate de-
sirable properties. In one case, a rhodamine chemical
group was conjugated to building blocks to promote asso-
ciation between protein layers [35]. In another example,
protein sidechains in a repeating pattern along a helical
peptide were chosen to adhere to the periodic pattern of
carbon atoms in single-walled carbon nanotubes [41]. The
helical peptides wrapping around the carbon nanotubes
further served as a periodic registry for gold nanoparticle
attachment, highlighting the potential for generating hy-
brid bio-nanomaterials.
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Figure 5. Accurate design of large symmetric protein assemblies based on novel interface design. Among the wide variety of symmetric architectures that can be obtained
by interface design, two large cubic assemblies have been demonstrated [34]. Crystal structures of designed (a) 24-subunit octahedral and (b) 12-subunit tetrahedral
assemblies are shown, viewed along their twofold and threefold symmetry axes. Within each assembly, individual trimers are depicted in different colors. The designed
interfaces [regions boxed in (a) and (b)] in the crystal structures (green/magenta) of the (¢) octahedral and (d) tetrahedral assemblies closely agree with the designed models
(white). Backbone RMSDs between the observed structures and the designed models were 1.1 A and 0.6 A over all subunits for the octahedral and tetrahedral assemblies,

respectively.

Further variations for designing protein assemblies have
been conceptualized. In one example, the building blocks
comprise smaller fragments of natural proteins, which
would then be stitched together to produce molecules having
specific self-association properties [42]. Although this ap-
proach has not been realized yet in practice, it highlights the
variety of creative ideas being brought to bear on the prob-
lem of designing ordered assemblies.

Different design strategies offer their own advantages
and disadvantages. Recent studies emphasize key distinc-
tions between the two main strategies discussed here —
oligomeric fusion and interface design. The former ap-
proach avoids the introduction of mutations within natu-
rally occurring protein domains, and hence minimizes the
chance that the natively folded structure will be disrupted.
On the other hand, de novo interface design should ulti-
mately enable the use of arbitrary protein domains as
building blocks, without being limited to those natural
oligomers offered by nature.

Concluding remarks

If engineered protein assemblies are to become a reliable
technology for real-life applications, the success rate of the
strategies discussed here will need to be improved. For the
oligomeric fusion strategies, the major challenge is to
control better the relative orientation of the fusion part-
ners. This is especially true for the helix-fusion strategy
given that the recent crystal structure of the designed cage
revealed considerable bending and twisting of the helical
linkers [18]. For the symmetry-matching fusion strategy,
although the presence of multiple linkers between joined
oligomers promotes alignment of the shared symmetric
axes, twisting about this axis may be harder to control
[22]. Such rotational flexibility may need to be dealt with if
a high success rate is to be achieved, particularly in the

challenging area of extended 3D materials. For strategies
that rely on creating new interfaces by computational
design, the key challenge is in achieving geometrically
precise interfaces. The successful design of a protein crys-
tal based on an a-helical polypeptide [36] suggests that
this may be relatively straightforward for protein building
blocks consisting of simple motifs. By comparison, design-
ing precise interfaces into larger proteins of arbitrary
shape appears to present more complex problems. Early
experiments showed that single rings of protein oligomers
could be reliably converted to double rings by incorporat-
ing a few nonpolar residues on the surface, but the assem-
blies obtained generally deviated from the designs in
detail [26]. King et al. [34] twice succeeded in designing
extensive, geometrically-accurate interfaces into globular
protein subunits, which consequently gave rise to large,
symmetric cubic assemblies in very close agreement with
the designed models. However, the successful designs
were only a small fraction of the total designs attempted,
and in one of the two successful designs a second round of
sequence mutations was necessary to fine-tune the initial
design. The successes (and accompanying failures) of var-
ious recent design efforts suggest that further improve-
ments in interface design algorithms could have an
important impact.

An ultimate challenge will be to create a large, complex
assembly without relying on existing oligomerization
interfaces or well-known self-associating motifs. This will
require designing at least two distinct interfaces into a
naturally monomeric protein. In addition to the high accu-
racy required, the need to introduce multiple interfaces
compounds the success-rate problem, and also increases
the likelihood that the sequence changes will be so many as
to compromise protein folding and stability. The latter
issue may call for more careful consideration of which
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protein folds might be the most suitable as starting tem-
plates for design.

The success-rate problem might be mitigated if efficient

screening methods can be developed. King et al. imple-
mented a multistep screening method to identify which of
their many computationally designed protein sequences
were soluble and compatible with self-assembly [34]. Al-
though their screening protocol, which involved gel elec-
trophoresis or liquid chromatography, was suitable for the
number of designs examined (~50), design strategies that
exploit much larger sequence pools could benefit from the
development of higher-throughput screening strategies
[43].

The next stage in developing designed protein assemblies

will need to focus on applications [44,45]. The possibilities
are myriad, arising from different combinations of function-

al

elements (such as catalytic sites or recognition motifs)

with various types of spatial organization, such as encapsu-
lation or ordered display [46,47]. Finite structures such as
cages and shells invite the idea of encapsulation, as well as
targeted delivery based on externally displayed motifs
[48,49]. Motifs displayed on the surface of large assemblies
could be useful in their own right, for example in the design
of synthetic vaccines [50]. Extended materials offer addi-
tional modes of spatial organization [51]. Numerous areas of
synthetic biology could be advanced by materials presenting
ordered arrangements of enzymes or receptors [52,53].
Across all the possible architectures that might be explored,
the ability to trigger assembly or disassembly should enable
a broad range of responsive materials [54].
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