Designed Protein Origami

Igor Drobnak*, Ajasja Ljubetic¢*, Helena Gradisar,
Tomaz Pisanski, and Roman Jerala

Abstract

Proteins are highly perfected natural molecular machines, owing their
properties to the complex tertiary structures with precise spatial position-
ing of different functional groups that have been honed through millennia
of evolutionary selection. The prospects of designing new molecular
machines and structural scaffolds beyond the limits of natural proteins
make design of new protein folds a very attractive prospect. However, de
novo design of new protein folds based on optimization of multiple coop-
erative interactions is very demanding. As a new alternative approach to
design new protein folds unseen in nature, folds can be designed as a
mathematical graph, by the self-assembly of interacting polypeptide mod-
ules within the single chain. Orthogonal coiled-coil dimers seem like an
ideal building module due to their shape, adjustable length, and above all
their designability. Similar to the approach of DNA nanotechnology,
where complex tertiary structures are designed from complementary
nucleotide segments, a polypeptide chain composed of a precisely speci-
fied sequence of coiled-coil forming segments can be designed to self-
assemble into polyhedral scaffolds. This modular approach encompasses
long-range interactions that define complex tertiary structures. We envi-
sion that by expansion of the toolkit of building blocks and design strate-
gies of the folding pathways protein origami technology will be able to
construct diverse molecular machines.
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2.1 Protein Architecture new protein folds, on the other hand, a topologi-

It is no coincidence that proteins, more than any
other type of biomolecule, are the workhorses of
life. They are responsible for executing and in
most cases also regulating the vast majority of
cellular processes. The reason nature has chosen
proteins for this vast, varied, and very dynamic
range of tasks lies in their versatility. The range
of 20 amino acids with their chemically diverse
side chains offers no less than 8000 possible per-
mutations for a single tripeptide (compared to 64
for a trinucleotide). We must add to that the much
greater conformational freedom of the polypep-
tide backbone in comparison with nucleic acids
or saccharides, and the number of possible con-
figurations becomes staggering. Given this enor-
mous variability in sequence and structure,
proteins appear to have a nearly unlimited func-
tional potential under conditions conducive to
life (aqueous solution, temperatures in the —20—
+100 °C range, pressure on the ~1 atm scale).
With all this variability, the problem then
becomes how to find the sequence that will selec-
tively produce the desired structure and perform
the desired function. Nature solved this problem
using evolutionary selection, which required
hundreds of millions of years. In order to harness
the tremendous potential of proteins beyond nat-
ural proteins or their close homologues and to
endow them with new interesting features we
need a more efficient design strategy than trial-
and-error. While protein engineering has been
used since the dawn of the recombinant DNA
technology, researchers have only recently started
to design new protein folds and design
polypeptide-based structures based on the ratio-
nal design principles. Protein structure modeling
techniques demonstrated important progress,
supporting accurate modeling of protein-protein
interactions and enabling assembly of proteins
into larger complexes. For the design of entirely

cal modular design approach has been presented,
also called protein origami for resembling the
approach used to design DNA nanostructures.

Protein function is inevitably linked to its
structure, whether the latter is stable or dynamic
[1]. The first step in any protein functional design
strategy is therefore to consider what structure(s)
would serve the desired function and how to
make the protein assume such a structure. This is
a difficult problem and still not fully resolved
after more than 50 years of research [2-4].
Essentially, native protein structure is determined
by a multitude and cooperativity of individually
weak interactions among the residues of a par-
ticular polypeptide sequence, as well as interac-
tions between the residues and the solvent (water
along with ions and other cosolutes). All these
interactions depend on the specific conformation
of the protein and given the vast number of con-
formational degrees of freedom available to a
protein, it is not feasible to simply calculate the
energy of every possible conformation and select
the most stable one. The complexity of the pro-
tein design problem therefore stems from the
same abundance of variability that confers on
proteins their versatility in performing a variety
of tasks. Despite the difficulties involved in
understanding protein structure, the basic design
principles of naturally occurring proteins have by
now been established.

Natural proteins are largely stabilized by the
hydrophobic effect that is exclusion of non-polar
surfaces from water. This stems from the fact that
interactions between non-polar side chains and
water are weaker than the sum of interactions of
non-polar groups among themselves and water
molecules among themselves [5]. To optimize the
energy of these interactions, hydrophobic por-
tions of a protein will tend to cluster together at
the core of the structure, removing themselves
from the contact with water, thus stabilizing a
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compact structure. The hydrophobic effect is not
specific to proteins and applies very generally to
non-polar surfaces in contact with water [6].
Accordingly, such non-specific interactions can-
not be relied upon to produce a single, well-
defined designed tertiary structure. For that sort
of specificity, proteins must turn to more selec-
tive interactions like charge-charge interactions
and hydrogen bonds that preferentially form
between specific groups in specific geometries,
rather than being driven by their aversion to
water. These interactions are responsible for
maintaining the protein’s secondary structure.
Because there are only a few possible backbone
configurations that allow efficient hydrogen
bonding between the peptide groups of the pro-
tein backbone (primarily a-helices and j3-sheets)
[7, 8], these structural motifs are reused over and
over in many different proteins. The way these
secondary structure elements combine into a
three-dimensional structure depends on the order
in which they are arranged in the primary
sequence (which will limit the number of possi-
ble arrangements), the polarity of their side
chains (as non-polar residues will tend to turn
away from water), and finally on the more spe-
cific interactions between their polar and/or
charged side chains. The latter are very strong,
yet they do not make a dominant contribution to
stabilizing the structure compared to the unfolded
state, since they can be complemented by water
and counter ions when exposed to the solvent.
They do, however, confer great specificity to the
structure, because the few conformations that
allow all their polar groups to make proper con-
tacts (without exposing large non-polar surfaces
to water) will be much more stable than any con-
formation that leaves some of these strong inter-
actions unformed [9]. In this context it also bears
mentioning that constraining the protein to just a
single conformation out of a myriad possible
ones is entropically unfavorable, meaning that it
is statistically unlikely to happen without any
help from specific stabilizing forces. The attrac-
tive interactions that hold the protein structure
together must therefore be strong enough to over-
come this intrinsic tendency of molecules to sam-
ple all possible conformations. Protein structure

is thus the end result of a fine balance between
conformational entropy, topological constraints,
the hydrophobic effect, and the need to maximize
the number of favorable interactions of polar
groups among themselves or with water
[10-13].

As a result of these considerations, naturally
occurring proteins have evolved a considerable
but finite number of folds that satisfy all the
requirements of a stable structure. To date, almost
1400 distinct protein folds have been registered
among the experimentally determined protein
structures in the PDB [14], with very few new
ones being discovered in recent years. This
apparent saturation of the number of natural folds
indicates that a limited number of folds had
evolved through the evolution. The common fea-
tures of natural protein folds are a hydrophobic
core of the protein, where a large fraction of the
non-polar residue side chains are packed and
excluded from water, and where backbone hydro-
gen bonds are satisfied by strict adherence to
regular secondary structures. The loops that con-
nect these elements of secondary structure are
located at the surface of the protein, where miss-
ing hydrogen bonds can be complemented with
water. The same applies to most polar amino acid
residues, although a few of these also make con-
tacts in the protein core; these tend to be impor-
tant for maintaining a specific, non-degenerate
structure because breaking them requires either a
lot of energy or replacing them with water,
thereby also exposing the hydrophobic core [9,
15, 16]. The elements of secondary structure that
make up the protein core can be arranged in dif-
ferent topological configurations, depending on
the order in which they appear in the amino acid
sequence. Formation of a compact hydrophobic
core brings together residues that are far apart in
the primary sequence. While forming such long-
range interactions is critical to establishing a
compact protein fold, it also appears to be the
rate-limiting step in the process of protein fold-
ing. The prevalence of long-range contacts, also
called contact order, correlates with lower fold-
ing rates [17, 18]. For protein stability, on the
other hand, no such simple correlations have
been found, beyond the fact that in general larger
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proteins tend to be more stable due to the larger
number of intramolecular contacts [19, 20]. That
is not to say that all proteins of the same size dis-
play the same stability, but rather that the differ-
ences between them are hidden in the myriad of
individual intramolecular contacts that are spe-
cific to each protein and not easily predicted.

2.1.1 Designed Protein Assemblies
With respect to designing stable protein struc-
tures, the main obstacle is ensuring specificity of
the folded conformation, because this requires
placing strongly interacting residues in the right
positions so that they can interact in the desired
structure, but not in any undesired alternative
conformations. We lack the precision and com-
puting power to predict and design the balance of
specific interactions from scratch, so the most
efficient current methods are based on naturally
occurring fragments of protein structure that are
known to interact specifically and using those as
building elements to engineer specific interac-
tions into our systems [21, 22].

2.1.2 Tethered Oligomerizing
Protein Assemblies

Interactions between protein domain subunits
can be introduced by designing ligand binding
sites (in particular metal binding sites) or disul-
fide bridges in order to obtain new protein assem-
blies. Such design problems are computationally
more difficult than genetic fusion, but generally
simpler than de novo design of protein-protein
interaction surfaces, since fewer interactions
need to be accounted for. Using binding sites for
small ligands allows creation of smart bionano-
materials by regulating the assembly and disas-
sembly. Self-assembly of the fusion protein
composed of dimerization domain gyrase B and
trimerization domain can be driven by the addi-
tion of a small molecule. Coumermycin, a gyrase
B dimeric ligand induces formation of the peri-
odic protein lattice with nanopores of defined
size. The disassembly of the lattice is achieved by

the subsequent addition of monomeric novobio-
cin which competes for the same gyrase B sites
as the coumermycin [21].

Metal-mediated protein interaction is geomet-
rically specific with tunable interaction strength,
making it an attractive alternative for building
protein assemblies. The strength of binding can
be controlled by the concentration of the transi-
tion metal or by the local pH. By using metal
template interface redesign it is possible to con-
vert naturally occurring monomeric proteins into
oligomeric assemblies [23]. The reverse, convert-
ing a self-assembling protein into a protein that
assembles only in the presence of transition met-
als is also possible [24]. Using this approach,
chemically tunable three dimensional protein
arrays have been designed [25]. The structure of
the assemblies is very dependent on the growth
conditions such as pH and metal to protein ratio.
Binding of metal can also induce conformational
changes. A homotrimeric coiled coils has been
designed, that forms fibrils in the presence of
cadmium ions and separate trimeric units in the
absence of metal ions [26]. The coil was designed
to have blunt ends when the helices are in regis-
ter. The binding of Cd*? ions shifts the relative
orientation of the helices, creating staggered ends
enabling assembly of fibrils. Fletcher et al. [27]
reported self-assembling cages from a coiled coil
homotrimeric (CC-Tri3) and a heterodimeric
peptide (CC-Di-AB). CC-Tri3 and CC-Di-A or
CC-Di-B were connected via disulfide bonds to
form two types of triangular hubs (A and B).
Mixing hubs A and B formed closed spherical
cages of approximately 100 nm presumably due
to the intrinsic curvature of building blocks.

2.1.3 Oligomerizing Protein
Domain Fusion Strategies

Many natural oligomerization domains, typically
containing 100-200 amino acid residues, can
non-covalently self-assemble into larger, often
symmetric, superstructures. Fusion strategies are
based on (genetically) linking two or more natu-
ral oligomerization domains, thereby generating
a molecule with two or more interaction surfaces.
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This was one of the earliest ideas for generating
protein assemblies, as extensive design of new
interaction surfaces was not needed. In order to
form precise geometrically defined structures,
the orientation of the two subunits must be tightly
controlled.

A pioneering study fused a dimer and a trimer
promoting domain with a continuous alpha helix
[28]. Twelve copies of the fused protein were
designed to assemble into a tetrahedral cage.
Introduction of two mutations enabled the pro-
duction of homogeneous cage-like particles
16 nm in diameter with a 5 nm cavity. Significant
deviations from the idealized predicted tetrahe-
dral model were observed, which were mostly a
consequence of the bending and twisting of the
helical linker [29]. The study thus outlined the
need for developing more rigid linkers. If higher
orders of symmetry are present in oligomers,
then the linker can be aligned along an axis of
symmetry, bypassing the need for a rigid linker.
This approach was used to successfully create
filaments and 2D crystals [30]. The largest finite
cage-like assembly generated using the genetic
fusion strategy is currently a 24 component
22.5 nm large cube with a 13 nm diameter inner
cavity. Crystals of the structure were obtained
after prolonged incubation (longer than half a
year). The crystal structure matched the design
very well with a backbone RMSD of only 1.2 A.
However in solution significant populations of
12-mers and 18-meres and a detectable amount
of trimers were also present. The authors specu-
late that the heterogeneity may be due to the flex-
ibility of linkers, although kinetic effects of
assembly of different states cannot be excluded.

2.1.4 Designing New Interaction
Surfaces for Assemblies Based
on Oligomerizing Domains

The most general design strategy based on mul-
tiple folded protein domains involves designing
de novo interactions surfaces. This method has
become possible due to powerful computer pro-
grams for designing weak non-covalent interac-
tion surfaces. King and et al. [31] designed

particles with octahedral and tetrahedral symme-
try, starting from natural trimeric building blocks.
The design was accomplished in two stages: first
natural homomeric trimers were docked and
screened to identify candidates with “designable
interfaces”. The score function used for screen-
ing favored interfaces with a high density of con-
tacting residues in well-anchored regions. Due to
the high symmetry of the final assembly, only
two degrees of freedom for the orientation of the
trimers had to be scanned. In the second stage,
the interfaces were designed at atomic detail. For
both stages the Rosetta [32] framework was used.
Eight tetrahedral and thirty-three octahedral
sequences were tested experimentally and one
from each category was successfully crystalized.
The octahedral particle matched the design very
well, with backbone RMSD smaller than 1 A.
The tetrahedral particles matched the design with
RMSD better than 5 A. Based on the crystal
structure, an improved tetrahedron was designed
and tested. The improved tetrahedron matched
the design very well. In another study King et al.
[33] designed and characterized five tetrahedral
24 subunit cage-like particles. The particles were
composed either of two kinds of trimers (T33
symmetry) or of trimers and dimers (T32 sym-
metry). 30 T32 and 27 T33 sequences were
experimentally tested and 1 T32 and 4 T33 were
crystalized and shown to match the design very
well, with backbone RMSD ranging from 1 to
2.6 A. Most recently, the same strategy has been
used to construct a highly stable designed icosa-
hedral cage with a 25 nm diameter and a large
(approximately 3000 nm?) central cavity [34].
Lanci et al. [35] designed a 3D protein crystal
with a P6 symmetry, which has “honeycomb-
like” channels that span the entire structure. This
approach involved designing backbone structures
with consistent target symmetry, screening them
for “designability” and finally designing the
sequences for the identified structures. In the
study a de novo designed homotrimeric coiled
coil was used. A single low-energy sequence (P6-
a) was identified and experimentally tested. P6-a
formed diffraction-quality crystals overnight, but
crystallized in the P321 space group with neigh-
boring proteins in antiparallel arrangement,
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instead of the intended P6 with the parallel align-
ment of all subunits. Five further sequences at
different parts of the sequence-structure energy
map were tested. One of the structures was suc-
cessfully crystalized. The crystal structure (with
P6 symmetry) was nearly identical to the design
with backbone RMSD of 0.45 A.

In principle the design of new interaction sur-
faces is not bound by symmetry restraints, how-
ever the use of highly symmetrical design confers
the advantage of having to design fewer new
interactions and to increase the robustness.

2.1.5 Repeat Domain Proteins

An alternative approach to modular protein
structure design is provided by repeat proteins.
These are naturally occurring proteins com-
posed of repeating structural motifs/domains
that can be stacked one after the other as mod-
ules to create single chain proteins with predict-
able structures and a considerable range of
lengths, stabilities, and even folding energy
landscapes [36-38]. The down side of this
approach is the bulkiness of the structural back-
bone, as well as the limited range of the com-
plexity of protein structures that can be built
using modules that only interact with their near-
est neighbor modules. Another way of address-
ing the protein design problem is to use smaller,
more independent building blocks, such as indi-
vidual elements of the secondary structure. 8
strands tend to interact non-specifically with
each other, so they are difficult to assemble into
well-defined structures. Instead, they have been
engineered to form assemblies such as fibrils or
hydrogels that possess certain interesting prop-
erties [39—41]. For a more precise control of
structure and function, o helix-based design has
proven most promising. Helices allow construc-
tion of both multimeric assemblies as well as
novel single-chain protein folds, and are dis-
cussed in detail in the following sections as
implemented in protein origami.

2.1.6 Thelmportance of Long
Range Interactions to Define
Complex Shapes

As we noted above, specific long-range interac-
tions are essential for assembling chains of bio-
logical polymers into specific tertiary structures.
As an example, consider the difference between
the linear B-DNA structure which results from
contacts between the neighboring nucleotides in
the sequence, and DNA origami, where long-
range contacts facilitated by stapler oligonucle-
otides enable the design of a multitude of intricate
3D structures [42]. The same is true for proteins
and most naturally occurring proteins have quite
complex contact maps (Fig. 2.1). By contrast,
interactions in a repeat protein are localized to
nearest neighbor repeats which allow only longi-
tudinal stabilization along the length of the
sequence to this type of proteins, restricting them
to linear or circular/helical structures. Protein ori-
gami, in analogy to DNA origami, introduces
long-range interactions into the polypeptide
chain in a rational, controlled manner, allowing
design of complex three-dimensional structures.
This technology holds great promise but also
presents a number of challenges that will need to
be addressed in order to unlock its full potential.
For example, any effort to engineer precise
assembly of complex structures will require a
sufficiently large set of specifically interacting
(orthogonal) structural elements. Folding kinet-
ics can also be complicated by the introduction of
numerous long-range contacts and its control
would be highly desirable. While genetic fusion
protein assemblies composed of natural protein
domains and novel interaction surfaces are based
on the symmetric oligomerizing domains, another
quite novel approach to modular protein assem-
bly in the spirit of synthetic biology is to design
topological polypeptide folds, based on concate-
nated coiled-coil interacting domains. The con-
cepts, challenges, and successes of designed
protein origami are discussed in the remainder of
the chapter.
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Fig. 2.1 Long range contacts as determinants of protein
tertiary structure. A comparison is drawn between the
three-dimensional structures of three classes of proteins
and the maps of residue-residue contacts (cutoff==8 10\)
that stabilize these structures. In most natural proteins like
GFP (PDB ID: 1GFL), contacts between residues that are
far apart in the amino acid sequence (off-diagonal on the
contact map) allow the protein structure to close itself up
and protect its hydrophobic core from water. In repeat
proteins like the ankyrin repeat protein Asbl1 (PDB ID:
4UUQ), structural modules only interact with their nearest
neighbors, which results in an overall linear or twisted

2.2 Coiled-Coils as Versatile
Building Blocks
2.2.1 Basic Structure of Coiled-Coils

Coiled coils are dimers or higher oligomers com-
posed of a-helices. In addition to different oligo-
merization states, coiled-coils may differ in the
orientation of chains, namely they can oligomer-
ize either in the parallel or antiparallel direc-
tion (Fig. 2.2), in comparison to the canonical
antiparallel double helix of nucleic acids.

This extends the range of assemblies that can
be designed and will be described in the section
devoted to the topology of designed protein ori-
gami. While natural coiled-coil dimers are often
homodimers, which requires only a single coding

structure. The hydrophobic core is limited to the contact
interfaces between the repeats. A topological fold a.k.a.
designed protein origami (Model structure from [90]) uses
coiled coil units as building modules, where dimeric inter-
actions occur only along a narrow hydrophobic spine run-
ning along the length of each helix-helix interface. Despite
similarly modular composition as repeat proteins, a com-
plex three-dimensional fold can be achieved by ordering
interacting segments in such a sequence that coiled coil
pairing defines the fold via discrete long-range
interactions

polypeptide chain, the heterodimers offer a
higher degree of control in the assembly.

Coiled coils are stabilized by a characteristic
‘knobs-into-holes’ packing, where sidechains
(knobs) of one helix fit between the four residues
(a hole) on the other helix [43]. Such regular
packing requires periodicity, which is not possi-
ble with a pitch of 3.6 residues per turn of regular
o-helices. By coiling right hand a-helices into a
left hand superhelix, the value of residues per
turn is reduced to 3.5 (periodicity 7/2), giving
rise to the hallmark heptad repeat per two turns of
the helix. The amino acids in the heptad repeat
are labeled as abcdefg as shown in Fig. 2.2. In
coiled-coil dimers and trimers sites a and d usu-
ally contain hydrophobic residues (such as Val,
Leu, Ile), which confer stability due to packing of
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PARALLEL ORIENTATION
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Fig. 2.2 Representation of parallel and antiparallel
coiled coil dimers. (a) Side view of a parallel homodimer
(2zta). (b) Side view of an antiparallel heterodimer
(3q05). The a and d sites in the heptad repeat are repre-

hydrophobic residues, while sites e and g are
typically occupied by complementary charged
residues (for example a Lys and Glu pair), which
confer specify of binding through electrostatic
complementarity. The b, ¢ and f sites do not
directly participate in interactions with the other
helix in dimers and can therefore be used to mod-
ulate the desired properties of the peptide, for
example by introducing residues for specific
interactions with other molecules.

The structure of coiled coils represents one of
the few protein folds that can be described math-
ematically. The parametric description of the
structure was proposed in as early as 1953 by
Crick [44] and Pauling [45]. Several excellent
reviews are available on the topic of coiled coils
structure [46-49].

Although coiled coils may seem deceptively
simple to build complex tertiary structures, the
fold represents extremely versatile building
blocks. The structural motif represents at least
2% of encoded residues in most organisms and
8 % of the residues in the human proteome [50].

2.2.2 Functional Role of Coiled-
Coils in Nature

Due to their elongated shape and rigid structure,
coiled coils make excellent scaffolds, levers and
rods [51]. The coiled-coil motif was first discov-
ered in mechanically rigid fibrous proteins such

ANTIPARALLEL ORIENTATION

R332 e

sented with violet and blue spheres. (¢) and (d) A sche-
matic representation of the structure of the abcdef heptad
repeat and its interaction surface in the parallel and anti-
parallel orientation

as keratin and fibrinogen. As efficient spacers
coiled coil domains are present in all classes of
cytoskeletal motor proteins (myosins, kinesins
and dyneins) [47]. The longest known coiled coil
(protein PUMAL [52]) spans an amazing 1750
amino acid residues (or 250 nm) and is involved
in the organization of the mitotic spindle.

The biological role of coiled coils is not lim-
ited to their structural role as rigid rods but are
also involved in the molecular recognition and in
fact represent one of the most common dimeriza-
tion motifs. Many transcription factors, including
one of the largest family transcription factors in
humans, the basic region-leucine zipper (b/ZIP)
family, contain a coiled coil dimerization domain,
which is responsible for specific and controlled
homo- or hetero-dimerization. In fact it was the
b/ZIP yeast activator GCN4 [53, 54], that refo-
cused the direction of research from long and
fibrous to shorter coiled coil domains. GCN4
remains one of the most studied coiled coil sys-
tems, but considerable progress has been made in
elucidating the interaction network of other
members of the bZIP family [55, 56]. Coiled-coil
interactions also play an important role in mem-
brane trafficking and fusion, where recognition is
based on the dynamic formation of a four-helix
coiled coil bundle. The target membrane contrib-
utes three helices (one from SNARE protein and
two from SNAP25 protein) while the vesicle
membrane contributes the final helix (synapto-
brevin) [57]. Finally the assembly of coiled coils
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can be regulated by pH [58, 59], phosphorylation
[60] and interactions with ions [61].

2.2.3 Engineered Coiled-Coils

Coiled coils are the most well understood protein
structure motifs and have proved very useful in
protein design and engineering [63]. The first
rationally designed coiled coil was an analogue
of tropomyosin [63]. The field rapidly expanded
with the design of a “peptide velcro” [64], a leu-
cine zipper based on GCN4 and the Fos/Jun tran-
scription factors. An antiparallel variant followed
[65], establishing rules for setting the orientation
of coiled coil dimers using a polar Asn intro-
duced at a and d sites. One research direction
pursued building bundles with ever more alpha
helices. As the rules governing oligomerization
states were elucidated [66], first trimers [67] and
then tetramers [68] were developed and even a
seven-helix coiled coil [69]. A database of coiled
coil tertiary structures [70], as well as classifica-
tion of coiled coils packing, termed “A Periodic
Table of Coiled-Coil Protein Structures” is avail-
able [71]. The affinity of coiled coils can be read-
ily tuned, giving rise to interesting applications,
such as temperature biosensors [72], or probes
for tumor markers [73].

2.2.4 Engineering Coiled-Coil
Orthogonality

Modular and orthogonal components have been
regularly used in other engineering fields, such as
the design of cars, computers and software.
Modularity offers flexibility, a shorter learning
time due to abstraction of complexity, and the
ability to extend the functionality by the addition
of other modules. The net result is a reduction of
cost in design and manufacture of products.
Modular assembly utilizing polypeptide domains
requires either high degree of symmetry of the
assembly or utilization of a larger number of
orthogonal modules, which is required for the
complex assemblies.

Several small set of orthogonal coiled coil
dimers have been reported. Reinke et al. [74]
measured the interactions between 48 synthetic

and 7 human bZIP coiled coils using peptide
microarrays. From the interaction matrix only a
set of two parallel heterodimeric coiled coils was
identified, therefore the rational design of the
orthogonal building modules seems to be more
productive. In designing orthogonal toolkits,
where binding specificity is as important as the
binding affinity, both positive and negative design
principles must be used [75]. Positive design
refers to optimizing binding interaction with the
desired target partner, while negative design
involves the destabilization of undesired states,
such as binding to other sequences in the toolkit
or trimer formation. In short, the designed
sequences must have a preference for binding the
target partner over all other undesired off-target
states. Bromley at al. [76] used a reduced set of
amino acids at the adgf positions and a scoring
matrix based on bCIPA to design three pairs of
short parallel coiled coil dimers. Gradisar et al.
[77] used the principles governing the selectivity
and stability of coiled-coil segments to design
four pairs of parallel coiled coil dimers compris-
ing four heptads. The orthogonality of peptide
pairs was confirmed using circular dichroism
(CD) spectroscopy. The design of an orthogonal
parallel CC dimer set was based on the combina-
torial variation of the heptad patterns, using two
different types of heptads based on the EK elec-
trostatic pattern between positions e and g within
the heptad and introduction on an Asn residues
into the a position, versus the Ile residues, while
the d position was kept as the invariant Leu resi-
due. The heptad patterns used in the design are
presented in Table 2.1. This set was used for the
design of self-assembling single-chain tetrahe-
dron as described later.

Negron et al. [78] used a computational
approach to design three pairs of antiparallel
coiled coil homodimers. The orientation and
orthogonality of the designs was tested using
disulfide exchanges and CD spectroscopy.

2.2.5 Computational Tools
for the CC Design

Several tools, most of them available as free web
applications, are available to assist in the rational
design of coil coiled structures and sequences.
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Table 2.1 Pattern of heptad combinations used to ensure
orthogonality of coiled coil pairs

Heptad set
used for Pattern at
orthogonal Pattern at | positions
peptides Peptide | position a| g and e
gabcdef P1 INNI EEEE
EI XXLEX P2 INNI KKKK
KI XXL KX P3 IINN EEKK
EN XXL E X P4 IINN KKEE
KN XXL KX P5 NINI EKKE
P6 NINI KEEK
P7 ININ EKEK
P8 ININ KEKE

Left, different heptads used to construct orthogonal pep-
tides (P1-P8) composed of four heptads, Right, pattern of
residues at positions a, g and e for each heptad of the pep-
tide. The designed pairs fare P1-P2, P3—P4, P5-P6 and
P7-P8. The design is based on the following rules: Paring
of Asn-Asn (N-N) is preferable to Asn-Ile (N-I) at a-a’
positions. Paring of Glu-Lys (E-K) is preferable to either
Lys-Lys (K-K) and Glu-Glu (E-E) at g-g’ and e-e’ posi-
tions. In the last column one letter denotes the amino acid
residue at both the e and the g position

Many algorithms have been proposed for predict-
ing the coiled coil motif and its oligomerization
state from the amino acid sequence, such as
SCORER 2.0 [79] and ProCoil [80], that can
classify a sequence with assigned heptad regis-
ters as either parallel dimers or trimers. RFCoil
[81] improves these predictions given the same
input data. Multicoil2 [82] can assign heptad reg-
isters and distinguish between dimers and tri-
mers. LOGICOIL [83] can predict oligomeric
states up to tetramers (including antiparallel
dimers) and heptad registers given sequence
information alone.

Temperature melting points for the bZIP fam-
ily of coiled coils (parallel dimers) can be esti-
mated using bCIPA [84] using only sequence
information with assigned registers. Given a 3D
structural model, the COILCHECK [85] web-
server can be used to obtain interaction energies
between two helices in a coiled coil bundle.
SOCKET [43] is program that identifies coiled
coils in 3D structures by finding the characteris-
tic knobs-into-holes packing between helices.
Since structural information, along with the most

basic feature of coiled coils is used, the algorithm
represents the most reliable method for identify-
ing coiled coils. SOCKET also enabled the devel-
opment of the CC+ database of all know 3D
structures of coiled coils [70].

CCBuilder [86] is a web-based application for
building 3D model structures of coiled coil bun-
dles given the Crick backbone parameters and a
sequence with assigned heptad registers. Bundles
with arbitrary number of coils and orientations
can be built. The basic interface enables con-
struction of more than 96 % of coiled coil types in
the CC+ database, while an advanced mode
enables even more unusual coiled coils to be con-
structed. TWISTER [87] and CCCP [88] are pro-
grams for extracting the Crick backbone
parameters from 3D structures. TWISTER was
written to work primarily with parallel orienta-
tions in mind, while CCCP can obtain also
parameters for antiparallel alignments such as the
Z-shift.

2.2.6 Attractive Features of CC
Dimers

Several features make the coiled coil motif one of
the most attractive elements for protein engineer-
ing. Perhaps the most attractive feature is the
fold’s simplicity. The sequence/structure rela-
tionship of coiled coil structures is quite well
understood. Several rules-of-thumb have been
devised that allow specifying the oligomerization
state and orientation of alpha helices in a coiled
coil bundle [62]. The parametric description of
the coiled coil backbone enables efficient explo-
ration of conformational states, vastly simplify-
ing computer assisted design [88]. Despite the
apparent simplicity, coiled coils are very versatile
and widely used building blocks. Efficient spac-
ers, scaffolds, rods and levers can be made, as a
coiled coil dimer requires only 14 amino acids
per nanometer of distance. Coiled coils can also
oligomerize with an affinity and specificity than
can be easily tuned. Coiled coil dimers obtain a
stable structure above 25 residues and are thus
smaller than typical globular dimerization
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domains which start at about 70 residues. A
smaller number of amino acids translate into
smaller genes that are easier to manipulate, clone
and express.

2.3  Designed Protein Origami -
Modular Topological Protein

Fold

While nucleic acids are able to fold into compact
tertiary structures defined by the cooperative
weak interactions between nucleotides similar to
protein folds the large majority of DNA exists in
form of a DNA duplex based on complementary
AT, GC pairs. This straightforward complemen-
tarity allows design of orthogonal sequences that
discriminate strongly between the correct and
incorrect pairs, providing an almost unlimited set
of orthogonal pairs. Combinations of nucleotide
sequences that share complementary segments
allowed formation of cruciform Holliday junc-
tions that gave rise to the field of DNA nanotech-
nology three decades ago. The key components
of designed DNA nanostructures are orthogonal
long-range pairwise interactions between concat-
enated interacting modules. This approach devel-
oped several strategies, mainly based on the
self-assembly from many short or long DNA
strands comprising at least two complementary
segments to make versatile tertiary structures.
Nowadays DNA nanotechnology can make
almost any selected 3D shape such as different
polyhedra, lattices, arbitrary shapes as well as
molecular machines able to perform logic func-
tions as well as locomotion. While DNA nano-
structures have been functionalized to bind
different molecules and implement chemical
reactivity introducing functionality, the ideal
designed molecules should combine the design-
ability of shapes of DNA nanostructures with the
versatility of side chains of proteins (Fig. 2.3).
Inspired by the spectacular demonstration of
the complex molecular self-assembly achieved
by the DNA nanotechnology we decided to
explore the implementation of a similar concept
into the polypeptide-based designed nanostruc-
tures using coiled-coil dimers as the modular

building blocks. We reasoned that orthogonal
coiled-coil forming peptides concatenated into a
single chain are potentially more suitable as
building blocks compared to much larger natural
oligomerizing protein domains. This assumption
also enables the precise control of the assembly
geometry and allows self-assembling of the
asymmetric polyhedral nanostructures. The
advantage of the modular protein self-assembly
in comparison to native protein folds or combina-
tions of folded protein domains is that it should
be much easier to design new folds. Additionally
this new type of protein folds, unseen in nature,
might provide proteins with new interesting
properties.

The key component of designed protein ori-
gami are the concatenated coiled-coil dimer
forming segments that selectively pair to another
segment within this or another chain. In this
respect this strategy resembles very much the
idea of DNA nanostructures. The basic require-
ment is to have available the set of orthogonal
coiled-coil dimers that direct the fold of the poly-
peptide chain. The coiled-coil modules are con-
catenated to each other by the flexible peptide
linkers that act as hinges that assemble the scaf-
fold of the rigid coiled-coil dimers (Fig. 2.4).

The three-dimensional polyhedra are con-
structed by coiled-coil dimers as the rigid edges,
while the flexible hinges converge at the vertices
of the polyhedra. Therefore the problem of
designing the polypeptide-based polyhedron can
be abstracted into the trail along the graph, where
vertices are connected by a double path therefore
each edge must be crossed by the polypeptide
chain exactly twice. Therefore the polypeptide
polyhedron represents a molecular embodiment
of a mathematical concept. As described in the
next section, mathematical topology can provide
firm proofs on the possible solutions to the prob-
lems of the coiled-coil module based assembly.
Selection of coiled-coil dimers as the building
blocks turned out to be particularly appropriate
as we can and must use both parallel and antipar-
allel coiled-coil dimers for the construction of the
single-chain tetrahedron. The required building
blocks for the construction of a tetrahedron are
six orthogonal coiled-coil dimers that form six
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Fig.2.3 Designed
modular structures based
on nucleic acids and
polypeptides extend the

Protein

shapes and design Natural
principles of natural fold
structures
Designed
modular
fold
[ES—— N AAAAAALA

m

J

Fig. 2.4 Tllustration of the principle of connecting
modular coiled-coil interacting segments. Coiled-coil
forming segments are linked by flexible peptide linkers

edges of the tetrahedron. Each of those coiled-
coil forming segments is, in isolation, unstruc-
tured and forms a coiled-coil only when it
independently dimerizes with the corresponding
complementary segment. Therefore 12 coiled-
coil segments were concatenated into a single
polypeptide chain with flexible tetrapeptide link-
ers between each segment. The role of those seg-
ments was to break the helix-forming segments,
provide the kink in the direction of the chain and
sufficient flexibility to allow assembly of the
edges onto the final fold. The required angle
between the edges in the selected polyhedron is
defined only by the length of the edges, following
the mathematical requirements to define the
shape of the polyhedron by the length of all of its
edges.

In comparison to native protein folds the topo-
logical polyhedra do not have a hydrophobic core
to anchor the elements of the secondary structure.

VWYV

that act as hinges and coiled-coil dimers are formed by
interaction of a pair of modules that is orthogonal to other
modules

The hydrophobic interactions are restricted to the
well-understood and designable interactions
between the coiled-coil dimers, while the global
fold is defined by the topology of the interacting
segments. The order of coiled-coil segments
uniquely defines the global fold in a similar way
as the order of amino acid residues defines the
fold of native proteins. Scrambling the order of
coiled-coil forming segments prevents correct
assembly. Order does not restrict the selection of
specific segments but rather that e.g. the first seg-
ment must for an antiparallel dimer with the fifth
segment, the second segment must form a paral-
lel dimer with the eighth segment etc.
Consequently many permutations are possible,
however only a small fraction of the possible
orders of segments is able to fold into a correct
structure. This type of the fold is therefore not
just a new fold unseen in nature but it represents
a new type of protein folds, defined by the topol-
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ogy of the chain rather than by packing of the
hydrophobic protein core.

For the first demonstration of this new type of
protein design we selected a tetrahedron com-
posed of a combination of designed and natural
coiled-coil dimers, comprising both homodimers
as well as heterodimers (Fig. 2.5). Three of the
parallel pairs were selected from the designed
orthogonal coiled-coil forming set [77], each
composed of four heptads and designed based on
the known coiled-coil stability and selectivity
principles. In addition to the designed parallel het-
erodimers, one parallel homodimer based on the
natural GCN4 and two antiparallel homodimers
[89, 90] were used. The tetrapeptide Ser-Gly-Pro-
Gly was selected as the flexible linker to connect
the consecutive coiled-coil forming segments.

As described later, only three different topolo-
gies are available for the designed tetrahedron,
one combining four parallel and two antiparallel
dimers and two different topologies combining
three parallel and three antiparallel dimers. The
important advantage of protein nanostructures in
comparison to the DNA nanostructures is that the
protein can be produced in large amounts using
biotechnological methods. The synthetic gene
was assembled to encode the designed polypep-
tide sequence encoding for the tetrahedron which
allowed its production in E. coli and purification.
The recombinant protein did not assemble cor-
rectly in bacteria and had to be isolated and
refolded by annealing in slow dialysis, similar as
DNA nanostructures.

The self-assembled protein nanostructures
were investigated by atomic force microscopy
and electron microscopy which verified the
correct shape and size according to the design,
additionally gauging the size by the gold nano-
beads, coupled to the C-terminus. Polypeptide
self-assembled into a stable nanoscale tetrahe-
dral structure whose edges measure around 5
nm, as confirmed by the DLS and MALS anal-
ysis. According to the mathematical rules
underlying the trail of the graph, the beginning

and end must coincide in the same vertex,
which we demonstrated by the reconstitution
of the split fluorescent protein, genetically
linked to both ends of the tetrahedral (TET12)
polypeptide.

In comparison to designed protein assemblies
based on oligomerization domains the designed
protein origami is not symmetric and each of its
edges or vertices may be addressed separately.
The polypeptide scaffold occupies much lower
fraction of the volume than the assemblies com-
posed of folded protein domains.

The cavity of the tetrahedral fold could be
augmented by using longer modules, i.e. the
number of heptads of peptide segments must be
increased. This fact significantly limits the set of
orthogonal coiled-coil pairs therefore expan-
sion of the number of available modules is
needed. Another way to prepare the structures
with larger cavity is to design higher polyhedra,
such as a trigonal bipyramid.

24  Mathematical Abstraction
of Modeling of the Topology
of Protein Origami

2.4.1 String as an Abstract Model

Our abstract model assumes we are designing
one or more directed strands (polypetide chains),
composed of segments, connected by flexible
linkers. Furthermore we assume that each seg-
ment of the collection of strands attaches to a
unique segment of the system, thus forming a
dimer. Finally we assume that after completion of
all attachments a single stable polyhedron is
formed with dimers as edges. A dimer may be
parallel or anti-parallel. We will represent each
segment by a symbol and each strand by a string.
A prime example of a single strand self-assembly
is TET12, designed by Gradisar et al. [91] and
described in the previous section. Their segments
were originally named:

APH*P3* BCR * GCNsh * APH *P7* GCNsh * P4 *P5*P8*BCR *P6,
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a b

Toolbox of coiled-coil forming modules

P3:P4

Deconstruction of a polyhedron into rigid building
blocks

Fig. 2.5 Modular topological design of a protein fold
from a single chain. (a) The designed shape of a polyhe-
dron is decomposed into the edges, which are composed
of rigid coiled-coil dimers. (b) Building blocks for coiled-
coil dimeric edges are selected from a tool box of orthogo-
nal coiled-coil dimers. The polypeptide path is threaded
through the edges of a tetrahedron traversing each edge

Three of the dimers were heterodimers: P3-P4,
P5-P6, P7-P8 and three were homodimers APH-
APH, BCR-BCR, GCNsh — GCNsh. Furthermore
four dimers were parallel and two were anti-
parallel: APH-APH, BCR-BCR.

e

.pp
P5Po S
Pr.pg SR S BCRBCR

Sequential order of concatenated coiled-
coil forming modules

GCNg,:GCNg,

—
= APH:APH

Self-assembled tetrahedron

exactly twice, so that the path interlocks the structure into
a stable shape stabilized by the six coiled-coil dimers,
where four of them have to be parallel and two antiparal-
lel. Coiled-coil forming segments are concatenated in a
defined order into a single polypeptide chain with flexible
peptide linker hinges. (Reproduced by permission from
the Current Opinion in Chemical Biology [21])

By ignoring the information about the hetero-
homo nature of dimers, and using capital letter or
exponent —1 to represent the anti—parallelism, we
may use the following transformations:

APH >a,P3 >b,BCR >c,GCNsh >d,P7 >e,P4 >b,P5 >f,P8 >e,P6 >f

Our abstract encoding:
abcdAedbfeCf (*)

contains sufficient information for a computer to
recreate the self-assembled tetrahedron. In the
case of TET12 the string contains 12 characters.
Mathematically, it represents an oriented funda-
mental polygon of a closed surface, see Fijavz
et al. [92]. Any of the 12 cyclic permutations of
the string yields topologically the same self-
assembly. In practice this means that the original
strand may be modified in such a way that it is cut
in two pieces and the order of the two pieces is
interchanged in the design of the new strand. In
(*) we are using standard encoding. This means
we use consecutive letters of the alphabet, start-
ing with a. An uppercase letter appear only after
the corresponding lower case letter has been
used.

The reflection of the original string, say (*),
fCefbdeAdcba (*%)

represents the same fundamental polygon with
the reverse orientation, yielding again the same
self-assembled structure. Note that (**) is not
written in the standard form but can be easily
rewritten in a standard encoding.

abcadecfeBdF (k)

Standard encoding has some advantages but also
disadvantages. Two strings are equivalent if and
only if they have the same standard form.
Standard form thus represents a canonical label-
ing of a string. On the other hand by changing the
labeling from (¥*) to standard (***) we also rela-
beled the edges of the tetrahedron.

In addition to 12 cyclic rotations that will gen-
erate the same tetrahedron, we may add also 12
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reflections, obtained by forming a sequence in the
reverse order of segments. All these 24 strands
will self-assemble into the same topological form:
the tetrahedron. A natural question is: how many
different topologies are there? How many strands
will self-assemble into the same polyhedral
shape? In Gradisar et al. [91] it was shown that
there are three non-equivalent topologies forming
tetrahedron. Each of them is equivalent to its
reflection after some rotation. By choosing lexi-
cographically the first string from the equivalents
we obtain the following three cases:

abcadeCfDbfe
abcadecfDbEF
abcadeBdfCEf

The first one has two antiparallel dimers while the
other two have three anti-parallel dimers. The first
and the second have indeed 12 different strings
each. The third one has three symmetries, hence it
has only 12/3=4 distinct strings. This means that
there are 12 strings with two anti-parallel dimers
and 16 strings with three anti-parallel dimers.

2.4.2 Trigonal Bipyramid

The situation is quite different in the case of tri-
gonal bipyramid. There are 30 distinct directed
fundamental polygons, 12 of them being equiva-
lent under the reversal of orientations and 18
cases obtained by 9 pairs with opposite orienta-
tion. Out of 30 cases 10 have two anti-parallel
dimers, 4 have 3 anti-parallel dimers, 1 has 4
anti-parallel dimers, 6 have 5 anti-parallel dimers
and 9 have six anti-parallel dimers.

Table 2.2 presents the complete analysis for
the trigonal bipyramid. In total there are 468

non-equivalent strands that will self-assemble
into a trigonal bipyramid. Note that the bipyra-
mid has 5 vertices and 9 edges. It has two types
of vertices, three lying in the equator and the
other two on poles. It also has two types of edges,
three on the equator and 6 having one end-vertex
at the pole. In total there are 12 symmetries of
the solid: 6 permutations of vertices 1, 2, 3 (Fig.
2.6), each of them may be followed by the swap
of vertices 4 and 5. There are 6 orientation pre-
serving and 6 orientation reversing symmetries
(Fig. 2.6).

2.4.3 Extension and Limits
of Topological Single-Chain
Polyhedra

We have proven that any polyhedron whose edges
are composed of pairs of segments (or double
traces) can be formed from a single strand, which
is quite reassuring for the potentials of this type
of molecular structures. The limit for the efficient
assembly of structures may however be imposed
by the order of formation of edges, which reflects
the kinetics of folding molecules. We would like
to exclude the folding pathways, where a certain
formed segment needs to be unfolded before a
new pair is formed, as this would likely represent
a kinetic barrier. This can only be ensured if at
least one end of the strand can remain free until
the final structure is formed and therefore allow
threading of the free end, which would not be
possible if both ends already contain the struc-
tured segments. We can show that this is indeed
possible for any type of the polyhedron, which is
an additional support of mathematical topology
for the design of complex modular polypeptide-
based polyhedra.

Table 2.2 Analysis of number of

strings that self-assemble into a

trigonal bipyramid with respect to

the number of antiparallel dimers
and symmetries

1 2 3 6 Total
2 6=2+2%2 4=2+1%2 10=4+3%2
3 4=2%2 4=2%2
4 1=1 1=1
5 6=3%2 6=3%2
6 6=4+1%2 1=1 1=1 |1=1 |9=7+1%2
T 23=T7+8%2 |5=3+1*%2 |[1=1 |1=1 |[30=12+9%2
F 18 9 6 3
T*F | 414 45 6 3 468
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Fig.2.6 Trigonal
bipyramid (/eft) and a
stable single-strand
double trace in the
Schlegel diagram of the
solid (right)
corresponding to the
grey entry in Table 2.1
having six symmetries
and six anti-parallel
dimers. Vertex-figures
are depicted in red

2.5  Future Opportunities
and Challenges
in Designed Protein
Origami

2.5.1 Expansion of the of Designed

Polyhedral Shapes

Topological analysis of designed polyhedra
composed of dimeric edges demonstrated that in
principle any type of a polyhedron could be
assembled from a single chain using concate-
nated dimerizing modules. Assembly from sev-
eral polypeptide chains rather than from a single
chain would makes this strategy even simpler, as
demonstrated by DNA nanostructures that have
been almost exclusively assembled from multi-
ple, sometimes even hundreds of chains.
Construction of more complex shapes will
require an expanded orthogonal coiled-coil
dimer set, which should deserve significant
attention in the near future. Application of
coiled-coil segments of different lengths addi-
tionally extends the accessible shapes of polyhe-
dra. Natural coiled-coil segments differ in length
from several up to 50 nm. Design of long orthog-
onal coiled-coil dimers is also lagging behind in
comparison to typically 3—4 heptad segments
reported so far. The problem in designing longer
orthogonal coiled-coil dimers is that the differ-
ence in free energy gap between the correct and
most stable misfolded structures decreases with
the increasing sequence lengths.

2.5.2 InVivo Folding of Protein
Origami

The first designed protein tetrahedron formed
aggregates in bacterial cells that were not cor-
rectly folded and had to be solubilized in the
denaturing agents and slowly refolded by a dialy-
sis from the denaturing solution or by the slow
temperature annealing at low concentrations.
This is similar to the large majority of DNA
nanostructures that had to be self-assembled over
an extended time. In vivo folding ability of
designed protein origami structures would how-
ever be highly valuable, for its in vivo biological
and medical role, as well as for the more efficient
manufacturing of designed nanomaterials. The
task of designing in vivo foldable sequences
should include the topological considerations, in
order to avoid formation of topological knots that
may prevent folding. The importance of topologi-
cal considerations has recently been demon-
strated by the construction of a highly knotted
single-chain DNA pyramid that folds quickly and
efficiently by conforming to the “free end” design
rule. By contrast, the folding of alternative
designs that use the same segments but have a
higher propensity to form topologically trapped
intermediates was kinetically hindered [93].
Selection of the distribution of stability of build-
ing elements opens another challenge for model-
ing with the final goal of designing the folding
pathway of modular topological proteins. This
type of engineering is not feasible for the native
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proteins, due to their complex interplay of long
range noncovalent interactions and cooperativity.
The similarity between DNA- and polypeptide-
based modular structures may allow translation
of the design principles to engineer folding path-
ways from DNA to polypeptide-based modular
structures. Although the design of the folding
pathway of DNA nanostructures is still in its
infancy, DNA may provide a very suitable proto-
typing material to design the folding pathway as
the orthogonality and stability of DNA segments
is much more reliable to predict than it is for
polypeptide-based modules.

2.5.3 Regulation of the Protein
Origami (Dis)Assembly

Interaction between the polypeptide strands of a
coiled-coil dimer can be regulated by different
physicochemical parameters, such as the temper-
ature, chemical denaturants, pH, metal ions or
presence of competing binding peptides. This
could represent a range of different ways to regu-
late the assembly or disassembly of polypeptide
nanostructures, providing in principle a broader
range of adjustable parameters than for the
nucleic acids. Regulated assembly/disassembly
provides the possibility to regulate the stepwise
assembly, encapsulation or release of the trapped
molecules from the internal cavity of the polyhe-
dra, which could be particularly useful for the
drug delivery or for enzymatic reactions.

2.5.4 Functionalization of Designed
Protein Origami

Besides the simplicity of the nucleic acid comple-
mentarity in comparison to the coiled-coil dimers
the most important difference between DNA and
protein origami is that polypeptides are composed
of 20 residues with chemically very different
properties, which enable formation of versatile
catalytic and binding sites of proteins. The struc-
ture of designed coiled-coil dimers is to a large
degree specified by 4 out of the 7 residues of the
heptad repeats, leaving positions b, ¢ and f for the
introduction of residues with desired properties.

Fig.2.7 Potentials of designed polypeptide polyhedra
for functionalization. Coiled-coil building blocks could
be linked to different protein domains (spheres) in order to
position the selected protein domains to the defined
positions

This provides the possibility to introduce different
functionalities into the polypeptide scaffold such
as the binding or catalytic sites with numerous
potential applications in areas including medi-
cine, biotechnology and chemistry (Fig. 2.7).

2.5.5 Extension of Strategies
of DNA Nanotechnology
for Polypeptide-Based
Nanostructures

DNA origami [94], based on a one very long
strand and numerous shorter staple oligonucle-
otides, represented a great step ahead for the abil-
ity to make numerous different 2D or 3D
nanoscale shapes. It is conceivable that a similar
principle might be applied also for protein-based
structures. Assembly of 2D or 3D shapes can also
be achieved from a set of short DNA oligonucle-
otide building bricks, where each brick is com-
prised of 4 interacting segments [95]. Currently
the main limitation preventing implementation of
this strategy for designed polypeptides is the
availability of the orthogonal coiled-coil seg-
ments. Toehold replacement of DNA-based
nanostructures appeared as a very powerful strat-
egy for the dynamic assemblies, allowing tuning
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kinetics of assemblies and construction of molec-
ular machines, such as different molecular walk-
ers and implementation of different logical
functions in complex solutions of nucleotide
oligomers in the solution [96]. Key feature of the
toehold strategy is to replace one strand in the
dimer with another strand that has higher stabil-
ity due to the longer region of complementarity.
This strategy is useful only when the dissociation
rates occur at much slower time scale than the
intended time scale for the displacement, typi-
cally within at least minutes, which means typi-
cally subnanomolar affinity. Toehold
displacement has not been demonstrated yet in
coiled-coil dimers, although there are no funda-
mental limitations that would prevent the same
approach, given the availability of appropriate
designed (or natural) coiled-coil building blocks.

In summary, the technology of designed pro-
tein origami or designed topological modular
protein folds opens an exciting range of possibili-
ties of designing new protein folds.
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