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Opinion
Topology of Folded Molecular Chains: From
Single Biomolecules to Engineered Origami
Highlights
Circuit topology and knot theory are
mathematically rigorous ways of de-
scribing the topology of a folded mo-
lecular chain. Conversions between
topological states can be understood in
terms of simple rules within developed
mathematical frameworks.

The circuit topology of proteins and
changes to their topology can be readily
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The topology of biological polymers such as proteins and nucleic acids is an
important aspect of their 3D structure. Recently, two applications of topology
to molecular chains have emerged as important theoretical developments that
are beginning to find utility in heteropolymer characterization and design:
namely, circuit topology (CT) and knot theory. Here, we review the application
of these two theories to protein, RNA, and DNA/genome structure, focusing on
connections to conventional 3D structural information and relevance to function
and highlighting recent experimental findings. We conclude with a discussion of
recent applications to molecular origami and engineering.
extracted from Protein Data Bank struc-
tures. The circuit topology of proteins un-
derlies their evolution, folding, functionally
relevant structures, and dynamics.

Knotted proteins exhibit distinct cellular,
thermodynamic, and kinetic properties
and are evolutionarily conserved. Studies
of knotted polymers yield information
about folding and molecular structure
more generally.

Protein origami design principles were
defined and provided in the form of a
computational platform for the design of
arbitrary complex CCPO polyhedra.
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Topology: A Key Property to Disentangle Folding Complexity
Despite their apparent simplicity, linear heteropolymer chains may fold into distinct topologically
diverse structures. In polymer chemistry, the diverse collection of linear polymers is supple-
mented by branched and cyclical structures, while in biological chemistry linear protein and
nucleic acid chains adopt various topologies via chain folding. Folding involves rearrangements
of the chain and the formation of contacts. In biology, we encounter a vast multiplicity of folded
polymer identities, with chemical and structural, as well as functional, relations. Topology can
not only help us make sense of the complex network of structural relationships, but can provide
insights into folding mechanisms, conformational dynamics, and folding stability, ultimately aiding
protein and drug design [1–4]. A particular challenge, and an opportunity for innovation, has been
the application of topology to folded linear chains where 3D structures are stabilized by
noncovalent intrachain contacts [5].

In this Opinion article, we highlight two recent applications of topology in the biomolecular
sciences and molecular engineering. These topological approaches promise to categorize linear
polymer structures. Knot theory categorizes molecular structures based on whether and how
they are knotted. CT, in the context of polymer structure, categorizes folded linear chains
based on their contact arrangement (Figure 1A), allowing structural summaries and comparisons
in terms of topological building blocks and sets of permutation operations.

Knot Theory and CT: Basic Definitions
Formally, a knot is an embedding of the circle in 3D space. A knot may be equivalent (through
stretching and bending operations, without allowing the knot to pass through itself) to the trivial
knot, or circle, or to other knots with greater minimal numbers of crossings in their projections
onto the plane. In contrast to proteins, RNA, and linear DNA, such knots lack a start and end
point. However, linear molecules, on connecting the endpoints across an external arc traversing
the 3D surface, may be said to be knotted or unknotted (trivial knot), according to the topology of
the backbone [6]. In this Opinion article, we make use of the Alexander–Briggs notation to
characterize knots (e.g., as in Figure 2A). In this notation, a knot is represented by two numbers:
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Figure 1. Simplicial Complex Representation of the Circuit Topology Formalism. (A) Simplicial complex
representation of two contacts in parallel (P), series (S), and cross (X) relation. To transition from one configuration to
another, vertices and nodes need to be edited (added or removed). Such analysis provides a framework for the calculation
of distances between structures via a graph editing approach. In (B) a further example of this concept is shown, applied to
the folding process: the folding of the E adenine riboswitch is represented in a graph where the x-axis represents the
graph edit distance and the y-axis the number of contacts (see [13] for further information).

Trends in Chemistry
the main one indicates the crossing number and its subscript provides the identification number
of the knots with the same crossing number.

A folded chain is formed when a polymer establishes intrachain contacts: two contact sites along
the chain come in close proximity, creating either pairwise or higher-order connections. The CT of
a folded polymer chain defines the arrangement of intramolecular contacts with respect to the
610 Trends in Chemistry, July 2020, Vol. 2, No. 7
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Figure 2. Knot and Circuit Topology Representation: A Comparison. Topology representations of the YibK
methyltransferase, which exhibits a 31 knot forming the cofactor binding site. (A) Projections of three knots. YibK is an
example of a 31 or trefoil knot. (B) Protein structure, with knot diagram overlaid. Secondary structural elements along the
knot diagram are numbered according to their position along the backbone. (C) Circuit topology diagram with numbered
elements in (B) numbered underneath the diagram. Cutoff: 3.7 Å, four contacts. (D) Circuit topology matrix of YibK
methyltransferase, retrieved from the diagram in (C). The grayscale dots represent the numbers of nodes for each
interacting loop pair that are part of the knot.
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path between polymer ends. The approach is simple and generic and can be represented
according to an algebraic formalism, providing quantitative measures for comparative analysis
and experimental studies. For a given pair of binary contacts, three arrangements can be
identified: parallel (P), series (S), and cross (X) (Figure 1A) [5]. In addition, two contacts may
be in concerted series (CS) or parallel (CP) relation if they share a site [7]. Here, a ‘site’ or node
may have one of several definitions: for instance, it may be a protein residue, a single nucleotide,
or an element of secondary structure. Furthermore, the definition of a contact may incorporate a
cutoff distance (or atom-type-specific distances) and number of atom–atom contacts or may
focus on a particular type of contact such as a disulfide bond. When needed, one can simplify
the representation; for example, by treating the asymmetric parallel relation as a symmetric one
or by extending the definitions of P and S to merge them with CP and CS relations, respectively.
Given suitable definitions, a matrix of relations between pairs of contacts may be constructed.

Here, we focus on CT and geometric topology approaches or, more specifically, on knot theory.
There is a wide variety of other topological methods that have been developed for molecular
sciences, including algebraic topology (e.g., persistent homology) and differential topology
(e.g., de Rham Hodge theory, quantum topology, topological order) [8]. Among these methods,
persistent homology appears to be more promising for biomolecules [9–12]. Persistent homology
approaches are reviewed elsewhere [8]. However, we note that CT analysis can be readily combined
with existing persistent homology tools. The CTmotifs introduced earlier can be readily represented
in the form of simplicial complexes and subjected to algebraic topology analysis (Figure 1) [13].

Topological Analysis of Proteins
Proteins, known as the primary machinery of life [14], often need to fold transiently or permanently
into one or more specific spatial conformations, mostly driven by noncovalent interactions
Trends in Chemistry, July 2020, Vol. 2, No. 7 611
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[15,16]. Among the unlimited possibilities of arrangements, a limited number of motifs and
domains is exhibited by nature, evidencing some general rules that govern the complexities of
protein structure [17]. Various theoretical methods, including knot theory [18] , knotoids [19],
and, recently, CT [5], have been developed to formalize the structural relationships among diverse
proteins.

Knots and Knotoids in Proteins
Structural analysis of 400 knotted proteins, diverse in sequence and family, showed that the
knotting pattern in proteins is strictly evolutionarily conserved [20]. There are several families of
proteins that reproducibly form simple knots, complex knots, and slipknots; in these proteins,
the disadvantage of less efficient folding may be balanced by a functional advantage connected
with the presence of these knots [21]. Knot theory appears to be a powerful approach to explore
the structural, mechanical, and functional roles of such entangled topological features in proteins
[22]. Most of the knots are located in functionally important positions in protein structure. Recent
research has established that knotted cores, and especially their borders, show strong enrich-
ment in the number of contacts with surrounding structural elements. Buried inside the protein
structure, these regions showed increased thermal stability, providing a favorable environment
for the protein active site [23]. Despite advances, knot theory has limitations. The fraction of knot-
ted proteins is only 0.77%of all proteins [24]. Also, to adhere with formal mathematical definitions,
knots must be closed rings, which are rare in protein structures. In 2012, as a generalization of
knot theory, knotoids were introduced as diagrams representing projections of open curves in
3D space [25]. Due to the open and dynamic nature of protein structure, knotoids have attracted
interest for studies of global and local entanglements of proteins [26]. Results are now accessible
through online databases [27,28].

CT of Proteins
Despite many applications, both knot and knotoids theories ignore intrachain interactions. CT is
well suited to address this challenge. Within this framework, a wide range of biologically important
interactions could be considered: for example, contacts inclusive of the covalent S–S bond, inter-
actions between secondary structural elements (e.g., β–β, α–α), and connections between
coevolving groups known as sectors [29]. These connections could be extracted from solved
3D structures or even determined from state-of-the-art single-molecule force spectroscopy
measurements. Force measurements on model proteins and human steroid receptor proteins
demonstrated the different steps of conformational change at distinct lengths [30,31]. Force
jumps between different lengths could be related to the breaking of connections. CT aims to
provide a framework to gain molecular insight (including allowed and forbidden folding transitions)
from force spectroscopy data; that is, force-versus-length diagrams [32].

The native CT of a protein may inform on its function. A fundamental question in biology is whether
the function of a protein is correlated with topology. For instance, crystallin is a moonlighting pro-
tein [33] mainly known as a structural protein but also, in some cases, exhibiting enolase activity.
Comparison of the CT maps of α-crystallin and human enolase showed negligible sequence and
geometric similarities (Figure 3A–C) but striking similarities in the frequencies of topology motifs
extracted from the CT matrix (Figure 3D). Future studies will show whether topological similarities
are generically associated with functional similarities.

CT provides insight into folding mechanisms. It has been shown that among various structural
descriptors of proteins, contact order, size, and CT are folding rate predictors [5]. Being size
invariant and flexible in defining the contacts, CT has advantages over contact order in estimating
the folding rates and number of unfolding paths of a macromolecule [3]. When other determinants
612 Trends in Chemistry, July 2020, Vol. 2, No. 7
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Figure 3. Topological Comparison between Two Moonlighting Proteins. Preliminary example data showing two proteins that are different in sequence and
structure, yet similar in topology and function. (A) Crystal structure of α-enolase and gamma crystallin D: red parts indicate extended beta strands. (B) Striking similarity
in the frequencies of topology motifs extracted from a circuit topology matrix for atom–atom topologies. P, parallel; S, series; X, crossing arrangements. (C) The two
proteins have negligible sequence overlap and structural similarity as estimated by the jFATCAT_rigid comparison method. (D) Circuit topology matrices for the two
proteins: the ‘entangled’ relations (i.e., parallel and cross) are clustered along the diagonal and decay with distance from the diagonal in a similar way for each protein.
Our analysis raises the question of whether these topological similarities can be generically related to protein function.

Trends in Chemistry
of folding rates (e.g., size, contact order) are similar for two molecules, CT can readily resolve
differences in folding kinetics [3]. Folding pathways can be mapped onto a topology landscape,
allowing the identification of topological transitions and topological traps (misfolds) [34]. The
topology concept has also been used to define simple reaction coordinates to illustrate
the progress of conformation-dependent reactions [13,34]. Furthermore, CT analysis reveals
how transient interactions with molecular chaperones guide the folding process towards certain
topologies and away from others [35,36]. The recent development of single-molecule techniques
to study protein folding has led to an increased demand for theoretical tools to interpret
experimental data [37,38]. CT analysis combined with other molecular modeling approaches
may reveal working principles of molecular chaperones [32,39].

The CT of proteins may change on rearrangement of the corresponding genetic materials.
Recently, Schullian and colleagues developed a mathematical framework to describe the CT of
a biomolecule and topological changes such as standard and circular permutation, duplication,
and the addition/elimination of contacts [7]. It was found that topology permutations underlie
aspects of protein evolution and dynamics such as domain swapping on mutation and hairpin
flipping within a beta barrel. Figure 4 shows how a relatively complex protein can be built from
permutations and combinations of a simple topology. Figures 4A and 3C show the progression
from a simple topology to the final product, for the protein membrane protein VMO-I. Figure 4C
shows the topology matrix of the protein. Related experimental studies have revealed the
implications of such molecular engineering operations for folding dynamics. For example,
Trends in Chemistry, July 2020, Vol. 2, No. 7 613
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Figure 4. Molecular Operations as Topological Permutations. A more complex protein topology is built from permutations of a simple circuit topology motif.
(A) Diagram showing the construction of the circuit topology of membrane protein VMO-I (PDB ID 1VMO) based on permutations of the concerted series arrangement
belonging to the up-down-up-down four-strand motif. (B) Relations between contacts in the circuit topology of VMO-I, with sites numbered as in (C). P−1 indicates the
inverse of the parallel relation (loop i includes loop j), while CP and CS are parallel and series relations in which one of the contact sites is shared between the two loops
(see [5]). (C) Circuit topology structure of VMO-I, with nodes corresponding to beta-strand segments and edges weighted according to the number of contacts. An
atom–atom distance cutoff of 3.5 Å and a number-of-contacts threshold of five contacts were used.
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single-molecule experiments with optical tweezers showed that circular permutation of the amino
acid sequence of the T4 lysozyme greatly affects its folding cooperativity, indicating that protein
topology could play a role in preventing partial unfolding and subsequent misfolding [40]. The
full relevance of the CT framework to molecular evolution and dynamics remains an active area
of study.

Knot theory applications also took a leap forward with the efforts by Adams and colleagues
[41], extending classical knot theory to intrachain contacts. CT can also be extended to de-
scribe both contacts and knot crossings (unpublished data). These extensions show promise
to promote a unification of knot-based topology framework and contact-based CT framework,
providing a uniform language for a working topological description. These two approaches can
provide complementary descriptions of a polymer, such as a protein (Figure 2). Figure 2B
shows the knotted protein YibK, with the overlaid knot diagram of the knotted portion of the
structure alongside the protein topology diagram and matrix (Figure 2C,D). Strands 1, 8, 7, and
10 form part of the protein’s beta sheet, including two contacts in cross relation.

Topological Analysis of Nucleic Acids
Cellular nucleic acids often fold into globular structures to achieve function. Folding happens at
various scales, from small RNA molecules to large eukaryotic genomes. Various topological
concepts, including supercoiling, knot theory, and contact arrangement, have been developed
to describe folded nucleic acids. In what follows, we summarize these developments and discuss
how CT can be used as a universal topology framework.
614 Trends in Chemistry, July 2020, Vol. 2, No. 7
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Topology of RNA
RNA molecules may fold back on themselves to form complex 3D shapes capable of ligand/
target recognition and catalysis. These structures can be achieved by means of several mecha-
nisms, including: hydrogen bonding and stacking interactions as in tRNA tertiary structure; ions
bound to specific sites, as found in rRNA fragments; and pseudoknot folds, as seen in mRNA
fragments with extensive noncanonical pairing structure (in contrast to canonical Watson–Crick
pairing) [42]. Pseudoknots, which are segments in the secondary structure where half of one
stem is intercalated between the two halves of another stem, are abundant in RNA molecules
and can have important functional implications [43]; thus, topological classifications of RNA
have been mainly focused on pseudoknots and on the concept of topological genus. RNA
secondary structure can be schematically represented by a planar diagram, with straight lines
representing the backbone of the molecule and arches representing the bonds that give the
molecule its characteristic folded shape. The RNA secondary structure is said to be pseudo-
knotted if the diagram indicates crossing among base pairs (Figure 5C,D). These crossings in
the diagram are equivalent to cross relations in the CT framework [44]. Figure 5A,B displays
RNA structures that are not pseudoknotted (no cross relations). A given RNA molecule that
has been thus represented can then be characterized by the genus of the auxiliary 2D surface
associated with the diagram; that is, a sphere with handles. The genus g of a diagram is the
minimum number of handles a sphere must have to enable drawing of the diagram on it without
any crossing [44–47].

By comparing the planar diagram representation with the CT diagram (Figure 5), it is possible to
draw a parallel between planar diagrams and CT: cross relations, where the number of arches n is
equal to the number of loops in the chain. Therefore, if we were to calculate the topology matrix of
TrendsTrends inin ChemistryChemistry

Figure 5. Pseudoknots, Genus, and Circuit Topology (CT): A Comparison. Four examples of RNA structures and
their diagrammatic representations. The first two structures (A,B) are not pseudoknotted, while structures (C,D) contain
pseudoknots. Pseudoknots correspond to cross relations in the CT matrix. We show that structures with the same genus
can have dramatically different topologies. The genus is a positive integer that quantifies the topological complexity of the
diagram and therefore of the folded RNA structure [44]. Structure (A) has genus 0 but contains only series relations
Structure (B), by contrast, while still having genus 0, contains only the so-called ‘entangled’ relations: parallel and cross
Similarly, (C,D) have genus 1, although structure (C) contains only cross and parallel relations and structure (D) is
dominated by series relations. The only common trait in (C,D) is the presence of cross relations, which indicate the
pseudoknot.

Tre
.

.

nds in Chemistry, July 2020, Vol. 2, No. 7 615

Image of Figure 5


Trends in Chemistry
a pseudoknotted RNA molecule, we would obtain an n × n matrix, such as the one represented
in Figure 5. Given the similarity between these two representations, the genus of a CT diagram
can be readily calculated, and consequently a topology matrix. Recently, pseudoknot classifica-
tion and comparison in RNA molecules was given a new algebraic formalism [48]. Here,
RNA structures are represented as expressions of an algebraic language with three operators
(concatenation, nesting, and crossing) and simple hairpin loops as operands. In the language
of CT, concatenation, nesting, and crossing correspond to series, parallel and cross relations.
These relations were also given an operator representation [7]. Other creative frameworks exploit
graph theory. The RNA-as-graph approach involves the translation of an RNA 2D structure into
tree and dual graph objects. In tree graphs, stems are the edges, while junctions, bulges, and
loops are the vertices [49]. Once again, we draw a parallel with CT, in its simplicial complex
representation [13], where transitions from one topology relation to another are described and
quantified in terms of graph editing (e.g., addition or removal of vertices and edges from a
graph) (Figure 1B). CT thus provides a unified language for the description of RNA folds.

Topology of Cellular DNA
Genome topology plays a fundamental role in the regulation of gene expression. The genomic
spatial arrangement is shaped by chromatin long-range interactions, which are mediated by
architectural proteins such as CTCF and cohesin [50,51]. These interactions cause the chromatin
to form loops and eventually organize in topologically associating domains (TADs) in mammals.
Whereas the molecular mechanistic basis for loop formation may differ, similar types of domain
arrangements are found in lower eukaryotes [50] and prokaryotes [52,53]. Alterations in chroma-
tin topology are key to cell differentiation [54] and have been implicated as drivers of oncogenic
programs [55]. Genetic mutations that affect chromatin topology potentially lead to changes in
gene expression, therewith facilitating disease susceptibility and evolutionary adaptation [56].
Providing a rigorous topological framework is therefore a fundamental step to shed light on the
link between genome topology and function.

Supercoiled DNA
Early efforts to characterize topology in DNA were focused on supercoiling. DNA supercoiling is
the consequence of twisting DNA: it describes the coiling of the axis of the double helix.
Supercoiling occurs in the DNA of organisms at all levels of evolutionary complexity. Human
interphase chromosomes are divided into domains with different levels of supercoiling, where
under-wound domains are transcriptionally active, cytologically decondensed, and topologically
constrained [57]. These domains were shown to frequently correspond to TADs detected by
chromosome conformation capture (3C) methods [57]. A topological constant commonly used
to characterize supercoiling is the linking number Lk, which represents the number of times the
two strands of the DNA double helix are intertwined [58]. This parameter can be expressed as
the sum of two geometric parameters: writhe (Wr) and twist (Tw) [58]. Wr measures the coiling
of the DNA axis and Tw the helical winding of the DNA strands around each other. Although
this formalism was developed for circular DNA, supercoiling has also been observed and studied
experimentally in linear segments of double-stranded DNA (dsDNA) [59,60]. The twisted linear
DNA forms intertwined loops called plectonemes, the dynamics of which could be studied as
they diffuse or hop along the DNA strand. From formal point of view, plectonemic loops and
their dynamics can be readily represented with CT terminology.

Knotted DNA
DNA at short length scales (b50 nm) is a stiff polymer, but its considerable length – of the order of
millimeters in bacteria and meters in humans –makes it very liable to self-entanglement and knot-
ting [61]. Knots in packaged viral DNA have been widely documented in the literature [62]. The
616 Trends in Chemistry, July 2020, Vol. 2, No. 7
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micron-long viral DNA molecules are tightly packed and condensed inside a capsid, which is
about 50–80 nm in size [35]. This strong confinement facilitates the occurrence of knots, with a
distribution of knot types that is biased towards complex knots: gel electrophoresis characteriza-
tion revealed a predominance of the torus knot 51 and scarcity of the achiral knot 41 [63]. More
recently, small steady-state fractions of DNA knots were also found in chromatin inside cells
[64]. There is debate about the extent and scale to which knots are present at the chromosome
scale. The 100-kb resolution analysis of individual chromosomes in the nuclei of single haploid
mouse embryonic stem (ES) cells obtained by Hi-C contact data [65] revealed that chromosomes
do contain knots, with the fraction of unknotted chromosomes being less than 20% [66].
Moreover, knots with more than five crossings or even multiple knots appeared to be the most
common kind, representing more than 50% of the knot population [66].

Various single-molecule techniques have also been used to characterize DNA knots. For
instance, nanopore sensors have been used to map the equilibrium configurations of DNA
knots, revealing a wide distribution in tightness. The persistence of very loose knots might have
implications for understanding the efficiency of the biological mechanisms accountable for
unknotting the molecules [67], like, for example, the action of type II DNA topoisomerases [68].
Considering the new wealth of information we have on contacts in genomic structures (see
later) and the high likelihood of these structures producing complex knots, a generalized knot
theory approach such as the one presented by Adams and colleagues [41] may be a useful direc-
tion for future research.

Contact Arrangement in Cellular DNA
The development of innovative technologies such as fluorescence in situ hybridization, in vivo
tagging of genomic loci, and 3C- and Hi-C-based technologies have led to an increase in the
available structural information. Hi-C technology is particularly suited as a source of topological
data for chromosomes since it allows the identification of long-range interactions in a genome-
wide fashion [69]. This process results in large libraries of pairwise chromatin interactions,
which reveal highly reproducible features such as TADs [70]. CT could serve as novel frame-
work to analyze these data, since it provides a contact-based description of topology. Hi-C
contact maps can easily be used to derive topology matrices, which can add complementary
topological information (Figure 6). Figure 6A shows progressive close-ups into the CT matrix of
a chromosome; in a conceptually similar fashion, Figure 6B,C shows the topological fractions
for chromosome sections of different sizes, while presenting a comparison with parameters
derived from network topology (Figure 6D). Moreover, CT has already been used to describe
polymers that fold under confinement [35], which is the case for the DNA encapsulated in
the cell or inside its organelles. Also, a formalism such as the one described in [35] could be
used to describe the temporal evolution of genomic domains highlighted by single cell Hi-C
data.

Topology of Organic and Bioinspired Polymers
Advances in molecular-engineering-enabled synthesis of molecular knots and topological
polymers have led the way towards applications in several fields, including chemical biology,
medicine, and materials science.

Engineered Folded DNA Structures
DNA has been demonstrated as a versatile building block for objects such as 2D crystals [71],
nanotubes [72], and 3D nanopolyhedra [73]. Many DNA-based materials involve branched
molecules (DNA bricks), in which branch points represent the vertices of various types of
polyhedra [73,74]. These building blocks are created with techniques that combine hybridization
Trends in Chemistry, July 2020, Vol. 2, No. 7 617
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Figure 6. Circuit Topology (CT) Analysis of a Chromosome. CT analysis of the first chromosome of a single mouse
embryonic stem (ES) cell [65]. (A) CT matrix calculated by choosing a cutoff radius (two particle radii) to define contacts
between 100-kb particles. The four images show progressive close-ups on smaller areas of the matrix. We can see how
parallel and cross relations cluster around the diagonal, suggesting a domain-like structure. In (B,C) we can see the
calculated topological fractions for progressively higher numbers of particles. This cumulative analysis shows how we can
have an indication of the domain-like structures when we have a high resolution (few particles). When the resolution lowers
(right side of the graph), the fractions remain constant, indicating that the relative proportions of series, cross, and parallel
do not depend on the number of kilobases included in the analysis after a certain threshold (which for this chromosome is
about 750 particles). The particles were computed in (B) from the top of the PDB file to the bottom and in (C) from the
bottom up. (D) Comparison between CT analysis and network analysis for the first 600 particles. The network was built
using contact sites as nodes and contacts as edges. Two network parameters – average connectivity and Pearson
correlation – show stepwise behavior similar to that displayed by the topological fractions. Transitivity exhibits a rise at
small scales.

Trends in Chemistry
(sticky-ended cohesion) and synthetic stable branched DNA (e.g., as Holliday junctions). Others
rely on the design of scaffolded DNA origami, where one long, single-stranded DNA molecule is
folded into arbitrary 2D shapes, which are then the building blocks for larger assemblies [75].
Here, we focus on those cases where a single molecule is folded.

There is a growing interest in designing knotted nucleic acids [76]. Kočar and colleagues pre-
sented the design principles to fold highly knotted single-chain DNA nanostructures. One of the
key principles hereby demonstrated is the identification of favorable and unfavorable folding
steps, from a topological and kinetic point of view. These steps are identified by considering
the pairwise connections that are created during folding and by classifying these connections
using CT [5]. This strategy demonstrated that highly knotted structures can be formed based
on the stepwise formation of connections defined by their decreasing stability as the alternative
folding pathways that results in structures of the same stability could not form the knotted
structures. This is an example of how CT and knot theory combined can be used to engineer
the topological features of a chain.
618 Trends in Chemistry, July 2020, Vol. 2, No. 7
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Concerning contact-based topology, Han and colleagues presented a new strategy to design
and synthesize a single DNA or RNA strand to self-fold into a complex (user-prescribed)
structure [77]. In their approach, single molecules of ssDNA and RNAwith synthetic sequences
ranging in length from ~1000 to ~10 000 nt were folded into origami. Knotting in these
structures is prevented to avoid kinetic traps and assure smooth folding. While these origami
structures are unknotted, their contact arrangement topology is quite elaborate. The design
principle is based on parallel crossover, with layers that are covalently linked in a raster filling
pattern. From a knot perspective, these structure all belong to the same class (the unknot).
Therefore, a contact base topology such as CT is necessary to detect their distinguishing
features.

Synthetic Proteins
Advances in nucleic acid engineering have inspired analogous designs for proteins. Proteins
are programmable polymers, which can fold into elaborate 3D structures and are therefore
particularly versatile for the engineering of materials with tailormade structure and function.
Design principles correlating loop geometries and secondary structure packing orientation
allow accurate protein size and length control, as investigated by Baker and colleagues
[78,79,81]; this loop-based characterization is highly compatible with CT. Ljubetic and col-
leagues designed self-assembling coiled-coil protein-origami (CCPO) cages of various geom-
etries (tetrahedra, a four-sided pyramid, and a triangular prism) and provided a computational
platform for the design of arbitrary complex CCPO polyhedra [80]. These structures combine
the modular building strategy of DNA (DNA bricks) nanotechnology with the programmable
functionality of amino acids. They have interesting physical properties, which can be studied
from a circuit topological point of view. In Figure 7A, we show the CCPO cage structures
from [80] and the corresponding CT matrices (Figure 7B). We can see in Figure 7C,D that
these three cages are strikingly similar with regard to topological fractions (percentages of
series, cross and parallel relations) and show relatively low contact order. This proof-of-
concept study demonstrates that the CCPO cages can be constructed with desired contact
order and topology. We note that topology determines folding pathway; furthermore, the
topology and contact order may independently affect the folding rate. However, a systematic
analysis of CCPO cages based on topological traces with different CT but shared contact
order has not been performed, and whether some combinations of the circuit topological
fractions might be more helpful than others in promoting stability and other kinetic properties
remains to be seen. While knots could potentially form between linker regions located at the
vertexes of CCPO polyhedra, they cannot be programmed into the designs at the current
stage. Extending the length of CC building modules to encompass a full turn has potential for
the design of knotted protein structures with the possibility of designing the folding pathway
and making highly knotted proteins or polypeptide-based materials.

Topology and Organic Chemistry
New topological features at the molecular level can introduce new material properties. Many
efforts in this direction have been focused on molecules created by interlocked chains (as
opposed to single folded chains), such as catenanes and rotaxanes [82], and on networks of
interconnected molecules called polymer networks [83]. However, the field is also starting to
obtain a better understanding of the strategies needed for the synthesis of a single entangled
molecular strand, as in the case of molecular knots. The steric restrictions imparted to the mole-
cule by knotting hinder the range of movement of the molecular components, significantly
influencing physicochemical properties [84]. So far, four types of knots have been successfully
synthesized using small-molecule building blocks: the trefoil [85,86], the figure-eight [87], the
pentafoil [88], and the 819 knot (a knot with eight crossings) [89]. A comprehensive theoretical
Trends in Chemistry, July 2020, Vol. 2, No. 7 619
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Figure 7. Circuit Topology (CT) Analysis of Origami Proteins. (A) Three examples of coiled-coil protein-origami (CCPO)
cages [80]: namely, a tetrahedron (TET12SN), a pyramid (PYR16N), and a trigonal prism (TRIP18SN). (B) The CT matrices
(of which half are shown, since they are symmetrical) show remarkable similarities both in the percentages of topological
fractions (D) and in how they are located in the matrix. First, most of the dominant topological fractions appear to be cross
in all three cases. Second, most of the parallel and cross relations are clustered along the diagonal of the matrix, indicating
that most short-range contacts have this type of arrangement. Series contacts are present only in the corner of the matrix,
indicating that series dominates long-range distances along the chain. If we calculate the percentages of the fractions
along diagonal lines in the matrix from the matrix diagonal (i = j) towards the periphery of the matrix and plot the
percentages (C), we see that cross and parallel start from a maximum and decrease to zero while series has a different
behavior, starting from zero and reaching a maximum at maximum distance from the diagonal.

Trends in Chemistry
framework would not only allow characterization but would also be beneficial for the practical
purpose of purifying polymers with different topologies, as exemplified in [90]. In that study, it
was shown using simulations how nanopores can be used to sense and enrich certain circuit
topologies.
620 Trends in Chemistry, July 2020, Vol. 2, No. 7
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Outstanding Questions
Contact-based circuit topology and
knot theory form two complementary
frameworks for describing and under-
standing the topology of folded bio-
polymers. Can a unified theory be
developed that includes both contacts
and crossings (knots)? This would be a
great asset towards a comprehensive
description and applications.

Will the availability of new single-cell Hi-

Trends in Chemistry
Concluding Remarks and Future Perspectives
Contact-based CT and knot theory form two complementary frameworks for describing, under-
standing, and engineering linear biopolymers such as proteins and nucleic acids, as summarized
in the Outstanding Questions. An important future development will be further integration of these
two applied theories and the establishment of how they can be more generally utilized in predic-
tion and design. Towards this goal, it is likely that machine learning and artificial intelligence (AI),
including recent advances in neural networks, will play key roles, perhaps paralleling major recent
successes in the application of persistent homology and machine learning to biomolecular
analysis and discovery [91].
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