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Folded biomolecules display a bewildering structural complexity and diversity(Onuchic and
Wolynes, 2004; Sali et al., 1994). They have therefore been analyzed in terms of generic topological
features(Bailor et al., 2010; Baker, 2000; Chang and Tinoco, 1994; Li et al., 2006; Melchers et al.,
1997; Meyer, 2000; Richardson, 1981). For instance, folded proteins may be knotted(Taylor, 2000),
have beta-strands arranged into a greek-key motif(Hutchinson and Thornton, 1993), or display high
contact order(Baker, 2000). In this perspective, we present a method to formally describe the topology
of all folded linear chains, and hence provide a general classification and analysis framework for a
range of biomolecules. Moreover, by identifying the fundamental rules that intra-chain contacts must
obey, the method establishes the topological constraints of folded linear chains. We also briefly
illustrate how this circuit topology notion can be applied to study the equivalence of folded chains, the
engineering of artificial RNA structures and DNA origami, the topological structure of genomes, and

the role of topology in protein folding.
1 Current topology approaches

Topology is a mathematical notion that has been used to describe properties of objects that
remain unchanged under a certain kind of continuous, invertible and one-to-one
transformation(Mizuguchi and Go, 1995). Examples of such transformations include bending,
stretching and shrinking. Objects like squares, circles and triangles are inter-convertible by such
transformations and therefore belong to the same topological class. Instead, the “figure 8” knot is not
inter-convertible to any of these three objects unless a connection is torn apart (Fig. 1a).

In chemistry, topology is a convenient way of describing elementary features of the structure of
molecules(Brown, 2002; Flapan, 2000; Li et al., 2006). This is important not only for classification, but
also because the structure and shape of a molecule sets many of its properties(Flapan, 2000; Liang
and Mislow, 1995; Yamamoto, 2012). Moreover, topology is relevant to engineering(Ayme et al.,
2012; Blankenship and Dawson, 2007; Coskun et al., 2012; Harada, 2012; Yan et al., 2002).
Engineered molecules with complex topologies may display emergent properties(Kamien, 2003;
Siegel, 2004), and topological classifications can provide guidelines for chemical synthesis(Guan et
al., 1999; Tezuka and Oike, 2001).

In biology, molecular structures are astonishingly complex and diverse. At the same time, certain
structural features can be highly conserved. For instance, the mammalian metabolic enzyme
glycogen phosphorylase, was found to contain a structural core similar to the T4 phage DNA
glucosyltransferase(Pauling and Corey, 1951a; Sibanda and Thornton, 1991; Wetlaufe.Db, 1973), a
protein that almost cannot be more distant in terms of function and taxonomy. Understanding the

diversity of biomolecular structures and its functional consequences is considered one of the key



scientific challenges in biology(Holm and Sander, 1996). Proteins have for instance been classified by
visual inspection(Richardson, 1981), geometry(Holm and Sander, 1996), the nature of transition
intermediates(Milner-White and Poet, 1986), and the spatial arrangement of secondary
structures(Moutevelis and Woolfson, 2009; Taylor, 2002). The notion of topology could present a
powerful tool to address this issue, as it has been shown to yield unifying structural relationships
among apparently diverse molecules and more complex materials(Sabato, 1970; Senyuk et al., 2013;
Terentjev, 2013). Moreover, topologies of RNA and chromosome structures can have important
functional implications and are dramatically altered in many diseases(Bailor et al., 2010; Cavalli and
Misteli, 2013).

Let us consider three important topological notions that have been introduced so far: branch
topology, knot topology, and network topology. Note that the term topology is sometimes confused
with geometry(Francl, 2009). Occasionally it is used to refer to the molecule’s orientation with respect
to surrounding structures(Manoil and Beckwith, 1986; Rapp et al., 2006; von Heijne, 2006), to
intramolecular chain orientation(MacBeath et al., 1998; Shortle and Ackerman, 2001), to the number
and proximity of secondary structural elements within the protein(Li et al., 2006; MacBeath et al.,
1998; Meyer, 2000), or to describe permutations in primary sequence (Shank et al., 2010). Here we

use the term topology in the mathematical sense (Fig. 1a).
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Figure 1: Topological polymer chemistry. (a) Continuous deformation (CD) changes a shape to q topologically
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equivalent shape. Cutting and gluing (CG) operation can change a topology. The topology of circles and rectangles are
identical but different from the figure 8. (b) The trefoil knot is a knot topology seen in RNA methyltransferase. The trefoil knot
has three crossings in its minimal representation. (c) Hydrocarbons can be classified by their topologies, such as linear,
branched and cyclic. Multiple topological invariants can be identified such as the total number of chain ends and of branch
points(Tezuka and Oike, 2001).

Within branch topology, one can distinguish linear, branched and cyclic topologies (Tezuka and
Oike, 2001) (Fig. 1c). Here, a number of properties are invariant under continuous deformations: the
total number of chain ends (termini); the total number of branch points (junctions); the number of
branches at each junction and the connectivity of the junction. All linear polymers, and hence also all
folded proteins and RNA, belong to one topological class and thus are topologically identical.

In knot topology, a central issue is to identify the topological features related to knots. We know

intuitively that upon stretching a rope with a knot, certain features remain identical. These features are



referred to as the topology of the knot. In contrast, the end-to-end distance can change upon
stretching and is thus not a topological property. Pulling operations have therefore been used to
identifying topological features, which is also referred to as the recognition problem. Topological knots
are created by starting with a linear chain, wrapping it around itself to form a physical knot, and then
fusing its two free ends together to form a closed loop (Fig. 1b). Such closed knots are equivalent if
and only if they can be interconverted by stretching and twisting(Kauffman, 1994). A closed knot can
be represented with its projection on a plane, the so called knot diagram. Characterizing the topology
of a knot is not straightforward. Briefly, for a given knot there is a projection that minimizes the
number of chain crossing. As these crossings cannot be changed without tearing or gluing the chain,
they can characterize the topology. For example, two topologically equivalent knots must have equal
number of crossings. The reverse statement does not necessarily hold true. Further characterization
of the topology (e.g. by analyzing the mirror image and braids) is needed for unique identification.

Molecular knots occur naturally in biological systems and have been engineered for
technological applications. Controlled synthesis of molecular knots has recently been made possible:
organic molecules have been shown to self-assemble into closed trefoil knots, in a process driven by
hydrophobic interactions (Ponnuswamy et al., 2012; Siegel et al., 2012). At room temperature,
sufficiently long (Sumners and Whittington, 1988) linear equilibrated polyelectrolyte chains such as
DNA molecules show self-entanglement and can form physical knots, which may for instance
complicate replication(Lopez et al., 2012) or prohibit translocation through pores (Rosa, 2012).
Additional functional consequences of biomolecular knot formation are kinetic(Soler and Faisca,
2013) and structural stability(Mallam et al., 2010; Sulkowska et al., 2008) of the knotted
conformations. Physical knots are extremely rare in RNA molecules (VanLoock et al., 1998). It has
been shown that polypeptide chains can self-entangle and form knots (Mallam et al., 2010; Noel et al.,
2013; Skrbic et al., 2012). However, only a small fraction of proteins (<1%) in the Protein Data Bank,
including rRNA methyltransferases, carbonic anhydrases and ubiquitin hydrolase, are identified as
knotted (Sulkowska et al., 2012; Virnau et al., 2006). Overall, knot topology is therefore also not very
useful when distinguishing RNA or protein folds, as most would again fall in the same class.

The notion of network topology(Goldenberg, 1999) has been used to quantify certain topological
features of proteins. Here, one starts with identifying the residue-residue contacts within a protein
structure. Because any two contacts are ultimately linked by the protein chain, the contacts can be
seen as forming a network. These networks have been analyzed in terms of their statistical
properties, such as node degree, clustering coefficients, betweenness, closeness centrality and
contact order (Goldenberg, 1999). This approach has proven useful in predicting the folding rate of
small proteins (Baker, 2000). However, a statistical quantification of topological features does not
provide a description of the topology of a molecule as such, and does not address the issue of
topological equivalence. Network topology ideas have been applied to distinguish small RNA
structures (Melchers et al., 1997; Pasquali et al., 2005), but as we will show here this approach is less
suited as a general framework to establish equivalence.

In this perspective paper, we propose a framework that allows one to formally describe the

topology of folded linear chains, which we refer to as ‘circuit topology’ because of its conceptual



similarities to topological features in electronic circuits. In the following sections we will describe its
mathematical basis, how it resolves the recognition problem (Hass, 1998), and briefly discuss a

number of possible applications.

2 The circuit topology approach

Folded biomolecular chains are typified by multiple intra-molecular contacts, in which one part of
the chain binds to another part. The circuit topology notion that we propose is based on defining the
pair-wise relations between these intra-molecular contacts. One can distinguish three types of
relations between two contacts: parallel (P), series (S), and cross (X). For example, in a B-hairpin, any
two contacts are arranged in parallel to each other, with one being contained in the loop created by
the other (Fig. 2a). In contrast, in an a—helix, two distant contacts define two loops that are positioned
in series with each other (Fig. 2b). When the two -helical contacts are close by, the loops they define
may overlap, which gives rise to a cross arrangement (Fig. 2c). These contact arrangements are
topologically distinct: any transition between them (for example from P to S) would involve the
formation and rupture of contacts, while transitions within one topology can occur by continuous
deformation.

The relations are general and can be applied to various systems and intra-molecular contacts.
Central to the circuit topology approach is that one specifically chooses a type of contact, which is
therefore by definition well-defined. For RNA structures, it is natural to define hybridized regions as
contacts, while B-hairpins may be classified by contacts at the level of hydrogen bonds. In DNA
origami, the anchoring points defined by the oligo ‘staples’ would be most relevant, while for
chromosomes, it would rather be the contacts formed by associated proteins (e.g. CTCF
protein(Richardson, 1977)). In metaloproteins such as zinc finger domains(Gamsjaeger et al., 2007)
the metal-mediated contacts may be of central interest. In addition, the topologies of proteins may be
classified by the arrangement of B-strand contacts (B-strand circuit topology; Fig. 2 a-c), disulfide
bonds (disulfide bond circuit topology; Fig. S1), or contact regions with large interaction energies
(Mashaghi et al., 2013).
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Figure 2: Elementary topological relations between two contacts in a linear chain. Elementary relations are
expressed by their contact map, illustrating structural motifs, and bubble graphs. (a) Parallel relation (P). (b) Series relation (S).
(c) Cross relation (X). Choosing the type of contact is central. Different types of contacts give rise to different circuit topologies.
Examples are shown for H-bonds and -strand contacts. (d) Properties of topological relations. For example, S is symmetric
because if contact A is in series with B, then B is also in series with A. However, the same does not hold for the parallel
relation. Only P is transitive, which means that if A is in parallel with B and B with C, then A is also in parallel with C. According
to the definitions (Box I), a contact is also in parallel with itself, and therefore the parallel relation is also reflexive. Contacts can
not be in series with themselves, so the S relation is not reflexive. Note that none of the relations P, S and X satisfy all three
properties. Interestingly however, P is both reflexive and transitive, and can thus be used to introduce the notion of “order” for
contacts (Bloch, 2011) (Similarly < is both reflexive and transitive and thus can order real numbers). These relation properties

can be used to formulate rules that contacts within one folded linear chain must obey (see Box I).

The circuit topology relations (Fig. 2a-c) can be embedded within known set theory and discrete
mathematics (see Box I). First, this allows one to rigorously define the topological relations between
contacts in a chain. Second, it can be used to prove that the three relations form a complete set when
considering binary contacts (see Box |). This means that they are necessary and sufficient to describe
any folded structure with binary contacts. Note that one can readily extend this approach to also
include contacts in which one site on the chain is bound to two other sites (Fig. S2, S3). Third, the
circuit topology relations have specific properties, which inform on the rules that the contacts must
obey. These rules are relevant to the recognition problem as well as engineering applications, as we

will outline next.



3 Topology rules for folded chains

To illustrate how the properties of binary relations can be used, lets consider the Hammerhead
ribozyme (Fig. 3a). For some pairs of contacts the relations are obvious when observing the structure.
For instance, the yellow contact is in parallel with the green one, while green is in series with gray, as
can be tabulated in a matrix (Fig. 3a, bottom). For other pairs of contacts the relations may be more
difficult to establish, but can be inferred from known relations using their properties. The simplest
example is the symmetric property of the series relation. Symmetry here means that if green is in
series with gray, gray must also be in series with green. On the other hand, the parallel relation (P) is
not symmetric: the loop formed by the yellow contact is enclosed in the loop formed by the green
contact, but not vice versa. However, P is transitive. This means that if yellow is parallel to green, and
green parallel to blue; then yellow is also parallel to blue (box I, chain rule ). Various rules are less
intuitive, as seen in the following example. The red and gray contacts are crossing, and gray is in
parallel with blue. This means that blue and red are either crossing or in parallel (Box I, chain rule V).
But they cannot be in parallel: if they would be, the parallel nature of blue and gray would dictate red
and gray must be also be parallel (Box I, chain rule ), which it isn’t. Hence, blue and red must be
crossing. Such algorithmic inference is useful in particular when structures become more complex, as
for instance the pyramid-shaped protein origami that was recently realized (Fig. 3b) (Gradisar et al.,
2013). Overall, these examples illustrate how complex recognition problems can be simplified by
applying an algorithm of pre-defined rules on limited information.

The circuit topology rules can help engineering new molecules with specific topological features.
For instance, within a loop of an RNA molecule A of known topology (the Hammerhead ribozyme),
one may insert another molecule B (Fig. 3c). A priory it is not clear what the topology of the combined
molecule AB is, in particular if the topology of B is unknown. However, one can use the topology rules
to derive the topological relations. For instance, we can use the following information: yellow and gray
in A are in series, and purple in B is in parallel with yellow in A, simply because B is inserted in the
loop formed yellow. The rules then tell us that purple will be in series with gray (Box I, chain rule II).
The other relations can be inferred in similar fashion. In general, the mathematical framework can
help to systematically explore the space of possible topologies, design molecules with certain
topologies, or modify the topologies of existing molecules.

The rules also provide information on topological constraints: the boundaries of topology space
beyond which molecules cannot evolve or be engineered. Imagine chain A with two contacts in
parallel, and chain B with two contacts in series. Inserting B into A gives rise to 4 additional contact
relations. Regardless of how B is inserted, the rules show that these 4 relations may either be all P, all
S, or 2 times S and 2 times P. However, having 1 time S with 3 times P is not possible because it
would leads to a mathematical contradiction, where one must break the chain rules in Box I: chain

rule |l states that having 1 time S and 1 time P leads to a second S.
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Figure 3: Determining the topology of folded linear chains (a) Structure of Hammerhead ribozyme. The topology
matrix indicates how the row-contact relates to the column contact. Unknown relations can be derived using the topology rules
in Fig 2 and Box |. aPb means that a is parallel to b. aP'"b means that b is parallel to a. (b) Topology and DNA or protein
origami. Topology of a polypeptide tetrahedron(Gradisar et al., 2013) is represented by its topology matrix. (c) Topological
relation rules can help in engineering RNAs with arbitrary topologies. Here, an RNA chain with unknown topology (B) is inserted
in the Hammerhead ribozyme (A). All contacts in B are parallel to the yellow contact in A. Because the relations between the
yellow and all other contacts in A are known, we can deduce the topological relations between a contact in B (violet) with every

contacts of A.

4 Topology and equivalence

A hallmark of a topology approach is whether it can determine whether two structures are
topologically equivalent. Here we compare the resolving power of the circuit and network topologies in
Fig. 4. The latter is described by a graph and an adjacency matrix (Gan et al., 2003), which indicates
the number of direct connections between two contacts (Fig. 4). This network method correctly
attributes different topologies to the PKB131 aptamer and a self-cleaving VS ribozyme. However, it
also suggests that the latter is equivalent to a third ‘test RNA', even though interconversion between
the two clearly requires cutting and gluing of the RNA strand. In contrast, the circuit method correctly
distinguishes the topologies of these two molecules, by presenting matrices that are not equivalent
(Fig. 4).

Determining equivalence, or lack thereof, is central to understanding the huge diversity of
biomolecular structures. Recent computational methods have made important progress in this issue
by quantifying various geometric measures (Holm and Sander, 1996; Mizuguchi and Go, 1995), and
hence to map the ‘protein universe’ of observed protein structures (Hou et al., 2005). It will be of

interest to determine the relatedness of these proteins in terms of their circuit topology, and to perform



comparisons with evolutionary, sequence, or functional relations. Take for example, the two proteins
Xylanase 10c and Cellulase B (Fig. S3), which are different both in sequence and structure. However,
they have identical beta-strand circuit topology (see Fig. S3). Interestingly, both bind carbohydrates
and act as glycoside hydrolases. This example indicates that beta-strand circuit topology may be
highly conserved and can inform on functionality. This could be consistent with the observation that
within protein families, some features such as the length of peptide loops that are variable and do
affect structure, do not affect beta-strand circuit topology. The circuit topology formalism allows one to
rigorously compare the evolutionary conservation of topological versus non-topological features in
proteins. Various mathematical methods exist to characterize and compare matrices, and hence
these can be employed to quantify relatedness. We note that the circuit topology method is less
suited to quantify relations between proteins that are very distant in terms of their circuit topology. For
instance, when studying distances in terms of the beta-strand circuit topology, one cannot assess

proteins that lack beta strands.
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Figure 4: Topological equivalence. Determining whether two structures have an equivalent topology is a generic
challenge, also for linear folded chains. Here we contrast the network topology (Gan et al., 2003) and the circuit topology
approaches to distinguish folded structures. Network topology, with its dual graph and adjacency matrix indicating the number
of direct contacts, properly distinguishes the first two structures, but erroneously suggests the latter two are equivalent. The

circuit topology approach properly distinguishes all three structures.



Definition of elementary circuit topology relations:
We consider a linear chain with contact sites numbered as i = 1, 2, 3, ..., n. Contact C; connects sites 7/and

Jj, and contact C, connects sites rand s. We define the following relations between C; and C,:

Parallel: C,PC, & [i,j] c [r,s]
Series: C,SC, & [i,jln[r,s] =@
Cross: C,XC, & [i,jln[rs] € {@,[i,j],[r s]}

where C,PC, denotes C,being parallel to C, (and similarly for S and X). The descriptions of the

symbols are given in table 1.

Table 1. Set theory symbols

Set theory symbols Description Logical symbols Description
c Inclusion v For every
n Intersection A And
[i, /] An interval of natural \% Or

numbers from 7ito j

%) Empty set ~ Not

€ Belongs = Implies (if then)

N Set of natural numbers = If and only if
Proof of completeness:

To demonstrate that S, P, and X are sufficient and necessary to describe the topology of any folded linear
chain with binary contacts, we aim to show that if two contacts are not in parallel, then they must be

either in series or cross:

C1~PCy A Cp~PCy = [i,j] ¢ [rs] A [rs] ¢ [i,j] = [i,j1n [r,s] & {[i.j], [, s]}
[i,jln][rs]=0= (,SC,
li,jln[rs] #x©0= (,XC,

Topology rules:

For any arbitrary choice of contacts the following rules apply.

Chainrule I: [C,PC, A C,PC;] = C,PC,

which can be generalized to: [C;PC, A C,PC; A ...A C,PC,,,] = C,PC,,,. Note that S and X relations
are not transitive.

Chain rule II: [C,PC, A C,SC;] = €,SC;

Chain rule III: [C,PC, A C,XC3] = C3~PC, A C{~PC; (i.e. C;SC; V C,XC3)

Chain rule IV: [C,SC, A C,XC;3] = C;~PC, (i.e. C;SC3 V C,;XC3 V C,PC3)

Chain rule V: [C,XC, A C,PC3] = C{~SC5V C3~PC; (i.e.C;XC3;V C,PCs)

Chain rule VI: [C;SC, A C,PC;] = C3;~PC; (i.e.C{PC; V C,SC3V (1XC3)



5 Allowed and forbidden transitions

A generic mechanism to recognize the presence of knots within a chain is to pull at the two
termini (Taylor and Lin, 2003). Here we explore whether pulling can also be used to distinguish
topologies of folded chains. Pulling at the termini in this case leads to a successive rupturing of
contacts, during which one can for instance monitor the length between termini.

As an illustration, one can consider pulling on P, S, and X structures (Fig. 5a). P can only be
broken down via one specific length, because one loop is enclosed in the other and thus will not
rupture nor yield a length change. In contrast, for S two pathways are possible because the two loops
are independent. On the other hand, the two corresponding intermediate states cannot interconvert,
as this would involve not only cutting but also gluing contacts. The cross-topology presents yet
another cause for order: a contact may experience tension only in one direction and hence will not
rupture like the contacts that experience tension in two opposite directions. In analogy with
spectroscopy, one can refer to these constraints as allowed and forbidden transitions, and tabulate
them in a transition matrix. The matrices are indeed specific to the topology (Fig. 5b). This
differentiation does not rely on length but rather on topology information: Even if we shrink and stretch
every segment to make the lengths identical, the topologies can be resolved by pulling (Fig. 5c).
Consequently, molecules with different length and sequence but identical topology can be assigned
correctly into the same topological class.

For a chain described by the binary topology relations (P, S, X), the number of possible unfolding
paths can be calculated analytically. A parallel relation only allows one route while series and cross
relations allow for two routes each. The number of possible pathways will therefore be 2 to the power
of the total number of S and X relations (see captions Fig. 5c). In folded biomolecules, one site may
be involved in two or more contacts. For instance, when considering circuit topologies defined by
contacts between beta strands, one strand within a beta sheet contacts two other strands. Such two
contacts may display cooperativity: breaking one will influence the stability of the remaining contact.
When two contacts that share a contact site are in series, we describe it as a concerted series relation
(see also Fig. S2). When two contacts that share a contact site are in parallel, we describe it as a
concerted parallel relation. Note that two contacts that share a contact site cannot be in a cross
relation. In molecules with such concerted relations, the number of pathways is then different, but can
still be calculated.

We have used pulling so far as a mathematical operation. However, the same notions can be
applied to understand length transitions in the mechanical unfolding of proteins and RNA structures
by single-molecule methods (Liphardt et al., 2001; Stigler et al., 2011). Different contacts will then
exhibit different contact free energies, and those with lower energies will break earlier. While topology
sets the selection rules, energy thus affects transition probabilities. In single-molecule mechanical

unfolding assays involving large proteins it is often a challenge to relate the many observed length

10



transitions to structure. The tools presented here can provide hypothesis about the order in which

contacts are disrupted by pulling such molecules.
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Figure 5: Allowed and forbidden transitions. (a) Successive states when rupturing parallel, series, and cross
topologies by pulling at the termini. Some transitions between states will not occur (crossed-out arrows) because they involve
not only cutting but also gluing (series, second crossed arrow in cross), or because they are not promoted by pulling (first
crossed arrow in cross). (b) Matrices indicating transitions between two states for Li<L,<L;. Without losing generality we
assume that Ls<L,+L,. States are denoted by the color of the segments that contribute to the length of the stretched chain. (c)
Transition matrices for equal L;. In both cases, the matrices are specific to the topology and can thus be used to differentiate.

The number of unfolding pathways in a fold with binary contacts is given by 1NP2(Nx+Ns),
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6 Topology and folding

Topology can have diverse functional consequences. For instance, one can consider the
constraints it imposes on the conformational search during folding. Which generic properties
determine folding rates of proteins is still a highly debated issue. However there is an agreement that
the folding rate correlates with the properties of native fold (Faisca et al., 2012). It has been shown
that the folding rates strongly correlate with contact order for small proteins (Baker, 2000) while, for
large proteins, size (length) is the best found determinant of the rate (lvankov et al., 2003). Circuit
topology of the natively folded molecule could be a property that affects the folding rate (Fig. 6). A
simple example is that contacts that are in series can develop independently, while contacts in
parallel will have a tendency to form the most nested contacts first. In addition to protein folding,
evidences exist for the role of topology in RNA folding. In tRNA, formation of anti-codon, T- and D-
stems often facilitate formation of acceptor stem to which they are parallel. However they do not
facilitate formation of each other, as they are in series (Richardson, 1981).

Next, we explore the different roles of contact order and circuit topology in folding. We consider
equal-size idealized chains with two contacts of the same binding affinity (Fig. 6). The distance
between contact sites sets the time for the contact to form: closely spaced contact sites find each
other rapidly, while distant sites are slow to form contacts. Interestingly, one can arrange these
contacts such that the contact order is identical, but the folding rates are different (Fig. 6, chain A and
B). Moreover, the contact order may be higher (than chain A) while the folding time is lower (Fig. 6,
chain C), which is opposite to the reported dependence. These elementary examples suggest that the
circuit topology contains information on folding rates that is not captured in the contact order (Baker,
2000).

Circuit topology does not necessarily inform on the free energy. The formation of a loop in an
idealized chain comes with and entropic cost that scales with the inverse of the loop size
(Muthukumar, 1999; Pauling and Corey, 1951a, b). Because changes in loop size do not affect
topology, one can deform chain B to increase one of the loops and obtain chain C, while keeping the
topology and size unaffected. Folding is obviously determined by numerous other factors. Here we
merely propose that -like contact order- circuit topology is a generic property that imposes quantifiable
constraints on the folding and unfolding of proteins and other biomolecular systems. The notions
discussed here can be generalized to less intuitive cases, where the topologies are composed of
multiple parallel, series, and cross maoitifs, in order to explore the role of topology in folding as well as
misfolding (Lodge and Muthukumar, 1996).

13
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Figure 6: Circuit topology is a determinant of folding rate. Idealized chains A and B form two contacts, orange and
green. Both chains have identical contact orders and size but distinct topologies and folding rates. For a contact to form, the
contact sites have to search in 3D space to find each other, a process that depends on their distance in the non-looped primary
sequence (t ~ I¥2 for a freely jointed chain (Szabo et al., 1980). Here we ignore the tail effect (Doucet et al., 2007; Fierz and
Kiefhaber, 2007) for simplicity.). When all contacts are formed the chain will be in its natively folded state. The folding speed is
dictated by one or more properties of the native fold: i.e. size, contact order, free energy (entropy) and topology. Circuit
topology is indeed a determinant of the folding rate. To demonstrate this, we compare the folding rates of A with B and C. The
fact that B and C fold faster than A, cannot be explained by the size, contact order and entropy of their native conformations.
Thus topology determines the folding rate difference. When two chains are topologically equivalent, the folding rates are
determined by other determinants (e.g. when B and C are compared). It can be shown that the chains with parallel topologies
fold faster than the one with series topology. Chain C has identical free energy (entropy) as chain A but different topologies,

and different contact order. Surprisingly the chain that has smaller contact order folds slower.
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7 Molecular complexes and chromosome structure

The challenge to understand architecture and diversity of folded biomolecules extend beyond the
individual molecule to molecular complexes. For instance, the ubiquitously expressed essential
cofactor Idb1, which plays diverse roles in development, binds many proteins with LIM-domain in a
specific fashion. By binding in extended fashion, it extends repeated p-sheets in its binding partner
(Fig. 7a). This B-zipper motif is also observed in fibronectin-binding peptides, which bind fibronectin in
a similar fashion (Ryan and Matthews, 2005). Another generic molecular interaction is the RNA
kissing complex. This interaction shows high stability (Li et al., 2006) and is seen in functions ranging
from viral genome replication (Chang and Tinoco, 1994) to RNA synthesis (Melchers et al., 1997). In
these structures, some essential minimal structural features can be distinguished. In B-zippers the
peptide ligand adds a B-strand to an existing array of beta sheets of its binding partner, and in kissing
complexes binding occurs between two loops formed by RNA hairpins. However, it is not
straightforward to formally define these generic features. Doing so would enable a more systematic
and precise analysis of structural similarity, and its relation to biological function.

Although we do not develop this rigorously here, the notion of circuit topology could be extended
to describe complexes involving more than one molecule (Fig. 7). For instance, one can imagine the
ends of the two molecules to be physically linked, which allows one to consider the topological
relations within this larger single molecule. Such an approach could provide a new perspective to
molecular interactions that alter the topology of a molecule. Examples are proteins that are
intrinsically disordered protein in isolation but adopt a folded state upon interaction with a binding
partner, or the binding of a coordinating metal ion that adds a contact and hence changes the
topology. Chaperone-guided folding is another phenomenon where interactions with a second
molecule affect their folding states. How chaperones affect the conformational state during folding is
now starting to be addressed, for instance using single-molecule approaches(Mashaghi et al., 2013).
Using these novel experimental techniques and topology notions, one can begin to address whether

chaperones assist folding by transiently modulating the topology of their clients.
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Figure 7: Circuit topology of molecular complexes. (a) Arrangement of intra and inter molecular contacts in RNA-RNA and
protein-protein complexes. An interacting molecule may modulate the topology of its target, by mediating contacts between two
(distant) residues. Binding may also change the stability of an existing intra molecular contact within the client. The tandem -
zipper Idb1 (unstructured in isolation) binds specifically the B-f contacts of its partner the LIM-only protein (LMO4, PDB: 1RUT)
(Daw, 2013). The LIM-domain-binding protein Idb1 is a ubiquitously expressed essential cofactor that plays important roles in
the development of complex organisms (Matthews and Visvader, 2003). B-zipper motif is also observed in fibronectin-binding
peptides. (b) Possible approach to analyze the topology of chromosomes using chromosome confirmation capture (van
Steensel and Dekker, 2010).

Understanding the architecture of chromosomes has recently become an area of intense
research (van Steensel and Dekker, 2010). Chromosome architecture must faithfully be re-
established every cell cycle, and is increasingly being implicated in human pathologies (Engreitz et
al., 2012; Zhang et al., 2012). New data is emerging from innovative technologies such as
fluorescence in situ hybridization (FISH), in vivo tagging of genomic loci and 3C-based technologies.
They are underscoring that protein-mediated linking of distant chromosomal loci plays an important
role, which suggests that chromosomes exhibit specific topologies (Fig. 7b). Circuit topology and its
tools (Fig. 2-5) could provide a powerful tool to interpret these data, analyze equivalence of
chromosome architectures for different conditions. 3C-based technologies in particular are well suited
to analyze chromosomal topologies, as the coincidence of sequences that they provide can be
mapped onto the known chromosome sequence, and hence can be used directly to determine the

circuit topology matrix (see Fig. 7b).
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8 Conclusions

Chemists early on recognized implications of shapes in the chemistry of proteins and
macromolecules. In his 1974 Nature article on molecular basis of biological specificity, Linus Pauling
wrote (Pauling, 1974): “I am convinced that it will be found in the future, [...] that the shapes and
sizes of molecules are of just as great significance in determining their physiological behavior as are
their internal structure and ordinary chemical properties. | believe that the thorough investigation of
the shapes and sizes of molecules will lead to great advances in fundamental biology and medicine.”
Now after four decades, the notion of topology has already emerged as a powerful concept to
describe the essence of complex molecular structures and guided synthesis of materials with
interesting properties(Kamien, 2003; Siegel, 2004; Siegel et al., 2012). Here we have aimed to briefly
review some of the existing approaches in molecular topology, and to introduce an extension that
provides an integral description of the topology of folded linear chains and allows analysis of
equivalence. The extension allows the difficult problem of self-interacting chain topology to be
rigorously addressed. This general framework can be applied in addressing a wide range of molecular
systems and scientific questions.
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