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ABSTRACT

Macromolecular assemblies such as protein complexes and protein/RNA condensates are involved in most fundamental cellular
processes. The arrangement of subunits within these nano-assemblies is critical for their biological function and is determined by
the topology of physical contacts within and between the subunits forming the complex. Describing the spatial arrangement of
these interactions is of central importance to understand their functional and stability consequences. In this concept article, we
propose a circuit topology-based formalism to define the topology of a complex consisting of linear polymeric chains with inter-
and intrachain interactions. We apply our method to a system of model polymer chains as well as protein assemblies. We show
that circuit topology can categorize different forms of chain assemblies. Our multi-chain circuit topology should aid analysis and
predictions of mechanistic and evolutionary principles in the design of macromolecular assemblies.
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1 Introduction

Molecular complexes formed between two or more molecules are
ubiquitous in nature. Cells contain a large number of
macromolecular complexes with specific functionality, ranging
from binary ligand/receptor pairs to large multiprotein and
protein/nucleic acid complexes (e.g., RNA/DNA polymerases and
ribosomes, respectively). Biomolecular nano assemblies are not
limited to these molecular complexes. Proteins, peptides, and
RNA molecules can dynamically assemble to form liquid-phase
nano- and micro-scale condensates such as P-bodies and stress
granules in the cytoplasm or nucleoli and Cajal bodies in the
nucleus [1-2]. These complexes and condensates form by
molecular contacts established within the constituting chains and
between different chains. Complexes can then disassemble or
rearrange by breaking the existing contacts and forming others
with a new inter-contact arrangement.

Whereas a number of widely used frameworks are available for
single molecules, or subunits, the literature on topological
description of molecular complexes is scarce. Knot theory [3] and
circuit topology (CT) [4-5] are the two main topological
frameworks with applicability to fold analysis of single linear
chains. While knot theory is a mature field with a plethora of
demonstrated applications, its applicability to biopolymers is
limited, as these molecules are typically unknotted. Moreover,
knot theory ignores contacts within molecules. Circuit topology, a
notion that has only recently been introduced, informs not only
on molecular structure, but also can help predict dynamics during

folding of biomolecules [6-8]. The circuit topology framework is
based on monitoring the sequential arrangement of
intramolecular contacts within linear chains. The arrangement of
contacts in a polypeptide or polyribonucleotide is a topological
property, because it is conserved through continuous
deformations of the chain. Stretching or compressing the chain
leaves the circuit topology invariant. Only rupturing existing
and/or forming new contacts can alter the spatial arrangement of
interactions and thus contact topology. These topological changes
typically have profound biological consequences [9].

The definition of frameworks for the topology of molecular
complexes has been addressed in a number of studies [10-12].
Teichmann et al. proposed a hierarchical classification of all
protein complexes with known three-dimensional (3D) structure,
based on a graph-based representation of their main structural
features [10]. The authors systematically describe the quaternary
structure of protein complexes in terms of topological parameters
of the graph describing the assembly of their subunits and found
that they cluster within a small number of arrangements
compared with all theoretically possible ones. This approach can
serve as a classification scheme and analysis tool for all protein
complexes in the Protein Data Bank (PDB). Such coarse-grained
topological descriptions are however ignorant of the spatial
contact pattern in the complexes and treat entire protein subunits
as a node in a graph. This is in contrast with other current
topological frameworks used for single proteins or RNA
molecules, such as circuit topology. In their dependence on
information about the spatial arrangement of contacts, these
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approaches are becoming increasingly feasible for the study of
molecular complexes because high-resolution 3D structures of
such complexes are becoming available.

We propose to extend the notion of circuit topology, originally
developed as a single-molecule concept, to macromolecular
complexes of two or more interacting linear chains. Such linear
chains (e.g., polypeptides or polyribonucleotides) can form
contacts, both within the chain and between two or more chains.
Our discussion does not assume any particular form of contact
and the approach can be applied to an arbitrary definition of
contacts such as non-covalent residue-residue contacts, disulfide
bonds, -p contacts in proteins, base-pairing in nucleic acids, and
contact defined based on distance threshold. As such, this
definition is general in the sense that it encompasses various
contact types and their associated contact topology. Interactions in
a molecular complex can be divided into either intra-chain or
inter-chain contacts and can take a number of different forms in
their mutual arrangements. Importantly, a given contact from a
biopolymer chain such as a polypeptide or polyribonucleotide, is
either binary or can often be effectively reduced to multiple binary
contacts as far as topology is concerned. In the following we will
thus only consider binary contacts. The assignment of contact
topologies to macromolecular complexes can be informed by
atomic models of these complexes from experiment (deposited in
the Protein Data Bank) [13], from homology modeling [14], or
from cross-linking mass spectrometry in combination with atomic
models of individual subunits [15-17]. Once these contact
topologies have been identified, even intricate changes in
intermolecular connectivity can be described in more simple
terms by their associated changes in topological parameters. In
what follows, we provide a simple algorithm for extension of
circuit topology to multi-chain systems and show how the toolbox
can be applied to the fields of materials science and biomolecular
sciences.

2 Methodology

2.1 Generalisation of circuit topology to multi-chains

In this section we introduce the formalism to describe contacts for
multiple chains which is consistent with single-chain circuit
topology: If the system consists of only one chain classical circuit
topology is recovered. Single-chain CT represents contacts as
intervals [a, b], with a < b, on the real numbers. Two contacts can
either be in parallel, series, or cross relation. The definition is
complete, meaning that any two contacts have one, and only one
of the relations above [4].

In the case of multiple chains, we define contacts in a similar
way. Assume there are # chains that have a direction (for example,
N-terminus to C-terminus in proteins). We consider the n-
dimensional vector space [R" where each of the chains is placed on
a separate axis such that the direction of the chain is in the positive
direction of the axis. A contact is represented by the straight line
between the chains (or axes). Figure S1 in the Electronic
Supplementary Material (ESM) illustrates this procedure for a
contact between position a of chain A and position b of chain B
(A and B can be identical).

The straight line is parametrized by ¢ € [0,1]and given by

a 0
[aAv bB} =

(1—0+ t|t € [0,1] (1)

0 0

where < > is the vector containing only zeros, except in the A-th

0
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position where it contains the value a (similar for the vector
< . >). [ax,bs] is the set containing a straight segment from
location a on chain A to location b on chain B with the
requirement of a,b> 0. In contrast to CT for single chains,
contacts are not in 1-dimensional space. However, the classical CT
definition of the relations for contacts can be used without any
alteration: Let A, B, C, and D positive integers labelling the chains
(they need not be different) and a,b,c,d € R positions on the
chains A, B, C, and D respectively. We define

o parallel relation: [a,, by] C [cc, dp] or{a, bg] D [cc, dp)

« series relation: [a,, bg] N [cc, dp] = @

o cross relation: [a,, by]  [cc,dp], [an,bs] D [cc,dp] and [a,, bg]
Nlce,dp] # @

This definition is invariant to the order of the chains on the
axis. The proof can be shown in the following manner: The
reordering of the chains is represented by the permutation
0: A 0(A), where ¢ is an element of the symmetric group of
degree n and the transformation of the path is given by
[Aoa)s o) = {0 (0) x|x € [a,,bg]}, where O(o) is the matrix
representation of o. We show that [a,,b;] C [cc,dp] <
[@o(a), bow)] C [Coc), doy]. For the right implication choose any
¥ € [dya), bomy]. Then there exists an x € [a,,bg] such that
y = O(0)x. Because of the parallel relation, it follows x € [cc, dp]
and therefore y=0(0)x € [cy),doy)- To show the left
implication we assume [, s, bos)] C [¢oc)5 o] to be true. For any
x € [as, by, it follows that O(0)x € [a,),b,e] and therefore
O0(0)x € [cyc)» Aoy |- This however means that x € [cc,dp], which
completes the proof. Two contacts that are in parallel relation for
any order of the chains. Similarly, it can be shown that the other
relations (series and cross) are invariant under reordering of the
chains.

The proofs for completeness and topology rules in Ref. [4] only
require set theory and can be applied identically to this new
definition. Hence, the definition given here for multiple chains is
complete: Any two contacts must have one of the above relations
and it must be unique. In addition, the following topology rules,
also named chain rules (box 1 in Mashaghi et al. [4]) are true in
the case of multiple chains.

Interestingly, for a single chain the vector space reduces to the
real numbers and a contact is represented by an interval on the
real numbers, ie., classical circuit topology is recovered without
any further restrictions or assumptions. Therefore, the new
definition for multi-chain topology presented here is truly a
generalization of the classical circuit topology.

Multiple chains increase the possible configurations many times
over, so in addition to the parallel, series, and cross relation, an
additional classification is proposed: If the contact can be
connected to a closed loop by travelling only along the chains or
contacts without visiting any section twice or the origin of the
vector space R", we label the state with L (for “loop”). If the two
contacts can be connected by such a path, without it being closed
then with a T (for “tandem”) and in all other cases with a I (for
“independent”). Figure S2 in the ESM (top) shows a possible path
for a L-configuration, whereas Fig. S2 in the ESM (bottom) depicts
a T-configuration.

The notation describing the whole state is the CT relation (P, X,
or S) and the configuration (L, T, or I) as subscript and the
number of chains as the superscript. For example, S? describes
two contacts that are in series, which involve 2 chains and form a
loop. Figure 1 shows the all possible configurations for two
contacts in multi-chain circuit topology. The procedure to
determine the contact relation is the following. First, choose a pair
of contacts (for the type of contacts and the protocols for
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Figure1 Topology framework for macromolecular complexes (a) circuit topology assignment table. To identify the topology of a complex, we follow a 3-step
protocol: (1) choose a pair of binary contacts and their contributing chains; (2) assign a topological relation based on the assignment table; (3) tabulate the assigned
relations in the form of a matrix. The topology matrix, with elements taken from (P, S, X, I, T, and L), can serve as a formalized topological description of any given
complex. “I” identifies all contact pairs that do not share their chains (I for independent). “L” identifies a contact pair that forms a loop. “T” identifies contact pairs that

partly share their chains, but do not form loops. (b) Structure and topology analysis of the spliceosomal U2-U6 complex, with contacts formed by base-pairing of
nucleobases. (c) Structure of the yeast Sec complex composed of six different proteins (heterogeneity index H = 1) with PDB 6n3q. The corresponding circuit topology
matrix is shown on the right side of the protein structure. The complex has 250 inter-protein contacts and 958 intra-protein contacts. The topological fraction of the
protein Complex isS=0.16, P = 0.0301, X = 0.0134, I, = 0.5692, I; = 0.0496, I, = 0.0793, T, = 0.0849, T3 = 0.0060, L, = 0.0021.

extracting contact information from coordinate files, please see
Mashaghi et al. [4]). Second, find the chains that contribute the
selected pair of contacts and ignore the remaining chains and
contacts in the complex. Up to four chains may be involved in
forming a selected pair of contacts (Fig. 1). Finally, determine the
contact relation (P, S, or X) and the configuration (L, T, or I) as
well as the number of chains.

In the case where the chain does not have a direction, there is
no unique way of placing the chain onto the axes. The procedure
and notation introduced here can still be used, as flipping only
affects one configuration: It changes S? into X? and vice versa. In
this case these two states are indistinguishable. Therefore, we
propose to indicate them with /X .

For many applications, one may opt to simplify the assignment
table to ignore contact relations and include only the
configuration types and the number of chains for multi chain
systems. For a single chain system, one can reduce the notation to
the notation of single-chain circuit topology.

Let us apply the new notation on the spliceosomal U2-U6
complex (Fig. S3(a) in the ESM). First the structure and contacts
must be identified, then the direction of the chain needs to be
taken into account, flipping each chain such that they point in the
same direction (Fig. S3(b) in the ESM). Finally, all relations are
determined and represented in a matrix (Fig. S3(c) in the ESM).
For the spliceosomal U2-U6 complex, all contacts that connect the
two chains are in cross relation which is a direct consequence of

the two chains running antiparallelly. There are two contacts that
are in parallel configuration and all other relations are in series
(either in T- or I-configuration). The topology matrix with
simplified notation can also be readily calculated and is given in
Fig. 1(b) for the spliceosomal complex. Without losing generality,
we will use the simplified notation in the case studies provided in
the subsequent section. As another example, the circuit topology
matrix of the yeast Sec complex composed of six different proteins
is shown in Fig. 1(c). The corresponding circuit topology matrix is
shown on the right side of the protein structure. The complex has
250 inter-protein contacts and 958 intra-protein contacts and is
enriched in S arrangements.

3 Results and discussions

3.1 Multi-chain circuit topology of polymer models

In the following section, we apply the circuit topology framework
on a single-chain and multi-chain system. We use Kremer—Grest
model [18] to simulate a coarse-grain model of a polymeric chain
of size 90 monomers. We used LAMMPS package to perform the
simulations [19]. The interaction potential between the monomers
is Lennard-Jones potential whose length and cohesive strength
scales are ¢ and &ky T, respectively. Here,  is the dimensionless
strength, ky is the Boltzmann constant and 7 is the temperature.
The system is thermalized by Langevin thermostat at temperature
corresponding to thermal energy of kyT=1. The thermostat
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damping coefficient is set by 107. The mass (m) of all monomers
is identical and we define characteristic time scale 7 = \/ma?/kgT.
The time step of all simulations is set by 0.017 and the averaging
and standard deviation are calculated out over five different
simulation runs, each run has 10°z simulation time. The bending
energy is introduced by U, = &k T[1+ cos (0)], where & is elastic
constant and 6 is the angle between two successive bonds. Figure
2 shows the gyration radius of a single chain as the function of the
cohesive strength. For & = 0, the chain transits from coil structure
into globular one as the cohesive strength grows. For & < 0.2, the
configuration of the chain resembles that of a real chain in good
solvent, R, = N**¢/+/6. For the cohesive strength close to & = 0.4
[20] the chain behaves like 6-polymer and its gyration radius
scales similar to an ideal chain R, = N"2¢/+/6. For an infinitely
rigid chain (& = ), one can obtain R, = N'?¢/+/12. In Fig. 2(b)
the topology fractions are shown for fully flexible and elastic
chains. For all analysis, two non-bonded monomers are assumed
in contact if their distance is less than 1.4¢. As for random coil, the
entropic contacts mostly occur locally and independently along
the chain, thus the series contact topology is mostly populated
compared with the other topologies. There is a decreasing trend in

(a) | | | | (b)
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series loops when the chain undergoes coil-globule transition. The
reason is that in the globular conformation loops likely collide
locally leading to populate the parallel and cross topologies. The
circuit topology does not change for € >1.0 as the chain has
already formed globular structure. The topological invariance has
been shown for a growing globule as a result of folding chain [21].
However, this is quite different for an elastic chain as the loops are
populated mostly in the cross topology. When the elastic energy of
the chain dominates the cohesive energy (¢ < 1.0), the persistent
length of the chain (I, =~ ko ~ 100) is large enough such that the
chain rarely forms any contact. For higher cohesive strength
(1 < & <2), the single chain forms an oblate collapsed structure
(Fig. 2(c)). This can be clarified by the contact probability along
the chain as shown in Fig. 2(c). For the coil configuration, the
contact probability decays close to an ideal chain contact
probability as P(s) ~ s~ where s is the contour length distance
between the contact pair [22]. However, for a globule chain, the
contact probability decays slower with contour length. The
globular conformation resembles a fractal globule, whose contact
probability decays with P(s) ~ s~ [23]. For the elastic chain, the
contact probability increases with the contour length up to 200,
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Figure2 Circuit topology of a single chain. Gyration radius (R;) of a single chain for different reduced cohesive interaction strength (&) and bending rigidities (). For
an ideal chain and real chain in good solvent, the gyration radius is calculated by RZ = No? /6 and N°®/°? /6, respectively as shown by dashed lines in (a). The horizontal
dashed line represents the gyration radius of a rigid chain (& = ). The corresponding topology fractions, series (S), parallel (P), and cross (X) of the chains are shown
in (b) for two bending rigidities % = 0,10. The topology fraction of the case & =10 is shown for & > 1 since the chain rarely contacts itself below that value. (c) The
contact probability for a single chain having different cohesive interaction (&) and bending rigidities ( ). The dashed lines represent power-law decaying of contact
probability as obtained for a fractal globule (P(s) ~ s~!) and for an ideal chain P(s) ~ s*/2. The inset shows the instantaneous conformation of the chains. (d) Circuit
topology of a single chain at cohesive strength =1 as a function of different bending stiffness #. The snapshots of the configurations at different bending rigidities are

shown at the top of (d).
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which is the twice of the persistence length (I, ~ ko =100) [22]
(see the inset of Fig.2(c)). In Fig. 2(d), we plotted the topology
fraction against the bending rigidity. For low bending rigidity
& < 2, the loops mostly occupy the series topological state as the
chain is in the collapsed coiled configuration. For larger bending
rigidity, the globule structure turns into oblate globule and the
number of loops in cross topology surpasses the series and parallel
loops. For larger bending rigidity 2 < & < 20, the oblate collapsed
configuration changes into collapsed ring so as to minimize the
bending energy. In the region 20 < & < 40, in addition to the
stable folded ring structure in which cross and parallel loops
exceed series loops, there is an unfolded meta-stable state (having
no contact) which yields large standard deviations. For
40 < % <60, the stable ring structure changes into hairpin
structure leading to relative increase in the parallel loops. For
& > 60, the unfolded structure becomes stable and the chain rarely
forms contacts (top row of Fig. 2(d)).

To investigate the circuit topology of a multichain system, we
build a model system composed of M =100 chains of length
N =90 monomers in a simulation box of size 500 x 500 x 500.
We perform a NVT simulation with similar parameters as those
described earlier for the single chain system. The system is initially
equilibrated for 10°7 at low cohesive and zero bending rigidity
(2=0.1,& = 0). Then the simulation is continued for 10°r. The
configuration of the system is sampled every 1,000 and the
topology fractions are computed over the last 10 sampled
configurations. Figures 3(a)-3(d) show the snapshots of the chain

(b)

9813

system having different cohesive strength and bending rigidities.
For fully flexible chains, and low cohesive strength (¢ = 0.1, = 0),
the chains have coil configurations and they are uniformly
distributed in the system. The monomer concentration of the
chains is ¢ =0.072 which is comparable to the overlapping
concentration ¢* = N/R: =0.023, where R.=N/0~150. In
this regime, independent contacts are mostly formed within the
chains and the chain-chain collisions are not frequent. Thus,
similar to CT of a single chain (Fig. 2(b)), the number of loops in
series topology state is larger than parallel and cross and it scales
with number of the chains in the system, i.e., #S ~ M. However,
the number of loops in the topology state I, scales with #S ~ M?
leading it to be the mostly populated state. By increasing the
cohesive strength, the chains collapse and form a large globule
(Fig. 3(b)). In this regime, the collision of the chains enhances the
topology fractions I; and I, which are the result of inter-chain
contacts. By increasing the bending rigidity (¢ = 0.1,k = 100), the
chains exhibit elastic spherocylinders configurations and they are
randomly oriented in the system. The number density of the
chains inside the system is n = N/V =8 x 10~*. Given the aspect
ratio of a single spherocylinder 2 ~10"* and the second virial
coefficient of a suspension of rods b=mL’D/4, the reduced
concentration is obtained by ¢ = bn 2> 5. Although the reduced
concentration is above the isotropic-nematic phase coexistence
concentrations of hard rods (¢iope =3 and Cpemaic = 4) [24, 25],
we have not observed nematic phase. The reason can be explained
by the finite elasticity of the chain which potentially changes the
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Figure 3 Circuit topology of a multi-chain system. Snapshots of the system and corresponding topological fractions are shown for four systems, sorted with different
cohesive strength # and bending rigidity &. (a) Fully flexible chains with weak cohesive interaction strength, & =0 and &= 0.1, (b) fully flexible chains with strong
cohesive interaction strength, ¥ =0 and &= 0.5, (c) elastic chains with weak cohesive interaction strength, ¥ =100 and &= 0.1, and (d) elastic chains with strong
cohesive interaction strength, & =100 and & = 0.5. The size of the system in (a)-(d) is 500 x 50 x 50 and it is composed of 100 chains each having 90 monomers. (e)
Compression of a system composed of 900 chains, each having 10 monomers from dimensionless concentration ¢ = 0.5 to 4.5. (f) The topology fraction L, and nematic

order parameter Q as a function of dimensionless concentration c.
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phase coexistence concentrations as it was similarly explained for
compressible rods [26]. To examine the effect of isotropic-nematic
transition on the circuit topology, we fragmented the length of the
chain into 10 monomers which are much shorter than the
persistence length (I <1, =1000). Thus, the effect of finite
elasticity is negligible and we can assume the chains are rigid rods.
We build a system with 900 chains which are initially equilibrated
in a cubic box of size 500. The size of the cubic box changes from
500 to 250. Figure 3(c) shows two snapshots of the system at
isotropic and nematic phases. Since the persistence length of the
chain is larger than the chain length, chains rarely form intra-
chain contacts. Accordingly, the topology states of S, P, and X are
not occupied. Figure 3(d) shows the L, loops which are
monotonically increasing with the system concentration. To
quantify the nematic order of the system, the nematic order
parameter is calculated by Q = 3cos*6 —1/2, where 6 is the angle
between the chains vector (defined by the end-to-end vector) and
the system global director. As shown in Fig. 3(d), for the isotropic
phase, the nematic director is zero and it abruptly rises for
concentrations close to ¢ = 4.5. The topological states L,, T;, and
I, monotonically increase with system concentration (Fig. 3(f) and
Fig. $4 in ESM). However, only L, exhibits an abrupt change with
nematic transitions. This is due to the fact that the topology state
L, can capture the local reordering of the chains at the isotropic-
nematic transition.

For elastic chains with high cohesive strength (Fig. 3(d)), the
chains percolate along the system. This leads to enhancement of
independent loop formation along the chain bundles and
accordingly to the increase in topology fraction I,.

3.2 Circuit topology of protein complexes

Next, we developed an algorithm to determine the circuit topology
of protein complexes and condensates. For this aim, we used the
most comprehensive database containing stoichiometric and
functional information about protein complexes, i.e., the manually
curated Complex Portal [27]. In this database, the organism with
the most available information on complexes is Saccharomyces
cerevisiae, with over 616 available protein complexes. Not every
available complex contained the full stoichiometric information
needed for processing, therefore we limited our dataset to 238
complexes that had all the necessary information. This dataset was
then cross-referenced with the structural information provided by
the PDB website [28], complexes that did not have a complete
PDB entry were removed which distilled the dataset down to 176
protein complexes. Furthermore, we removed 6 of these protein
complexes because they either contained faulty structural
information or existed solely out of DNA strands with no protein
structures. The final 170 protein complexes containing a total of
1,223 proteins were then analyzed.

We developed a python based computational tool that identifies
inter- and intra-chain contacts within a given protein complex
and identifies their circuit topology arrangement as described in
Fig. 1(a). Contacts were retrieved from PDB structures, by
defining a spatial cutoff for atom-atom distance (4.5 A), and a
threshold for the minimum number of atoms to be found in
contact below the cutoff equals to 5 atoms in order to consider the
two residues in contact. Contacts formed by residues which were 3
or less residues apart in the sequence were excluded from the
analysis. Contact indexes were assigned as they appear along the
chain, left end to right end.

We used the available stoichiometric information from the
Complex Portal to calculate the complex heterogeneity index and
related that to complex topology. This index was introduced by
Ref. [29]. It can be used as a measure of how many different
proteins are inside the complex. The heterogeneity index

Nano Res. 2022, 15(11): 9809-9817

(H=N./M,) is calculated by dividing the number of different
proteins in the complex (N.) by the total number of proteins in
the complex (M.), where a score of H =1 means that all proteins
inside the complex are structurally different, and a low score
means that there is a form of stoichiometry and symmetry present
in the complex.

The average topology fractions of the topological states for all
protein complexes are shown in Fig. 4(a). The topology I, has the
highest fractions compared with the other states. This is result of
the complexity of the structure and contacts inside each protein of
the complex, which is in turn reflected in the rise of the
independent contact pairs. There is a good comparison between
the results of the Figs. 4(a) and 3(b), although the polymeric
assembly is much simpler than the protein complex. The reason
behind the analogy can be attributed to the compactness of the
individual chains, which enhances the intra-chain contacts and the
proximity of the chains inside the assembly, thus increasing in the
inter-chain contact probability. In Fig. 4(b), the distribution of the
topological states I, and I, is plotted (for other topological states,
see Fig. S5 in the ESM). These states have the largest fractions
among all other states based on the respective categorization of the
intra-chain and inter-chain group. While the distribution of I, and
other topological states in inter-chain group (Fig. S5 in the ESM)
is localized below 0.3, the distribution of I, is much broader. As
the former has the information about the connectivity and stability
of the proteins inside the complex, the observed narrow
distribution of L,, T;, and I, might provide a universal topological
prescription for the stability of the protein complex. Proving this
statement would require further analysis, such as molecular
dynamics simulations and calculating the binding free energy
between the proteins inside the complex, and is beyond the scope
of the current study. Sartori and Leibler showed that one of the
criteria for a reliable assembly is the high heterogeneity of the
complex [29]. For the protein complex of our study, the average
heterogeneity is 0.7 and the distribution of the calculated
heterogeneity is in agreement with the previously reported one
(Fig. S6 in the ESM). Figures 4(c) and 4(d) show distributions of
the topological fractions I, and I, and the complex heterogeneity.
As it is shown, the distribution of the both I, and I, topological
fractions is highly localized at high heterogeneity index (H > 0.7).
The distributions of other topological fractions and their
corresponding heterogeneity are shown in Fig. S7 in the ESM.

4 Concluding remarks

Protein complexes and condensates enclose and carry out
profound biological processes [1]. For example, nuclear
condensates perform regulatory activity such as regulation of
chromosome structure [30,31] and dynamics, DNA repair [32],
transcription [33,34], and replication [35]. Mechanistic insight
into multi-chain arrangement in nano-assemblies is going to
become crucial in future understanding of the behavior of
condensate systems [36]. Here, we presented a CT framework to
characterize protein complex structure based on inter and intra-
chain contacts. The topology of intramolecular contacts is central
to structure and function of biopolymers. Even in strongly
denaturing  conditions, the arrangement of long-range
intramolecular contacts is similar to its native configuration
(Shortle and Ackerman, 2001). Both rate and cooperativity of
protein folding are defined by contact topology [6,37,38]. It is
well recognized that folding rate anti-correlates with contact order
and correlates with the percentage of entangled relations (P and X)
in single chain biopolymers. Similarly, one should be able to
correlate the folding and assembly rates of molecular complexes
with their topology. Statistical analysis of the distribution and
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Figure4 Circuit topology of protein complexes. (a) Averaged topology fractions of the contact pairs for the protein complexes. (b) Histogram of the topology
fractions of the topological states I, and I,. The binning width is 0.1. (c) and (d) Bivariate probability distributions of topology fraction and the heterogeneity index of
the protein complexes for the topological states I, and I, respectively. The protein complex set composed of 170 protein complexes (details are given in the text).

frequencies of inter-chain and intra-chain contacts can reveal
details on the degree of compactness and entanglement in the
complex and might also carry information regarding stability of
the structure.

A topological description of macromolecular complexes
provides a means for classification of protein interaction interfaces
and the identification of interface similarity. As such it can serve as
a valuable tool for a range of functional and evolutionary studies.
The relation between molecular topology and molecular function
is being increasingly appreciated [4, 39, 40]. Additionally, proteins
may undergo topological changes to function [41]. Evidences exist
for emergence of new protein topologies via gradual evolution
through multistep gene rearrangements [42,43]. These studies
were focused on single chains. However, lessons can be learned
from these studies with potential application to molecular
complexes. Importantly, the framework of contact topology in
molecular complexes is defined here such that the relationship of a
particular topology and the physical consequence of the associated
arrangement of binary contacts in a single chain is preserved also
for a related topology of binary inter-chain contact pairs in a
macromolecular complex. The framework discussed above offers
the possibility to identify and study topological transitions related
to evolution and function of macromolecular complexes in more
detail. The circuit topology approach is complementary to other
topology approaches including network theory, which has been
successfully applied to protein complexes previously (see in the
ESM).

The repertoire of identified and structurally characterized
biomolecular complexes is expanding rapidly [44,45]. High

resolution mapping of many protein—protein, protein-RNA, and
RNA-RNA interactions will become a reality in the coming
decades. The challenge will then be to relate the arrangement of
these interactions to biological function. Standard geometrical
descriptions of structures and structural transitions may reach a
level of complexity that may obscure mechanistic analysis. It is
here where topological descriptions are strongest: Topology
studies shed light on the design principles of molecular complexes
and provide a simplified framework for relating structure and
function of biomolecular complexes. In this paper, we discussed
circuit topology of multi chain systems by means of some
illustrative examples and large-scale analyses are needed to reveal
the utility of the topology approaches to structural biology and
protein/RNA evolution. However, the potential of such approach
is apparent. Circuit topology can not only provide statistical
information about contact arrangement, but also identify the
corresponding motifs of protein—protein interaction. For example,
the detection of topologies such as L, and T; might facilitate the
identification of functional hubs inside protein complexes. This
feature is particularly crucial since protein condensates are not
homogenous bodies, and their inner structure allows them to
carry out several dynamic processes [46]. The prevalence of
certain topological fractions, such as L, and T, might facilitate the
formation of tightly connected sub-clusters of proteins, the
characterization of which represents a challenge in the field of
protein networks [47, 48].

In addition to structural investigations, circuit topology analysis
can be applied to study dynamics. For example, the application of
the molecular dynamics simulations in the future studies would
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allow one to probe dynamical contact between proteins; this
information is obviously lacking in static crystal structure of
proteins and thus in static CT analysis. Dynamics is particularly
important in the case of condensate of intrinsically disordered
proteins. Investigating the dynamic network of contacts between
different amino acids can be enabled by large scale molecular
dynamics simulations as well as experimental approaches [49]. In
this way, one may quantify correlations between topology and the
kinetics of folding and assembly. The link between fold topology
and kinetics has been successfully demonstrated for single chains
and is expected to work for multi-chain systems as well. Topology
would then provide a predictive measure for kinetics of complex
formation.

The formalism presented here was extended to describe the
relationship of two contact involving multiple chains, so,
intuitively, the next step will be relations of higher order contacts
(ie., more than two) involving single and multiple chains. Such
studies (extension of the formalism and, more importantly, large-
scale analysis) further promise new insights and strategies that
molecular engineers can exploit for synthesis of molecular
origami, new materials, and supramolecular complexes with
desired functionalities [50-52].
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