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Abstract
One-third of protein domains in the CATH database contain a recently discovered tertiary 
topological motif: non-covalent lasso entanglements, in which a segment of the protein backbone 
forms a loop closed by non-covalent interactions between residues and is threaded one or more 
times by the N- or C-terminal backbone segment. Unknown is how frequently this structural 
motif appears across the proteomes of organisms. And the correlation of these motifs with various 
classes of protein function and biological processes have not been quantified. Here, using a 
combination of protein crystal structures, AlphaFold2 predictions, and Gene Ontology terms 
we show that in E. coli, S. cerevisiae and H. sapiens that 71%, 52% and 49% of globular 
proteins contain one-or-more non-covalent lasso entanglements in their native fold, and that 
some of these are highly complex with multiple threading events. Further, proteins containing 
these tertiary motifs are consistently enriched in certain functions and biological processes across 
these organisms and depleted in others, strongly indicating an influence of evolutionary selection 
pressures acting positively and negatively on the distribution of these motifs. Together, these 
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results demonstrate that non-covalent lasso entanglements are widespread and indicate they may 
be extensively utilized for protein function and subcellular processes, thus impacting phenotype.

Keywords
PROTEIN structure; entanglements; go; database; function

Introduction
The remarkable discovery1 was made four years ago that one-third of protein domains 
reported in the CATH database2 contain previously unrecognized tertiary structure elements 
referred to as non-covalent lasso entanglements. These tertiary structural motifs consist of 
a protein backbone loop closed by a non-covalent interaction between two residues that is 
pierced one or more times by a backbone threading segment that can coil around the loop 
(Figure 1). This class of entanglement is structurally and mathematically distinct from knots, 
slip-knots, and covalent lasso entanglements that has loops which are closed by covalent 
disulfide bonds.3

Most proteins contain two or more domains,4,5 however, CATH only reports information 
on a perdomain basis. Thus, the frequency of non-covalent lasso entanglements in full 
length proteins has not been characterized across the proteome of globular proteins. 
Furthermore, the biological consequences, if any, of these widespread tertiary structural 
motifs are unknown.1,6,7 This raises questions of whether nature has enriched or depleted 
these structural motifs in different functional classes of proteins or spatially near functional 
protein sites - a strong sign, if found, that natural selection is acting on them.

One biological effect that has been established is that the presence of non-covalent lasso 
entanglements, as measured by the minimum number of times the thread segment pierces 
the loop in a proteins most complex entanglement, anticorrelates with protein folding 
times8 (Pearson R = − 0.74 for multi-state folders). That is, the more complex this class 
of entanglement, the longer it takes to fold proteins containing them. As seen for other 
secondary and tertiary structural elements,9–14 we hypothesize this class of structural motif 
can affect protein function and hence be over- or under-represented in biological processes 
within the cell.

A protein entanglement involves the intertwining of protein backbone loops and segments 
leading to one of five broad and mathematically distinct categories3: (1) a knot – in which 
pulling on both termini of the protein tighten the entanglement preventing the full extension 
of the protein backbone; (2) a slipknot – in which pulling on both termini disentangle the 
loops leading to full extension of the backbone, and no supercoiling occurs; (3) a covalent 
lasso entanglement – in which a backbone loop closed by a covalent (e.g., disulfide) bond 
is pierced by a backbone segment; (4) deterministic links – in which two backbone loops, 
each closed by a disulfide bond, pierce one other; and the recently identified category1 of 
(5) non-covalent lasso entanglements – in which a non-covalent contact closes the loop, 
supercoiling of the threading segment around the loop can occur, and pulling the termini 
often results in disentanglement. The first four categories are estimated to be present in 
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6% of native protein structures3; while it is unknown how common non-covalent lasso 
entanglements are across the proteomes of organisms.

There are two reasons why non-covalent lasso entanglements were largely ignored by 
researchers until 2019. First, the mathematical algorithms for detecting these topological 
entanglements improved over time.15,16 The algorithms have evolved from the “sphere-
point” method introduced in 1994,17 to a ‘Knotoid’ methodology7,18,19 that projects the 
protein backbone coordinates onto a sphere in 2010, to the use of Gauss Linking Integrals 
in 2017.8 With each improvement the ability to accurately detect lasso entanglements 
increased. Indeed, “Gaussian Linking Integrals reveal unique properties of lasso topology 
in proteins, which may lead to new biological and chemical discoveries” according to a 
recent paper.15 Second, the field of protein folding has historically focused on entanglements 
involving disulfide bonds15 because these covalent bonds are an energetically strong 
constraint and therefore more likely to influence the process of protein folding. Thus, the 
field neglected cataloging these non-covalent lasso entanglements until 2019.1

Here, we characterize the frequency of non-covalent lasso entanglements across the 
cytosolic proteomes of E. coli, S. cerevisiae and H. sapiens, and address other open 
questions related to their potential structural and biological function by creating a high-
quality dataset containing information on globular proteins and the presence and location of 
non-covalent lasso entanglements in their native structures and cross-referencing it against 
other publicly available data.

Materials and Methods
Retrieval of genes and protein structures.

All reviewed genes and their corresponding protein crystal structures were obtained from 
the UniProt-Proteome and Protein Data Bank (PDB) databases for three species: E. coli 
K12 on February 15th, 2021 (1,568 genes, out of 4,389 in the genome, have at least one 
crystal structure), S. cerevisiae S288c on February 23rd, 2022 (1,893 out of 6,050 genes 
have crystal structures), and H. sapiens on April 14th, 2022 (7,423 out of 20,361 have crystal 
structures).20 For protein structures, we retrieved the first biological assembly structures 
which are believed to be the main functional form of the molecule.21 The files for biological 
assembly were available with the pdb1 file extension in the PDB. These PDB files were 
processed to remove any lines after the last termination line (denoted by TER in the PDB 
file) to remove all non-protein elements in the files. Small molecules, water molecules, 
and modified amino acids can be found after the last TER line and these non-protein 
elements reduce the accuracy of identifying protein entanglements. In addition, missing 
residues in each PDB structure file were identified by comparing the current PDB structure’s 
residue IDs to the vector (m,m + 1,…, n), where m is the starting residue ID, and n is the 
largest residue ID of the file. Lastly, we obtain globular proteins by removing intrinsically 
disordered proteins and membrane proteins as classified by UniProt.17
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Selection of genes with high-quality protein structures.
To link sequence and structural information we used Protein BLAST to align the UniProt 
canonical sequences with the protein chain sequences from the corresponding PDB 
structures.22 We then generated a dataset by selecting genes that had high-quality protein 
structures available. Specifically, to be included in our dataset, a gene had to meet the 
following criteria: it must have at least one corresponding PDB structure with a resolution 
of 3 or less, and at least one alignment between the gene’s UniProt canonical sequence and 
the protein chain sequence from the corresponding PDB structure must satisfy the following 
conditions: a minimum of 95% identity and positive scores, less than 5% gaps, and an 
Expect score of less than or equal to 10−5. For each gene with at least one high-quality 
protein structure (i.e., meets all the criteria described above), we selected a representative 
protein structure for the gene by choosing the chain sequence with the highest coverage 
of the UniProt canonical sequence. When the protein chain sequence extended beyond the 
UniProt canonical sequence, we truncated the corresponding sequence parts (and protein 
structures) to ensure that the representative protein structures only reflected structures that 
aligned with the UniProt canonical sequence. This allowed us to focus exclusively on the 
structural information that corresponded to the protein sequence of interest. In the end, our 
dataset includes 1,294 genes for E. coli, 1,023 genes for S. cerevisiae, and 5,190 genes for 
H. sapiens, where each gene is associated with the unique representative protein structure.

Entanglement identification.
We first define a few terms. A loop is a segment of the protein backbone between a pair 
of residues in a native contact. For the residues i, j, we define the spatial distance between 
i, j as d i, j = min ∥ b ℎ − b ℎ′ ∥ ∀ℎ ∈ H i , ℎ′ ∈ H j  where b ℎ = bx ℎ , by ℎ , bz ℎ ∈ R3

represents the x, y, z coordinates of a heavy atom ℎ and H i  refer to the set of heavy 
atoms (non-hydrogen atoms) of residue i. We say a residue pair i, j is a native contact if the 
spatial distance between i and j, is less than or equal to 4.5 (i.e. d i, j ≤ 4.5). We use the 
first location in a PDB entry if a residue has multiple alternate orientations. A loop spans 
the primary structure between i, j that form a native contact: i, i + 1,…, j − 1, j . Outside 
this loop we have an N-terminal segment, composed of residues 1 through i − 1, and a 
C-terminal segment, composed of residues j + 1 through N, where N is the protein length. 
An entanglement occurs when an N-terminal or C-terminal segment pierces the loop. The 
residue(s) that pierces the plane of the loop is referred to as the crossing residue(s).

Our overall workflow is illustrated in Figure S4. To identify non-covalent lasso 
entanglements, we begin by identifying all loops with crossing residues, where either the 
N-terminal or C-terminal segment pierces through the loop at least once. To do this, we 
first find all loops with potential crossing events using Gauss linking numbers1,8 and refine 
these results using a minimal surface analysis.15,16 We then employ a clustering method 
to group together loops with crossing events that are likely part of the same entanglement 
to avoid duplicates in the final set of identified entanglements. This second step ensures 
that each entanglement is represented only once in the final analysis. The Gauss linking 
number characterizes the degree of entanglement between two curves.8 For two oriented 
closed curves in 3D space, for example, the Gauss linking number is an integer value that 
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describes how many times one curve winds around the other.8 It was previously shown that 
the Gauss linking number is a useful metric for detecting native self-entanglement events 
between two sub-segments of a protein backbone.8 The minimal surface analysis is based 
on triangulating a loop surface into small triangles, which are termed minimal surfaces, 
and determining whether or not a segment pierces one of the triangle planes.16 While 
minimal surface analysis tends to be more accurate in identifying entanglements due to its 
verification of the actual piercing events, but it is more computationally intensive compared 
to the Gauss linking number method. Therefore, in our analysis we use the Gauss linking 
number method as a pre-liminary screening tool to initially identify all loops with potential 
crossings and then verify if they have actual piercings in their triangulated surfaces.

gN i, j = 1
4π

m = 6

i − 6

n = i

j − 1
R m −R n

∥ R m −R n ∥3
⋅ dR m × dR n

(1)

gC(i, j) =
1
4π

m = i

j − 1

n = j + 6

N − 6
R(m) −R(n)

∥ R(m) −R(n) ∥3
⋅ (dR(m) × dR(n))

(2)

Specifically, in the first step, we identify loops closed by native contacts in each protein. 
We then compute the Gauss linking number for each loop and N/C-terminal segment using 
Eqs. (1) and (2).23,24 We note that at this stage we consider all loops and terminal segments 
regardless of whether they contain missing residues or not. Identified entanglements that 
contain a certain number or proportion of missing residues are filtered at a later stage. 
c I ∈ R3 represents the Cα coordinates of the residue I, and we define the mid-point R I

between c I , c I + 1  as R I = 1
2 c I + c I + 1  and dR I = c I + 1 − c I . In Eqs. (1) and 

(2) the first five residues of the N-terminal tail, the last five residues of the C-terminal 
tail, and six residues from either side of the loop are excluded to reduce errors associated 
arising from flexible regions. Such flexible regions can lead to situations where the crossing 
residue(s) fail to pierce the loop surface completely. Loop i, j  has potential crossing event 
(s) if gN i, j ≥ 0.6 or gC i, j ≥ 0.6. To confirm whether a thread pierces the triangulated loop 
surface we perform a minimal surface analysis on all loops with potential crossing events. 
We use the Python package Topoly16,25 and its lasso type function for this analysis, with the 
options density parameter = LOW and precision parameter = HIGH.

Finally, to focus on non-covalent lasso entanglements, and avoid false positives we exclude 
several cases from the detected set of loops with crossing events, including: (1) Loops 
containing a pair of cysteine residues forming a native contact; (2) Loops from PDB 
structures that are known or estimated to have knots or slipknots; (3) Loops with more than 
5% of missing residues or three consecutive missing residues; and (4) any entanglement with 
missing residues within 10 residues of the piercing location on the thread. Proteins were 
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removed from our dataset if criteria 1 or 2 were met, while only specific entanglements were 
removed if criteria 3 or 4 were met. The first and second criteria were chosen to eliminate 
proteins containing any covalent lasso entanglements, knots, and slipknots from the detected 
set of entanglements. The list of PDB structures containing knots was acquired on February 
16, 2023, from the KnotProt 2.0 database.7 The presence of knots in PDB structures that 
are not in the KnotProt 2.0 database was also estimated using the Alexander Polynomial 
algorithm from the Topoly Python module.16,25 If a given PDB structure indicated a knot 
type other than the unknot, then the structure was considered to have a knot and removed 
from our dataset. Knots were classified as slipknots using the KnotProt 2.0 database. The 
third and fourth criteria were implemented because we found the identification of crossing 
events inaccurate when there are missing residues in the loop or near the piercing location. 
This may be a result of distorted loop triangulated surfaces, uncertainty in thread location, 
or inherent errors in the loop closing method used to calculate the Gauss linking numbers. 
(Note that there is one crossing residue in an entanglement in gene product P13382 to which 
Topoly assigns two different chiralities. We removed this gene from our analyses.).

With this set of loops with crossing events, we ran a clustering algorithm to cluster loops 
with crossing events that are likely part of the same entanglement. The idea is to cluster 
loops with crossing events that are spatially close, and the chirality of piercings is shared. 
The exact algorithm, ALG1, that we used is provided in Supplementary information. As a 
result of the clustering algorithm, we have a representative entanglement consisting of a loop 
and residues on the N/C threads at the point of piercing events per cluster, which we refer to 
as the crossing residues.

Detection of Non-Covalent Lasso Entanglements in AlphaFold-Predicted Protein 
Structures.

Version 4 of AlphaFold F1 model PDB files were downloaded for E. coli, S. cerevisiae, and 
H. sapiens.26,27 We performed the entanglement identification procedure described above to 
identify the set of non-covalent lasso entanglements in the AlphaFold-predicted structures. 
When executing the procedure, we used the AlphaKnot database28 to obtain the list of PDB 
structures which contain knots or slipknots. Globular proteins were obtained by removing 
membrane proteins and/or proteins containing any disordered regions, as identified by 
UniProt.20

AlphaFold Entanglement Prediction.
Each identified entanglement was transformed into a 1-D entanglement vector, with a size 
equal to the length of the corresponding PDB chain sequence (given by the experimental or 
AlphaFold predicted PDB). The vector elements are binary (0 or 1), where nonzero elements 
represent crossing residues as well as thread or loop residues located within 4.5 of heaving 
atoms of a crossing residue. All representative entanglements corresponding to a given PDB 
were combined into a single PDB-level entanglement vector by applying the logical OR 
operator element-wise.

To allow for direct comparison, the mapping between the UniProt canonical sequences 
and the PDB chain sequences was used to make the experimental and AlphaFold PDB-

Rana et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2024 July 23.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



level entanglement vectors the same length. This was accomplished by first extracting 
the list of residues in the experimental PDB chain that maps to the UniProt canonical 
sequence. For each residue that was successfully mapped, the corresponding element from 
the experimental and AlphaFold PDB-level entanglement vectors was selected. This process 
produces new experimental and AlphaFold PDB-level entanglement vectors that are the 
same length; equal to the length of the corresponding mapped PDB chain sequence.

To estimate the performance of AlphaFold in predicting which residues are associated with 
entanglement, the PDB-level entanglement vectors were compared element wise (using 
the experimental entanglement vector as ground-truth). Given the imbalance between the 
number of 0 and 1 elements in the entanglement vectors, which have a 0 : 1 ratio of 8.2 
across all species, the balanced accuracy, defined by,

BalancedAccuracy = 1
2

TP
TP + FN + TN

TN + FP

(3)

was used as the performance metric; where TP = TruePositive, FN = FalseNegative, and 
FP = FalsePositive, TN = TrueNegative. The following number of PDBs were not included in 
the analysis: E. coli: 2, H. sapiens: 34. These were excluded due to: (1) Not being present 
in the AlphaFold Database, (2) having an AlphaFold PDB chain sequence different from 
the UniProt canonical sequence, or (3) it was computationally expensive to complete the 
clustering phase because of the sheer number of higher order entanglements.

Gene Ontology (GO) Statistical Association Analysis.
To obtain a comprehensive set of functional annotations for each gene in our dataset, 
we extracted Gene Ontology (GO) annotations from UniProt reviewed entries.20,29 These 
annotations provide information about the biological processes, molecular functions, and 
cellular components associated with each gene. However, since the annotations obtained 
from UniProt are highly granular, we utilized the QuickGO database30 and Kahn’s algorithm 
for topological sorting as implemented in the NetworkX python package31,32 to cluster the 
UniProt annotations into broader categories. This involves using the ancestral chart of each 
annotation, represented as a directed acyclic graph, to transform it into level 2 and level 3 
categories.33,34 The levels indicate the position of an annotation in the chart relative to the 
root GO class.

We tested whether there is any association between the existence of an entanglement in a 
protein structure and a specific GO annotation at each level. For each annotation, we created 
a 2-by-2 contingency table where the rows represented the presence or absence of genes 
with non-covalent entanglements, while the columns represented the presence or absence 
of a specific GO annotation. We used a two-sided Fisher’s exact test to determine the 
statistical association between the presence of entanglement and a specific GO annotation. 
To determine enrichment or depletion for significant annotations, we used a one-sided 
Fisher’s exact test.
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The odds ratio, the two-tail p-values, and enrichment/depletion p-values were obtained for 
all annotations in a GO class. The two-tail p-values were adjusted using the Benjamini-
Hochberg false discovery rate correction at a significance level of 0.05. The adjusted 
two-tail p-values were used to determine whether an annotation was significant, and the 
other two p-values determined whether the significant annotation was enriched or depleted. 
Excel files (Supplementary Files 1–3) were generated for E. coli (November 15, 2022), S. 
cerevisiae (November 22, 2022), and H. sapiens (November 23, 2022). Each contains three 
worksheets representing a GO class. Columns represent: 1) GO term; 2) Odds Ratio; 3) 
Enriched p-value; 4) Depletion p-value; 5) Two-tail p-value; 6) Adjusted two-tail p-value; 7) 
Number of entangled proteins with the annotation; 8) Number of entangled proteins without 
the annotation, 9) Number of non-entangled proteins with the annotation; 10) Number of 
non-entangled proteins without the annotation; 11) Number of high-quality proteins with the 
annotation; 12) Number of high-quality proteins without the annotation; and 12) whether the 
annotation was significant after hypothesis correction.

Statistical analysis for structural enrichment of non-covalent lasso entanglements near 
functional sites.

We conduct hypothesis tests to determine if entanglements tend to be spatially located close 
to or far from functional sites of a protein for each species. We say that entanglements 
are enriched near a functional site F  in gene-product g if crossing residues occur more 
frequently near functional site F , or equivalently, if crossing residues are located closer to 
F  compared to a randomly chosen residue. Conversely, we say entanglements are depleted 
from a functional site F  in g if the crossing residues are located far from the functional site F
on average when compared to randomly chosen residues.

In our analysis, we focused on several types of functional sites, including active sites, zinc 
fingers, DNA binding sites, RNA-binding sites, protein–protein interfaces, small molecule 
binding sites, and metal binding sites. The active sites and zinc fingers sites were directly 
retrieved from UniProt. UniProt defines active sites as residues directly involved in catalysis 
and zinc fingers as residues that coordinate zinc ions.20 The location of these sites for 
each gene were mapped to the corresponding residues in the representative chain sequence 
using the top Protein BLAST alignment result. For the other functional sites, we used 
the representative protein structure of each gene product and identified the sites using 
heavy atoms (non-hydrogen atoms) and a 4.5 spatial cut-off between the coordinates of 
heavy atoms in the bound molecule(s) or ion(s) and those in the protein. We consider the 
protein as the standard 20 amino acids and those modified amino acids that are covalently 
attached to the protein backbone. The standard four nucleotides were used to identify 
the bound molecule as DNA or RNA. The bound ion is a metal if it is part of groups 
1–12 (not including hydrogen), metalloids, post-transition metals, and the f-block in the 
periodic table. The metals were referenced against the’PDB Ligand Summary Page’ for 
their existence in PDB structures. Small molecules here refer to free ligands non-covalently 
attached to the protein.21 They were obtained using a spatial cutoff of 1.97 between the 
atom and heteroatom records that do not contain hydrogens. This criterion takes advantage 
of the hydrogen bond length in water to find small molecules. Metal binding sites were 
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identified using a 4.5, cut-off, excluding active sites and zinc fingers sites. We also removed 
non-functional common solvents found in the crystal structures for each proteome.

For each given gene, we use a permutation test to test whether entanglements are enriched 
or depleted near a specific functional site F . In a permutation test, one compares the test 
statistic computed from the observed data with the test statistics that are recomputed over 
certain permutations of the observed data. The null hypothesis is rejected if the observed 
test statistic is sufficiently extreme compared to the test statistic from the permuted data. 
Here, the key condition is that one should use the set of permutations that, under the null 
hypothesis, do not make the distribution of the permuted data different from the original 
data distribution. For instance, suppose one wants to test whether observations from two 
groups (X1,…,Xm) and Y 1,…, Y n  are from the same distribution or not using a permutation 
test. Here the total data set is Z = X1,…,Xm, Y 1,…, Y n = Z1,…,ZN ,  where the first m
observations correspond to the elements in the first group and N = m + n. One can obtain 
the ktℎ permuted data set Z k = Z1

k ,…,ZN
k  by choosing m elements randomly from the 

observed dataset Z where the first m elements of the Z k  correspond to the m randomly 
chosen elements and the last n elements are those remaining in Z. Note the distribution of 
the permuted data Z k  is the same as the distribution of Z under the null hypothesis. Once 
K permuted datasets are obtained, one can compare the observed test statistic T Z  with the 
test statistics from different permutations T Z k  for k = 1,⋯,K.

Returning to the original testing problem, we consider a test that assesses whether the 
minimum distances from residues to the functional site F  follow the same distribution for 
crossing and non-crossing residues. First, for each residue i in the gene g, let us define the 

minimum distance of the residue i to the functional site F  by dF i = min
jεF

∥ c i − c j ∥ where 

c i  refers to the Cα coordinates of the residue i, c j  is the Cα coordinates of the residue j
and minimum is taken over all residue j in functional site F . In this analysis, we use the 
ranks of the minimum distances to F  instead of the original distances. Use of ranks helps 
to obtain a more robust result, which is less likely to be influenced by outliers. The data 
is Z = Z1,…,ZN  where Zi corresponds to the itℎ residue’s rank of the minimum distances. 
For example, if the residue i has the smallest minimum distance, Zi = 1. Ties receive a rank 
equal to the average of the ranks they span. The null hypothesis is the distribution of Zi

from the crossing residue group is the same as the distribution of Zi from the non-crossing 
residue group. We use the sum of the ranks of the residues in the crossing residue group, i.e., 
T Z = ∑iϵC Zi as the test statistic, where C is the set of crossing residues.

Similar to the example above, for the data Z = Z1,⋯,ZN , a permuted data Z p  from the 
permutation p can be obtained by generating a random subset Ip of size m from 1,⋯,N  and 
reordering Z so that Zi; i ∈ Ip  are in C, where m = C  is the number of crossing residues 

from gene g. Here Zi; i ∈ Ip  are the ranks of the crossing residues in Z p . The test statistic 

for the permuted data Z p  is T Z p = ∑iϵIp Zi, i.e., the sum of ranks of the crossing residues 

in the permuted data Z p . However, unlike the previous two sample permutation example, a 
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significant complication in this analysis is that not all permutations of the data would satisfy 
the topological constraint of Cα coordinates. In particular, there are positions Ip ⊆ 1,⋯,N
where no rewiring of the amino acid residues would result in entanglements in Ip, making 
the corresponding permutation p invalid. Therefore, the set of possible permutations P  has 
to be limited to those whose permutations are compatible with the given Cα coordinates 
and distances from the population. If we can uniformly sample permutations p1,…, pB from 
such set of valid permutations P , we can construct the p-value for the tests under the null 
hypothesis of no association. For example, the p-value for testing whether the crossing 
residues are spatially enriched near F  can be constructed by35 :

penr =
1

B + 1 1 + ∑
k = 1

B
I T Z k ≥ T Z

(4)

where Z k  is the generated data from the permutation pk. The test which compares penr with 
the pre-specified significance level α is a valid level α test, i.e., the type I error probability is 
less than or equal to α.

Unfortunately, enumerating the set of valid permutations P  is difficult due to the 
computational intractability of modeling all possible 3-dimensional structures of permuted 
sequences subject to given Cα coordinates. One necessary condition for a crossing residue 
is that it has to be located in a buried part of the protein, due to the topological properties 
of entanglements. We use the normalized surface accessible solvent area (SASA) of a 
residue,36,37 defined as the surface accessible solvent area of the residue divided by the 
average surface accessible solvent area of the protein, as a measure of the degree of burial 
of the residue in the protein. Assuming that crossing residues from the permuted data 
Z k  with any valid permutation pk ∈ P  share a similar degree of burial as the observed 
crossing residues, we select crossing residues for permuted data in a way that the resulting 
distribution of normalized SASA is similar to the observed distribution of the normalized 
SASA from the crossing residues in the proteome. The exact algorithm for sampling 
crossing residues is given as ALG2 in the Supplementary information.

After generating the set of B = 50, 000 permuted data set Z 1 ,…,Z B  from ALG2, we 
compute the p-value to test the enrichment penr using Equation (3). We compute the p-value 
for the depletion pdep similarly, with the direction of inequality reversed. For the two-tailed 
test, we compute the p-value as 2 ⋅ min penr, pdep . To control the false discovery rate in each 
species, since we are testing whether entanglements are enriched or depleted in each species, 
we apply the Benjamini-Hochberg false discovery correction to the p-values from each 
gene.38
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Results
49% to 71% of globular native structures contain non-covalent lasso entanglements.

We analyzed all unique globular proteins in the three species (E. coli, S. cerevisiae, and 
H. sapiens) that have a high-resolution crystal structure in the Protein Data Bank (n = 1,294
for E. coli, n = 1,023 for S. cerevisiae, n = 5,190 for H. sapiens) and maximally cover 
the canonical protein sequence. In E. coli we find 71% (921 out of 1,294) of these 
protein structures contain one or more non-covalent lasso entanglements. The median 
number of entanglements per protein is two, with a mode of one (Figure 2a). And 
the maximum number observed in any one protein is 28 (Gene P09152, PDB 1Q16 
Chain A, interactive visualization at https://obrien-lab-psu.github.io/Non-covalent-Lasso-
Entanglements-in-Folded-Proteins-Prevalence-Functional-Implications-and-Evolut/). 80% of 
the entanglements contain a single crossover residue (i.e., one piercing event of the plane 
of the loop by the threading segment), 10% have only two crossover residues (two piercing 
events), and 6% have only three crossovers (Figure 2c). The maximum number of cross-over 
residues observed in any single entanglement is seven residues in gene-products P21179 
(PDB 4BFL, Chain B) and P24171 (PDB 1Y79 chain 1, interactive visualization available). 
Loop sizes in these entanglements range from 9 to 812 residues in length, with a median of 
72 and mode of 26 residues (Figure 2b).

In S. cerevisiae, 52% (538 out of 1,023) of native structures have non-covalent lasso 
entanglements. The median number of lasso entanglements per protein is two, with a mode 
of one (Figure 3a). And the maximum number observed in any one protein is 15 (Gene 
P22138, PDB 4C2M Chain B, interactive visualization available). 83% of the entanglements 
have only one crossover residue, 8% have two crossover residues, and 6% have three 
crossover residues (Figure 3c). The maximum number of cross-over residues observed 
in any entanglement is seven residues in gene-products P39958 (PDB 2BCG, Chain G), 
P14743 (PDB 1A4E Chain A, interactive visualization available), and P14743 (PDB 2P6E 
Chain A). Loop sizes in these entanglements range from 9 to 699 residues in length, with a 
median of 69 and mode of 41 residues (Figure 3b).

And for the human proteome 49% (2,564 out of 5,190) of globular proteins have non-
covalent lasso entanglements. The median number of lasso entanglements per protein is 
two, with a mode of one (Figure 4a). And the maximum number observed in any one 
protein is 19 (Gene P31327, PDB 5DOU Chain B and Gene P47989, PDB 2E1Q Chain B, 
interactive visualization available). 84% of entanglements have only one crossover residue, 
8% have two crossover residues, and 5% have three crossover residues (Figure 4c). The 
maximum number of cross-over residues observed in any entanglement is nine residues in 
gene-product P14735 (PDB 2G54, Chain A, and Q96HY7 (PDB 6U3J Chain B, interactive 
visualization available). Loop sizes in these entanglements range from 8 to 1,067 residues in 
length, with a median of 59 and mode of 37 residues (Figure 4b).

We emphasize that the aforementioned statistics on non-covalent lasso entanglements do 
not include any contributions from knots, slip-knots, nor covalent lasso entanglements as 
proteins that contain these were removed from our dataset. We find knots, slip-knots, and 
covalent lasso entanglements only rarely co-occur in the same proteins that non-covalent 
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lasso entanglements are present in. They co-occur in 2.8%, 3.5%, and 8.4% of the non-
covalent-lasso-entanglement-con taining proteins, respectively, in E. coli, S. cerevisiae, and 
H. sapiens.

These results demonstrate that across these three organisms non-covalent lasso 
entanglements occur in the majority or near majority of globular proteins, they vary widely 
in their number per protein and complexity in terms of the number of times the threading 
segment pierces the plane of the loop.

AlphaFold2 structures yield similar results.
We next asked whether AlphaFold2 accurately predicts the location of non-covalent lasso 
entanglements in proteins by comparing our dataset based on PDB crystal structures 
to AlphaFold2 predictions for the same proteins. We find the predictions yield balanced-
accuracy values of 0.91, 0.90, and 0.88 for E.coli, S. cerevisiae, and H. sapiens, respectively. 
Indicating that AlphaFold structures correctly predict the location of entanglements in 
approximately 90% of instances.

Because of this accuracy we next used the AlphaFold2 predictions to estimate the fraction 
of the globular proteome that contains non-covalent lasso entanglements including those 
proteins that have yet to have a resolved crystal structure. We applied the same analysis to 
AlphaFold2 predicted structures of globular proteins in E. coli, S. cerevisiae, and H. sapiens 
that do not contain knots, slipknots, or covalent lasso entanglements. We find 65.8% of E. 
coli globular proteins (2,302 out of 3,498), 62.3% of S. cerevisiae globular proteins (2, 953 
out of 4,737), and 54.0% of H. sapien globular proteins (8,420 out of 15,591) contain one 
or more entanglements. When membrane and intrinsically disordered proteins are included 
these percentages remain similar at 65.9% (2,874 out of 4,361), 62.4% (3,766 out of 6,039), 
and 54.2% (10,899 out of 20,118) in, respectively, E.coli, S. cerevisiae, and H. sapiens (see 
Methods). These results are consistent with a recent finding that approximately 60% of 
membrane protein-domains have entanglements based on our Gaussian linking cutoff of 0.6 
(Figure 2b from reference 37).39 Thus, whether using structures from the PDB or predicted 
via AlphaFold2, our conclusion is the same: a majority or near majority of globular proteins 
contain non-covalent lasso entanglements.

Entangled proteins are enriched in some molecular functions, depleted in others.
Next, we examined whether this class of entanglement is enriched or depleted in specific 
molecular function classes using Level 2 and Level 3 categories defined and assigned by the 
EMBL-EBI QuickGO database.30 Molecular functions are defined as “molecular activities 
of individual gene products” according to the Gene Ontology Consortium.29 To do this, 
we use 2-by-2 contingency tables categorizing each protein as either having one-or-more 
entanglements or not, and having a particular molecular function or not. For example, in our 
E. coli protein dataset, the molecular function category “small molecule binding” contains 
76 proteins that have entanglements and this molecular function, 845 protein that have 
entanglements but do not have this function, 7 proteins that do not have an entanglement 
but do have this function, and 366 proteins that neither have an entanglement nor this 
function (Figure 5). This leads to an odds-ratio (OR) of 4.70 (enriched p-value = 2.95 × 
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10−6, Fisher’s Exact Test), meaning that there is a strong and significant association (an 
enrichment) between the presence of entanglements in proteins and the tendency for that 
protein to carry out the function of small molecule binding.

Odds-ratio results for other E. coli molecular functions are provided in SI File 1. For brevity 
we display in Figure 5 the odds-ratios for the top 5 enriched, and top 5 depleted molecular 
functions in E. coli. We find statistically significant associations between the presence of 
entanglements and the molecular functions ‘ligase activity’ (OR = 5.45), ‘catalytic activity 
acting on a nucleic acid’ (OR = 5.04), ‘catalytic activity’ (OR = 4.81), ‘small molecule 
binding’ (OR = 4.70), and ‘isomerase activity’ (OR = 2.84). And a significant association 
between the absence of entanglements and the molecular functions ‘structural molecule 
activity’ (OR = 0.235), ‘transcription regulator activity’ (OR = 0.231), ‘molecular transducer 
activity’ (OR = 0.182), and ‘DNA-Binding transcription factor activity’ (OR = 0.139).

We report the same results for S. cerevisiae and H. sapien proteins in Figure 5. (All odds-
ratio results for molecular functions are reported in SI Files 2 and 3) Taking the intersection 
across these three species, we find that the functions that are universally enriched with 
proteins containing non-covalent lasso entanglements are small molecule binding, lyase 
activity, transferase activity, oxidoreductase activity, ligase activity, catalytic activity on 
nucleic acid, catalytic activity, ion binding, isomerase activity and hydrolase activity. 
And universally depleted are structural molecule activity, DNA-binding transcription 
factor activity, and transcription regulator activity. Thus, there are both organism specific 
associations between entanglements and molecular functions, and what appear to be 
conserved associations across species.

Entangled proteins are enriched in some biological processes, depleted in others.
We carried out the same analysis but for enrichment or depletion of non-covalent lasso 
entanglements in the GO ontologies associated with the biological processes individual 
proteins are involved in. A biological process is defined as “the pathways and larger 
processes to which the gene product’s activity contributes” and is distinct from molecular 
function because biological process refers to a series of events driven by molecular 
interactions that contribute to a particular biological function.29 These molecular interactions 
may refer to a specific biochemical pathway or larger-scale events such as “cell division”.

In E. coli the strongest associations between the presence of entanglements and biological 
processes are organic substance metabolic process (OR = 2.54), primary metabolic process 
(OR = 2.44), metabolic process (OR = 2.28), catabolic process (OR = 2.24), small 
molecule metabolic process (OR = 1.72), and the absence of entanglements and biological 
processes are biological regulation (OR = 0.404), cellular localization (OR = 0.368), and cell 
aggregation (OR = 0.312); all of which are statistically significant (p-value < 0.05). Results 
for S. cerevisiae and H. sapiens proteins are reported in Figure 6 and Supplementary Files 2 
and 3.

Cellular metabolic process, metabolic process, organic substance metabolic process, primary 
metabolic process, and small molecule metabolic process are enriched across all three 
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organisms, while cellular localization and localization are associated with depletion of 
entanglements.

Association with cellular components.
We repeated this process for the cellular component ontologies, where the cellular 
component label is defined as where inside a cell “the gene products are active.”29 In E. coli 
the strongest associations between the presence of entanglements and cellular components 
are intracellular anatomical structure (OR = 1.51), and the absence of entanglements and 
cellular components are cell periphery (OR = 0.54), organelle (OR = 0.52), and transcription 
regulator complex (OR = 0.11). Results for yeast and human proteins are reported in 
Figure 7 and Supplementary Files 2 and 3. Overall, there is no consistency across the three 
organisms for significant cellular component annotations.

Rarely, entanglements are spatially enriched near functional sites.
Next, we tested if non-covalent lasso entanglements are spatially enriched or depleted near 
functional residues within the native folds of globular proteins. Functional residues refer to 
specific amino acids within protein structures that play direct roles in biological functions, 
such as those involved in the binding of substrates to the protein. The functional categories 
we use in this analysis, which are different than the GO ontological terms, are ‘protein – 
protein interface’, ‘DNA binding’, ‘RNA binding’, ‘Zinc finger region’, ‘active site’, ‘metal 
binding’ and ‘small molecules’ - as defined in the Methods Section. Specifically, for a given 
protein’s native structure we examined if the minimum rank ordered distance between the 
crossing residue(s) in an entanglement and a given category of functional residues is closer 
or further away than random chance (see Methods). If it was closer, then that entanglement 
was spatially enriched near the functional residue(s), while further away than random chance 
indicated depletion. This analysis also detects situations where there is neither enrichment 
nor depletion – that is, the relative locations are indistinguishable from random chance.

After correcting p-values for the false discovery rate (see Methods), we find that in E. coli 
(Table 1) three proteins exhibit a significant spatial enrichment of an entanglement near 
the ‘Protein-protein interface’ residues, another near ‘active site’ residues, and 15 proteins 
exhibit entanglement(s) statistically enriched near residues that bind ‘small molecules.’ We 
never observe spatial depletion of entanglements in these individual functional categories 
and in most cases there is neither enrichment nor depletion. Combining all functional 
categories together for this analysis – meaning we identify residues as functional, or not, 
without regard to their specific functional class - we find 23 are enriched, three are depleted, 
and 779 are neither enriched nor depleted.

In S. cerevisiae the numbers of proteins with spatially enriched entanglements near the 
residues involved in ‘RNA binding’ n = 1 , ‘active site’ n = 2 , ‘protein–protein interfaces’ 
n = 2 , and ‘small molecules’ n = 9  functional classes (Table 1). Spatial depletion of 

entanglements is also observed in one protein for residues involved in ‘Active site’, ‘Protein-
protein interfaces’ and another for residues that are part of a ‘Zinc finger.’ Two proteins are 
depleted in ‘small molecules’, and in most cases there is neither enrichment nor depletion. 
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Like in E. coli, combining all functional categories together for this analysis, we find 10 are 
enriched, two are depleted, and 425 are neither enriched nor depleted.

In H. sapiens six and 33 proteins, respectively, exhibit spatially enriched entanglements 
in residues involved in ‘RNA binding’ and binding ‘small molecules’ (Table 1). And the 
numbers for spatially depleted entanglements are one, one, and four for residues that are 
involved in RNA-binding, zinc-fingers and small molecules. In most cases there is neither 
enrichment nor depletion. Combining all functional categories together for this analysis, we 
find 38 are enriched, 6 are depleted, and 2,127 are neither enriched nor depleted.

These results indicate that for at least 97% of proteins that contain native, non-covalent lasso 
entanglements and functional residues that those entanglements exhibit no selection pressure 
to be structurally enriched or depleted near those functional sites. This suggests that for 
these proteins there is no positive or negative effect on protein function from the presence 
of non-covalent lasso entanglements. However, there is a small subset of proteins for which 
there is a bias greater than expected by random chance to find crossing residues at or near 
certain functional residues. And less frequent is an even smaller number of proteins where 
the crossing residues are further than would be expected. Thus, this combination of results 
points towards a selection benefit to the spatial placement of these entanglements in the 
native folds of a very small number of proteins.

Discussion
We have found that non-covalent lasso entanglements are common across the globular 
proteome of three diverse organisms, and that natural selection is acting on the distribution 
of entangled proteins occurring in different functional and biological process classes – 
enriching them in some and depleting them in others. In contrast to earlier work which 
found one-third of protein domains contain non-covalent lasso entanglements1 we find 71%, 
52%, and 49% of globular proteins have non-covalent lasso entanglements, respectively, in 
E. coli, S. cerevisiae, and H. sapiens. These higher percentages are expected as most proteins 
contain two or more domains. What is remarkable, however, is that so little is known about 
the functional and biological roles of this widespread class of tertiary structure.

Our statistical analyses of GO ontologies addressed this issue. Across these three very 
different species, natural selection has consistently enriched this type of tertiary structure 
in the biological processes of metabolic and cellular processes, and the functional classes 
of enzymes, ion-binding and small molecule binding activity. Natural selection has selected 
against the presence of these entanglements in biological regulation process related to 
transcription and functions related to the structural integrity of the cell. Carrying out 
a structural enrichment analysis, we observed that small molecules functional class is 
consistently enriched across these different organisms. This consistent enrichment indicates 
that non-covalent lasso entanglements are likely to be biologically beneficial across diverse 
evolutionary lineages and the environments in which these organisms exist.We observe 
that 2% (57/2,446) of proteins have entanglements that are spatially enriched near small 
molecule binding sites. This suggests there are rare situations where these motifs might 
directly influence functions involving small molecules. But in general, most non-covalent 
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lasso entanglements do not appear to be being utilized to directly influence function – in 
which case we would expect these entanglements and functional sites to spatially co-occur.

These two observations raise the question as to why proteins containing non-covalent 
lasso entanglements are strongly overrepresented in certain functional classes (such as 
in enzymes) but not spatially enriched close to the corresponding functional sites? One 
possibility is that these entanglements are being used for allosteric regulation of function. 
Since allostery can be indirect, influencing active site activity from a distance, if the 
entanglements have an allosteric role, they might not be spatially enriched near active sites. 
Or, it could be the case that instead of influencing protein function these entanglements 
are instead influencing other protein properties such as protein stability, lifetime, or 
dynamics. For example, there are limited reports of knotted proteins increasing protein 
thermodynamic stability,40,41 the same might be true for proteins containing non-covalent 
lasso entanglements in their folded structure. And proteins containing non-covalent lasso 
entanglements might exhibit differential degradation rates.8,42

The derivative data sets we have created, that include detailed information on the location 
of entanglements in proteins and their associated functional enrichments provides a starting 
point for follow-up experimental and computational studies on specific proteins and the 
influence of their native entanglements on protein functions and biological processes. An 
interesting follow-up computational study would be to further categorize non-covalent 
lasso entanglements using advanced topological metrics like those applied to covalent lasso 
entanglements.4

In summary, our findings demonstrate that non-covalent lasso entanglements are widespread 
across the proteomes of various species and the effects of both positive and negative 
selection pressures have enriched and depleted these motifs in certain functional and 
biological classes. Disentangling their role in molecular, structural, biochemical, and cellular 
processes is likely to yield interesting and unexpected results in the future.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Non-covalent lasso entanglements in globular, folded protein structures.
(a) Illustration of a non-covalent lasso entanglement with a single crossing residue. Loop 
is in red, native contact closing the loop in orange, treading segment in blue, and crossing 
residue is shown as a white sphere. Note, the loop is closed by a non-covalent interaction, 
not a disulfide bond. (b) The flattened topology representation of the 50S ribosomal protein 
L22 highlighting the loop (red), thread (blue), closing native contact, and crossing residue. 
(c) Crystal structure of 50S ribosomal protein L22 (PDB ID:6XZ7, chain S) with loop and 
thread highlighted. (d) The topology diagram of a non-covalent lasso entanglement with 
double crossings observed in 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase. (e) The 
flattened topology plot for 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase. (f) Crystal 
structure of 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase (PDB ID: 2WW4).
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Figure 2. Analysis of proteome-wide Escherichia coli non-covalent lasso entanglements in 
cytosolic proteins.
a-c Different density plots characterizing the properties of non-covalent lasso entanglements. 
(a) The distribution of the number of entanglements per protein in the Escherichia coli 
proteome using a combined boxplot (top) and probability distribution (bottom). Interquartile 
range is calculated as Q3 – Q1 in red. Data after Q3 is shown in blue. Outliers, colored 
in green, are determined using the 1.5 × (IQR) method in green. (b) The probability 
distribution of loop length (number of residues composing the loop) of all non-covalent 
lasso entanglements. Loop length is defined as the difference in the native contact residues 
closing the loop, |j − i|. (c) The probability distribution of the number of crossing residues 
per entanglement.
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Figure 3. Analysis of proteome-wide Saccharomyces cerevisiae non-covalent lasso entanglements 
in cytosolic proteins.
a-c Same as Figure 2 but for S. cerevisiae.
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Figure 4. Analysis of proteome-wide Homo sapiens non-covalent lasso entanglements in cytosolic 
proteins.
a-c Same as Figure 2 but for H. sapiens.
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Figure 5. Top and bottom ten molecular function GO annotations ranked by odds ratio.
a-c The Gene Ontology analysis was conducted for (a) E. coli, (b) S. cerevisiae, and 
(c) H. sapiens level 2 and 3 Molecular Function Annotations. Red indicates enrichment, 
blue indicates depletion, and gray indicates non-significant annotations after Benjamini-
Hochberg false discovery rate correction to the p-values.
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Figure 6. Top and bottom ten biological process GO annotations ranked by odds ratio.
a-c The Gene Ontology analysis was conducted for (a) E. coli, (b) S. cerevisiae, and (c) 
H. sapiens level 2 and 3 Biological Process Annotations. Red indicates enrichment, blue 
indicates depletion, gray indicates non-significant annotations after false discovery rate 
correction.
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Figure 7. Top and bottom seven cellular component GO annotations ranked by odds ratio.
a-c The Gene Ontology analysis was conducted for (a) E. coli, (b) S. cerevisiae, and (c) 
H. sapiens level 2 and 3 Cellular Component Annotations. Red indicates enrichment, blue 
indicates depletion and gray indicates non-significant annotations after false discovery rate 
correction.
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