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A B S T R A C T   

The discovery of new protein topologies with entanglements and loop-crossings have shown the impact of local 
amino acid arrangement and global three-dimensional structures. This phenomenon plays a crucial role in un
derstanding how protein structure relates to folding and function, affecting the global stability, and biological 
activity. Protein entanglements encompassing knots and non-trivial topologies add complexity to their folding 
free energy landscapes. However, the initial native contacts driving the threading event for entangled proteins 
remains elusive. The Pierced Lasso Topology (PLT) represents an entangled topology where a covalent linker 
creates a loop in which the polypeptide backbone is threaded through. Compared to true knotted topologies, 
PLTs are simpler topologies where the covalent-loop persists in all conformations. In this work, the PLT protein 
leptin, is used to visualize and differentiate the preference for slipknotting over plugging transition pathways 
along the folding route. We utilize the Energy Landscape Visualization Method (ELViM), a multidimensional 
projection technique, to visualize and distinguish early threaded conformations that cannot be observed in an in 
vitro experiment. Critical contacts for the leptin threading mechanisms were identified where the competing 
pathways are determined by the formation of a hairpin loop in the unfolded basin. Thus, prohibiting the 
dominant slipknotting pathway. Furthermore, ELViM offers insights into distinct folding pathways associated 
with slipknotting and plugging providing a novel tool for de novo design and in vitro experiments with residue 
specific information of threading events in silico.   

1. Introduction 

In the last 30 years, the role of protein topology has emerged with 
increased interest as new entanglements and loop crossings are discov
ered. Protein topology refers to the local arrangement of neighboring 
amino acids and the global three-dimensional structure of the protein. 
Topology plays a crucial role in understanding the structure–function 
relationships and can provide insights into the mechanisms of protein 
folding and molecular recognition integral for the proteomic diversity 
responsible for sustaining life. 

Connolly et al. discovered topological features of entangled protein 
backbones, where the polypeptide occasionally circles back to form a 
loop which is then threaded (Connolly et al., 1980). Building on this 
discovery, the Pierced Lasso Topology (PLT) was discovered in the 
structure of leptin (Haglund et al., 2012; Haglund, 2015). PLTs are found 
in proteins containing covalent-loops created by an intramolecular 

disulfide or isopeptide bond, where the polypeptide backbone is threa
ded through the macrocycle. The PLT is not unique to leptin and en
compasses over 600 proteins represented in all kingdoms of life with 14 
conserved biological functions (Niemyska et al., 2016; Simien and 
Haglund, 2021; Dabrowski-Tumanski et al., 2016). The final entangled 
topology for disulfide-linked PLTs is formed through three possible 
mechanisms: (i) Plugging where a free terminus crosses the covalent- 
loop (Sulkowska et al., 2009), (ii) Slipknotting where an internal res
idue of the free polypeptide chain crosses the covalent-loop (Sulkowska 
et al., 2009), and (iii) Belting where the protein folds and the covalent- 
loop wraps around the threaded element to form the covalent-linker 
(Simien and Haglund, 2021; Perego and Potestio, 2019). These 
disulfide-linked PLTs form with the catalysis of an oxidoreductase or at 
the redox potential in vitro and in vivo. 

In this work, we utilize the founding member of the PLTs, leptin, to 
study the folding free energy landscape of the oxidized protein. Leptin is 
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a 146 amino acids protein forming a four-helix bundle motif with a 
single loop-crossing, a so-called L1 topology (Haglund et al., 2012; 
Niemyska et al., 2016). Leptin is an ideal protein to study threading as 
the covalent-loop is 50 amino acids located at the C-terminal. The 
threaded element is 50 amino acids, leaving 50 amino acids at the N- 
terminus. Thus, independent of pathway, plugging or slipknotting, there 
is a 50/50 probability for 50 amino acids to thread through the covalent- 
loop in either mechanism. However, utilizing the crossing reaction co
ordinate C (Niemyska et al., 2016) we observe that leptin dominantly 
slipknots through the covalent-loop 99% of the time (Haglund et al., 
2014) (Fig. 1). 

In vitro folding experiments show a typical two-state behavior with a 
linear correlation between the chemical denaturant and the logarithm of 
the rate for folding (kf ) and unfolding (ku) depicted as a chevron plot 
(Fig. 2). The observed rates are an average of both the plugging and 
slipknotting mechanisms in the ensemble experiments. In the case of 
leptin, the observed refolding rate is a direct measurement of the 
dominant slipknotting mechanism, as plugging only is observed 1% of 
the time. A previous computational study of a leptin variant, the N-loop 
protein, has been observed to predominantly plug (Haglund et al., 
2017). This loop-variant has two amino acid substitutions increasing the 
size of the loop to 100 amino acids. The chevron plot shows no signifi
cant change in the refolding rate of the N-loop protein where the 
observed rate is dominated by the plugging mechanism (Fig. 2). Thus, 
distinguishing the two pathways is complex and requires ingenuity. 
Molecular dynamics (MD) simulations using the crossing reaction co
ordinate C are able to support our experimental data to detect loop- 
crossings. However, the C is not able to detect pre-knotted regions 
that dictate the threading event. 

To further investigate the conformational changes and threading 
events on the folding trajectories of leptin, the Energy Landscape Visu
alization Method (ELViM) (Oliveira et al., 2019; Oliveira et al., 2014) is 
utilized. ELViM is a multidimensional projection tool (Ortigossa et al., 
2022; Tribello et al., 2019) providing intuitive representations for the 
energy landscape of biomolecules. Originally designed for visualizing 
protein folding funnels in lattice models (Oliveira et al., 2014), this 
method has been successfully extended to more complex biological 

systems (da Silva et al., 2023; Oliveira et al., 2019, 2021; Sanches et al., 
2022a,b). ELViM applies a robust metric to calculate structural distances 
between pairs of conformations sampled in MD simulations. The 
dimensionality of the system is reduced to generate an effective two- 
dimensional representation of the energy landscape that seeks to opti
mally maintain the original structural distances. The underlying hy
pothesis of multidimensional projection techniques is that reducing the 
dimensionality, while retaining relevant information, enables the 
extraction of significant features that may be concealed in high- 
dimensional spaces (Glielmo et al., 2021; Ortigossa et al., 2022; Tri
bello et al., 2019). In this study, we utilized ELViM to investigate the 
folding landscape of wild-type leptin. Analyzing folding trajectories of 
the wild-type allows for the detection of different pre-threaded confor
mation associated with the plugging or slipknotting mechanisms within 
the same structure. The results show that ELViM projection can 
discriminate the threading mechanisms, where plugging and slipknot
ting divides the folding landscape into roughly two distinct pathways. In 
addition, a new reaction coordinate is proposed aiming to classify the 
propensities of unthread conformations to fold by plugging or slip
knotting. As ELViM optimally retains structural similarity in a local 
neighborhood, the ELViM projection allows the identification of signif
icant pre-knotted regions. Conformations within these regions were 
utilized to obtain contact maps to shed light on topological clusters that 
may control the threading mechanism in leptin. 

2. Methods 

2.1. Structure Based Model (SBM) 

To provide a more detailed interpretation about the folding land
scape of leptin, coarse-grained molecular dynamics simulations based on 
the structure-based Cα model (SBM-Cα) taken from (Haglund et al., 
2014) were analyzed. The SBM-Cα defines the potential in such a way 
that the minimum energy value is attributed to the protein’s native 
structure. Native contacts are determined using the shadow contact map 
algorithm (Noel et al., 2012) with the standard parameters defined by 
the SMOG server (Noel et al., 2010). The simulations were performed in 
Gromacs version 4.5.3 (David Van Der Spoel et al., 2005). Additional 
details about the simulation can be found in (Haglund et al., 2012; 
Haglund et al., 2014). 

2.2. Energy Landscape Visualization Method - ELViM 

ELViM can generate intuitive low-dimensional representations of the 
multidimensional conformational phase-space of biomolecules. This 
projection relies on an estimate of structural distances, or dissimilarities, 
between pairs of conformations populating a high-dimensional space. 
ELViM uses a dissimilarity metric related to the fraction of native con
tacts, Qw (Hardin et al., 2003; Samuel et al., 2006). Considering two 
conformations, k and l, their structural similarity is defined as 

qk,l
w =

1
Npairs

∑

i,j∈pairs
exp

⎡

⎢
⎣

− (rk
i,j − rl

i,j)
2

2σ2
i,j

⎤

⎥
⎦, (1)  

where rk
i,j is the Euclidean distance between atoms, i and j, in the 

conformation k. Therefore, the metrics takes the difference of corre
sponding internal distances in conformations k and l. In this study, we 
considered only distances between Cα carbons. The smoothing param
eter σi,j sets the similarity resolution and is traditionally given by σi,j =

σ0|i − j|∊, with ∊ = 0.15 (Hardin et al., 2003; Samuel et al., 2006). 
Choosing different values of σ0 may fine-tune the metric resolution to 
different systems. Here, we adopted σ0 = 0.8. The dissimilarity is 
defined by δk,l = 1 − qk,l

w , which is unitless and equals zero, for identical 
conformations, and tends to one for very different conformations. The 

Fig. 1. Plugging and slipknotting trajectories of leptin from (Haglund et al., 
2012; Haglund et al., 2014). In silico trajectories of wild-type leptin depicting 
the plugging (green) and slipknotting (black) pathways. The top panel depicts 
the time for threading versus the residue crossing the covalent-loop. The bottom 
panel depicts the time versus the reaction coordinate Q (number of nativeness). 
The crossing coordinate (C) was used to plot the data (Niemyska et al., 2016). 
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multidimensional projection consists of representing each conformation 
by a dot on the plane such that their pairwise Euclidean distance, dk,l, 
optimally corresponds to their high-dimensional dissimilarity, δk,l. For 
this purpose, ELViM uses the force scheme (Tejada et al., 2003) algo
rithm to minimize a cost function, E =

∑
K,l|δ

k,l − dk,l|. The optimization 
procedure involves iteractively minimizing the cost function E by 
adjusting the distances between a randomly chosen reference confor
mation k and all other conformations. For each conformation l, a vector 
r→K,l, representing the displacement between k and l, is calculated, and 
the dot l is moved in the direction of r→K,l that minimizes E by a distance 
Δ|δk,l − dk,l|

2. Δ is a learning rate parameter taking values between 0.4 
and 0.08. An iteration is completed when every dot has been selected as 
reference, and the total number of iterations equals the square root of 
the number of projected conformations. 

2.3. Leptin expression and purification 

Leptin was cloned into a pET-3A vector (GenScript, New Jersey, 
USA), transformed, overexpressed, and purified as previously described 
(Haglund et al., 2012; Simien et al., 2023). The loop-variant, N-loop, 
was previously designed as (Haglund et al., 2017). The N-loop variant 
links the N-terminal to C96, forming a 100 amino acid long covalent 
loop where part of the C-terminus is threaded through. 

2.4. Circular Dichroism (CD) 

The CD spectra were collected on a Chirascan V100 spectrometer 
(Applied Photophysics, Leatherhead, U.K.). The spectra were collected 
between 200–250 nm with a final protein concentration of 0.1 mg/ml 
using a 1 mm cuvette in 10 mM phosphate buffer pH 7.4 at 25 ◦C. 

2.5. Kinetic measurements of leptin variants 

Kinetic measurements were collected on a SX20 stopped-flow spec
trometer (Applied Photophysics, Leatherhead, U.K.). Tryptophan fluo
rescence was used as the folding reaction probe by 280 nm LED 
excitation, and 350 nm emission monitored utilizing a 295 nm cutoff 
filter. Folding reactions were collected using a final protein concentra
tion of 1 mM in 10 mM Mes pH 6.3 at 25 ◦C. Urea from 0–10 M was used 
to unfold and refold the protein and data was fitted to: 

logkobs = log
(
kf + ku

)

= log
[
10

(
logkH2 O

f +mf

(
Urea

))

+ 10(logkH2 O
u +mu(Urea))

] (2)  

where kH2O
f and kH2O

u are the extrapolated values of the refolding and 
unfolding reaction in water, and mf and mu are the constants for the 
exposed surface area (Fersht, 1999). The kinetic data is represented as a 
chevron plot relating chemical denaturant concentration to the loga
rithmic observed rate of folding and unfolding. 

3. Results 

Studying how protein can self-tangle in vitro remains a challenge. In 
this work, we utilize the PLT protein leptin to conduct kinetic experi
ments to investigate if unfold and unthread can occur. In combination 
with MD simulations and the visualization tool ELViM, we were able to 
distinguish key components for the early knot formation and structural 
relationships within local groups of plugging and slipknotting on the 
free energy landscape. 

3.1. In vitro kinetics of leptin 

The kinetics of proteins probes the folding free energy landscape 
unraveling the complex relationship between protein structure and 
function. A chevron plot is a graphical representation of folding and 
unfolding rates In vitro. By plotting the logarithm of the observed rates 
for folding (logkf ) and unfolding (logku) against denaturant concentra
tions, the plot depicts a linear relationship of the change in observed 
rates (see Fig. 2B). The straight limbs indicated that leptin folds in a two- 
state manner from the denatured state (D) to the native state (N), 
without populating intermediate states along the folding pathway. No 
significant perturbations are observed in folding rate between the two 
proteins, with logkH2O

f 5.17 ± 0.12 and 5.44 ± 0.44 (Fig. 2B). The change 
in stability, ΔGD− N from 6.82 ± 0.04 kcal/mol and ΔGD− N from 7.38 ±
0.10 kcal/mol for wild-type and N-loop protein respectively, is attrib
uted to the stabilizing effects of connecting helix A, through the intro
duced disulfide bond, to the four-helix bundle. The change in solvent 
exposed area is attributed to the change in loop size, where the mD− N for 
the wild-type is 1.01 and N-loop is 1.73. A CD spectrum was collected to 
evaluate perturbation of the secondary structure (Fig. 2B). The spectra 

Fig. 2. The structure and folding kinetics of leptin. A) The structure of leptin showing the pierced lasso topology (Gierut et al., 2017). The covalent-loop (blue) is kept 
intact by a disulfide bond between C96 and C146 (yellow). The covalent-loop is threaded by residue 51–95 (white) leaving the N-terminal residues 50–1 unthreaded 
(red). B) Chevron plot of wild-type (black) and N-loop leptin (green). The inlet depicts the CD spectrum showing the helical propensity of t.he two variants. 
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coincide well with classical α-helical spectra with two minima at 208 nm 
and 222 nm, indicating that the secondary structure is conserved. 

3.2. Slipknotting versus plugging of leptin 

Determination of the threading mechanism is essential for under
standing the complex free energy landscapes of proteins with entangled 
backbones. Folding trajectories were collected for wild-type leptin 
(Zhang et al., 1997) and analyzed using the crossing reaction coordinate 
(C) (Fig. 1). First, the reaction coordinate detects the covalent linker and 
triangulates the minimal surface spanning the covalent-loop. Second, 
the algorithm detects the crossing points across the minimal surface. 
Finally, the algorithm reduces the loop crossing from artificial loop 
crossings (Niemyska et al., 2016). The data shows that leptin can thread 
using both a plugging and slipknotting mechanism, but predominantly 
slipknots through the covalent loop (Haglund et al., 2014). ELViM was 
utilized to visualize and distinguish the different conformational states 
populated by the two possible pathways (Oliveira et al., 2019). 

The ELViM effective phase-space for the wild-type protein, where 
each dot represents a sampled conformation, is shown in Fig. 3A. The 
axes are removed for clarity as the structural dissimilarity is represented 
as pairwise distances. The color assigned to each dot represents the 
value of the fraction of native contacts, Q. Thus, the folded basin 
(Q > 0.9) is located in the middle right region of the ELViM projection, 
while unfolded structures are distributed at the outer left region. It is 
important to note that the points are not homogeneously distributed 
throughout the projection due to the optimization procedure, which 
tends to group similar structures into local dense clusters. However, the 
reaction coordinate Q varies smoothly across the projection, indicating 
dense pathways connecting the unfolded and folded basins. 

To investigate whether the ELViM projection can distinguish be
tween the plugging and slipknotting folding pathways, the projection 
points corresponding to threaded structures are colored based on the 
crossing reaction coordinate C (Fig. 3B). Interestingly, the ELViM pro
jection reveals that structures on the plugging pathway (C ⪅ 35, shades 
of blue) are concentrated in a well-defined region. On the other hand, 
conformations from the slipknotting pathway (C ⪆ 65, yellow to red) are 
spread throughout the inner center of the projection, with the highest 
density observed at the bottom region, in opposition to the plugging 
pathway. Thus, the ELViM projection suggests two distinct pathways for 
leptin based on the threading event from the unfolded unthreaded states 
to the native structure. While the plugging pathway is more constrained 
to a specific region, the slipknotting route appears to be accessible from 
a larger basin in the projection. 

Fig. 3C shows representative structures highlighting the folding 
event where the plugging pathway is depicted at the top and slipknot
ting at the bottom with index Pi and Si, respectively. All dots from 
Fig. 3C can be directly compared in Fig. 3A. Six representative structures 
are depicted, each of which demonstrates the threading mechanism of 
plugging and slipknotting conformations. Based on the structures where 
the N-terminal has crossed the loop (plug) or where a hairpin or loop 
threads through the closed loop (slipknot), the crossing reaction coor
dinate is an appropriate reaction coordinate to visualize which structure 
is being favored. Nevertheless, the unfolded ensemble provides essential 
information on specific conformations controlling the threading mech
anism and the propensity for plugging as opposed to slipknotting. An in- 
depth exploration of the unfolded ensemble was conducted to clarify the 
factors that confer advantages to slipknot transitions over plug 
transitions. 

To classify the unfolded ensemble and early threading events, we 

Fig. 3. ELViM effective phase-space for wild-type leptin. Each point corresponds to a conformation state and is colored based on (A) the fraction of native contacts 
[Q], and (B) the crossing reaction coordinate [C]. Unthreaded structures are depicted in gray in (B). The axes are removed for clarity. (C) Represents conformations 
for the plugging (from unfolded, P1, to folded, P6, state) and slipknotting (from unfolded, S1, to folded, S6, state) pathways. 
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defined a new reaction coordinate (Λ) based on selected distances ac
cording to the Equation: 

Λ = dnl − (dcl − dnc + 1)/2. (3)  

The terms dnl,dcl, and dnc correspond to distance between the N-terminal 
residue and center of mass of the covalent-loop, centers of mass of the 
protein and the covalent-loop, and the N-terminal residue and the center 
of mass of the protein, respectively. A schematic representation of 
unthreaded structures and early cross loop conformation, slipknot (i and 
ii) and plug (iii and iv) are shown in Fig. 4A. When utilizing only two 
distances, i.e., the distance between the N-terminal and the center of 
mass of the covalent-loop (dnl), the early cross loop conformation may 
not be distinguishable, introducing uncertainty in the interpretation of 
the results (Figs. 4iii)). In Figs. 4Aii) and 4A(iv), based on the dnc and dcl, 
the unthreaded structures and the early crossing transitions may be 
distinguished. Ideally, the difference between these terms (dcl-dnc) 
should be positive and negative for early plugging and slipknotting 
transitions, respectively. 

In Fig. 4B, ELViM projection shows the structures (each dot) in the 
early loop crossing conformations and threaded structures with C > 65 
and C < 35. The ELViM projections in Fig. 3 are represented by two 
reaction coordinates, Q and C, in which Q provides information about 
the folding event and C the threaded conformations. The Λ reaction 
coordinate is able to fill the gap between these two reaction coordinates, 
providing information about the early loop crossing conformations. 
According to Fig. 4, there are two clear regions (red and blue) that 
include unfolded and partially folded structures. The small region cor
responding to the plugged and slipknotted conformations was amplified 
with the new reaction coordinate, Λ (Fig. 4). The fraction of native 
contacts (Q) and the crossing reaction coordinate (C) are well- 
established parameters. However, the motivation to develop the new 
reaction coordinate (Λ) was to bridge the gap between Q and C to 
explore the early loop crossing conformations. Furthermore, (Λ) may 
also elucidate unfolded conformations determining the preference for 
plugging versus slipknotting transitions observed in leptin. 

To investigate the distinctions in contact propensities along the two 
threading pathways, we designated a region I on the plugging pathway 
and a region II on the slipknotting pathway, as illustrated in Fig. 5. These 
regions encompass conformations in the early stages of threading, along 

with neighboring unthreaded conformations that are structurally similar 
based on the ELViM metrics. Subsequently, we computed contact maps 
(with a Cα distance cut-off of 10 Å) for each conformation within our 
selected regions and determined the contact frequency, defined as the 
average contact map and denoted by fi,j. This contact frequency equals 
one if the contact between alpha carbons (i, j) is present in all confor
mations within the selection. By subtracting the contact frequencies 
observed on the plugging pathway from those on the slipknotting 
pathway, denoted as f II

i,j − f I
i,j, we aimed to identify critical contacts 

defining the threading mechanism. For comparison, we included a 
contact map displaying native contacts, which is depicted in gray in the 
lower half of the map. 

The difference in contact frequency for unthreaded conformations is 
depicted in Fig. 5A. Contacts depicted in blue are associated with the 
plugging pathway, while those in red are prevalent on the slipknotting 
pathway. The most significant difference in the contact frequency for the 
unthreaded conformations, highlighted in orange, corresponds to native 
and non-native contacts between residues L45-L49 and K53-L58. These 
contacts seem to favor the interactions that yields a plugging mecha
nism. On the other hand, for threaded conformations (Fig. 5B), the 
difference in the contact frequency shows two very distinct regions, blue 
and red, indicating different folding routes for the different mechanisms. 

4. Discussion 

The introduction of threaded topologies adds complexity to the 
folding free energy landscape while diversifying the biological function 
and lifetime of proteins. A polypeptide chain may spontaneously self- 
entangle, on a biologically relevant timescale from milliseconds to sec
onds, into the active three-dimensional structure. Encoded in its amino 
acid sequence is not only the final native structure but also the mecha
nism to achieve the entanglement. Entangled biopolymers remain one of 
the most challenging interdisciplinary questions requiring a combina
tion of mathematical knot theory, physics, chemistry, and biology. 

Analyzing MD simulation trajectories using ELViM, we are able to 
detect distinct conformations associated with plugging and slipknotting 
pathways in leptin. Our findings reveal specific characteristics of 
conformational states in the early stages of plugging (C < 35) and the 
early slipknotting stages (C > 65) within the ELViM projection. Con

Fig. 4. (A) Schematic representation illustrate the Λ reaction coordinate. Here, dnl, dnc, and dcl, correspond to the distance between the N-terminal (Nter) and the 
center of mass of the covalent-loop, the N-terminal and the center of mass of the protein, and the center of mass of the protein and the center of mass of the covalent- 
loop, respectively. (B) The plot depicts unthreaded structures and conformations with an C > 65 and C < 35 (red and blue) and threaded native conformations with 
an index of 35  < C < 65 (gray color). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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formations in the non-knotted and early plugging stages are confined to 
a specific region of the ELViM projection, while early crossings on the 
slipknotting pathway exhibit a more dispersed distribution, with the 
highest density found in a region diametrically opposed to the plugging 
pathway. To further characterize the two threading pathways, we con
ducted an analysis using contact maps designed to differentiate between 
their mechanisms. For this purpose, we selected two distinct regions 
within the ELViM projection, each encompassing structurally similar 
unthreaded and early threaded conformations. This selection aimed to 
minimize noise arising from misplaced data points and facilitate the 
identification of prevalent contacts that might contribute to the selection 
of different threading pathways. Our results clearly indicate that the 
contact frequencies within regions I and II are initiated by the formation 
of a hairpin loop, between residues L45-L49 and K53-L59 in the 
unfolded basin. Thus, promoting the plugging mechanism of the domi
nant slipknotting pathway. These differences, which are associated with 
sets of native and non-native contacts, can be experimentally probed by 
changing their interaction strength, elucidating the dominant folding 
mechanism. 

It is important to note that multidimensional projection techniques 
can result in some misplacement of data points, primarily due to the 
inherent mathematical limitations of representing all pairwise distances 
from the high-dimensional phase-space onto a two-dimensional plane 
(Ortigossa et al., 2022). Additionally, since the optimization procedure 
is stochastic, different projections may yield slightly different repre
sentations of the effective phase-space. Moreover, the presence of 

entangled conformations adds complexity, as some conformations may 
be structurally similar but topologically different. In this context, we 
assert that the ELViM projection is capable of effectively distinguishing 
between the two threading pathways, offering valuable atomistic in
sights into the free energy landscape of threaded proteins. 

5. Conclusion 

Topological constraints in proteins introduce complexity on the 
folding pathways and may encompass a threading event. The multidi
mensional projection tool ELViM is able to visualize and distinguish 
structures with different topologies with a smooth conformational 
transition between them. This information is used to separate folding 
pathways associated with plugging and slipknotting pathways in leptin. 

To our knowledge, there are only a few experimental techniques that 
may be able to detect small populations of separate conformational 
states such as single molecule Förster resonance energy transfer (FRET) 
experiments and Paramagnetic Resonance Enhancement (PRE) Nuclear 
Magnetic Resonance (NMR) experiments. A concern in utilizing these 
experiments is the induction of detection probes without interring with 
the threading mechanism. ELViM provides a novel tool for the design of 
such experiments as it is able to predict where to introduce probes to 
monitor treading as well as aiding in the analysis providing information 
on a molecular level that is not possible to detect experimentally. We 
propose to utilize multiple FRET pairs or NMR PRE in vitro experimental 
techniques as they may be able to probe the proximity of the threaded 

Fig. 5. The ELViM projection for regions I and II for plug (blue) and slipknot (red), respectively. (A) depicts the data for the unthreaded conformations while B) 
depict the threaded conformations in regions I and II for plug (blue) and slipknot (red), respectively. The bottom panels correspond to the contact frequency dif
ference (upper triangle) and native contact maps (lower triangle). The frequencies f I

i,j and f II
i,j are calculated by taking the average for all threaded or unthread 

conformations from regions I and II, respectively. Native contacts are calculated considering only the Cα carbons and a cut-off equal to 10 Å. 
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element to the covalent-loop. The observed distances from these ex
periments can be directly compared to the distances from ELViM to 
quantify the threading landscape. However, in vitro experiments will not 
capture the orientation of the polypeptide chain in the unfolded state. 
Thus, ELViM is able to support the in vitro analysis, providing molecular 
details describing the orientation and the mechanism of threading. 
Furthermore, ELViM may be used to enhance the experimental design to 
specifically determine where to introduce probes for in vitro experiments 
to avoid clashes that may interfere with the threading and folding of the 
protein. 
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