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Abstract  

There is growing support for the idea that the in vivo folding process of knotted proteins 
is assisted by chaperonins, but the mechanism of chaperonin-assisted folding remains 
elusive. Here, we conduct extensive Monte Carlo simulations of lattice and off-lattice 
models to explore the effects of confinement and hydrophobic intermolecular interactions 
with the chaperonin cage in the folding and knotting processes. We find that moderate to 
high protein-cavity interactions (which are likely to be established in the beginning of the 
chaperonin working cycle) cause an energetic destabilization of the protein that 
overcomes the entropic stabilization driven by excluded volume, and leads to a decrease 
of the melting temperature relative to bulk conditions. Moreover, mild-to-moderate 
hydrophobic interactions with the cavity (which would be established later in the cycle) 
lead to a significant enhancement of knotting probability in relation to bulk conditions 
while simultaneously moderating the effect of steric confinement in the enhancement of 
thermal stability. Our results thus indicate that the chaperonin may be able to assist 
knotting without simultaneously thermally stabilizing potential misfolded states to a point 
that would hamper productive folding thus compromising its functional role. 
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Introduction 

 
Knotted proteins are proteins that embed a physical (i.e. open) knot in their native 
structure. Although the first knotted protein was reported in 19771, it was only after the 
development of knot detection methods2, 3, and loop closure procedures4, that these 
intricate systems came into the spotlight. Two recent surveys of the Protein Data Bank 
(PDB) indicate that the fraction of knotted proteins stands between 0.71%5 and 0.77%6. 
The most frequent knot type found in the PDB is the 31 (or trefoil) (92.1%), followed by 
the 41 (4.8%), 52 (or twisted-three)  (2.8%) and 61 (0.3%)6.  
 
The first studies addressing the challenge of understanding how knotted proteins fold date 
back from 20057. Since then, a plethora of contributions, both experimental and 
computational (reviewed in 8-10), have significantly advanced our understanding of this 
intricate folding mechanism. Although a few studies have been carried out for model 
systems embedding the twisted-three11-14 and 61 knot15, 16, the majority of contributions 
have focused on proteins carrying the most frequent trefoil knot. The current picture 
emerging from both simulations17-21 and experiments7, 22-25 points to a complex folding 
process for trefoil knots, whereby part of the chain firstly forms a knotting loop, which is 
later protruded by the reminder of the polypeptide chain via a slipknotted conformation18, 

26-30 or via a direct threading motion of the terminus17, 19, 20, 31-33, in the entropically 
costly34, and rate-limiting13, 25 knotting step. 
 
Given the complexity of their folding process, knotted proteins typically exhibit slow 
folding rates both in vitro and in simulations (reviewed in8). Because the process of knot 
formation is ordered (in the sense that it should follow a specific sequence of events), it is 
prone to backtracking (i.e. to the breaking and re-establishment of specific native 
contacts)26, 32, and to the formation of trapped intermediates. Some of these may lead to 
aggregation: there is strong evidence that intermediate states populated by protein UCH-
L1, which embeds a 52 knot in its native structure, can be aggregation prone14..  
 

In vivo, efficient folding of many newly synthesized proteins is achieved through the 
utilization of a special class of molecular machines called chaperones. The so-called 
chaperonins comprise an important and universal class of chaperones, which have the 
unique ability to fold some proteins that cannot be folded by simpler chaperone systems. 
The most well studied chaperonin is the bacterial GroEL-GroES complex from E. coli. 
GroEL is a cylindrical protein complex comprising two heptameric rings (of ~57 kDa 
units) stacked back-to-back forming a large cage-like structure. GroES is a smaller 
heptameric ring with seven identical (10 kDa) subunits that caps the ends of the GroEL 
cylinder35. During the GroEl-GroES operating cycle a non-native substrate protein (SP) 
binds to the entrance of the GroEL cavity (i.e. the so-called apical domain) within a 
region of concentrated hydrophobic residues. Subsequently, the binding of seven ATP 
molecules (one per GroEL subunit), and of GroES, leads to a large conformational 
change whereby the cavity’s volume nearly doubles (~175.000Å3), being able to 
encapsulate a SP with up ~60KDa (~545 residues long). Concomitantly, the cage’s inner 
wall changes its physical properties becoming hydrophilic and net-negatively charged36. 
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The encapsulated SP is free to fold in this environment for ~6 seconds, which is the time 
needed for ATP hydrolysis36. The exact mechanism by which the chaperonin assists 
folding is still a matter of debate, but two main models have been proposed. The passive 
(or Anfinsen’s) cage model predicts that the role of chaperonin is simply that of 
increasing folding yield by avoiding aggregation. One the other hand, the active cage 
model envisages an active role for the chaperonin, according to which the latter is able to 
accelerate folding process by modulating the free energy landscape 36.  
 
By using a cell-free translation system, Mallam and Jackson were the first to explore the 
role of GroEL-GroES on the folding and knotting mechanisms of trefoil proteins YibK 
and YbeA. In the presence of GroEL-GroES, folding rate starting from unfolded (and 
presumably unknotted) conformations becomes at least 20-fold higher. Furthermore, 
GroEL-GroES has no effect on the folding rate of knotted denatured conformations. 
Since none of those proteins populates misfolded species during or after translation37, 
these results indicate that the chaperonin is likely to play a specific and active role in 
assisting the knotting step. These observations led Mallam and Jackson to propose that 
the folding in vivo of knotted proteins YibK and YbeA is assisted by chaperonins37. If 
this is so, it is important to understand its mechanistic underpinnings.   
 
Previous accounts, including seminal contributions by Chan and Dill38 and Betancourt 
and Thirumalai39 (both with on-lattice models), and more recent studies framed in off-
lattice simulations and different force fields, addressed the chaperonin assisted folding of 
topologically regular proteins40-46.  A general conclusion of these studies is that steric 
confinement accelerates folding by stabilizing the transition state relative to the unfolded 
state at the transition temperature. Piana and Shaw 47 performed the very first study of 
chaperoning-assisted folding framed on unbiased, atomistic molecular dynamics 
simulations based on a state-of-the-art force field that more accurately reproduces the 
aggregation propensity of unfolded states. The authors focused on the C-terminal 
fragment of the villin headpiece (HP35) featuring 35 residues. They observed a decrease 
of folding rate due to intermolecular interactions between the protein and disordered 
residues in the GroEL’s C-terminal tails. A monotomic decrease in folding rate was also 
observed for a triple point mutant of the small (120 residues), single domain protein 
FynSH3 in the context of a coarse-grained C-alpha model and Langevin dynamics, when 
intermolecular attractive interactions were considered between the protein and GroEL-
GroES cavity 48. Similarly, Sirur and Best 45 reported a strong decrease in folding rate of 
protein Rhodanase (296 residues long) when specific residue-residue interactions 
between the protein and the GroEL cavity were modeled by means of a carefully 
parameterized, sequence-based potential combined with a C-alpha protein representation. 
These results indicate that intermolecular interactions with the chaperonin cage can offset 
the effects of steric confinement and reduce the folding rate. Therefore, interactions other 
than excluded volume should be in order to more accurately capture chaperonin-assisted 
folding 
 
By using structured-based models and Monte Carlo simulations, Soler et al. gave first 
steps towards understanding the folding mechanism of knotted proteins inside the 
chaperonin cage49. In particular, these authors explored the role of steric confinement in 
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the folding transition of the smallest (82-residue) knotted trefoil protein in the PDB, 
MJ0366 (PDB ID: 2efv), from Methanocaldococcus jannaschi. They found that by 
reducing the entropic barrier to knotting, steric confinement alone is able to significantly 
enhance knotting frequency, even under temperature conditions in which that native state 
becomes thermodynamically destabilized, most likely because confinement reduces the 
frequency of local interactions, thereby decreasing local rigidity of the chain, in line with 
results reported in 50.   
 
In a subsequent study, Sulkowska et al. reported analogous findings for VirC2, a small 
(121-residue) protein similar to MJ0366, and the (109-residue) DndE protein, with an 
unclassified fold51. In a more recent follow-up, Sulkowska et al. investigated in detail the 
folding under steric confinement of protein Ubiquitin C-terminal Hydrolase 1 (UCH-L1), 
which embeds a 52 knot in its native structure. The authors reported that depending on the 
degree of steric confinement two different folding pathways can be populated, leading to 
a fast (weak confinement) or to a slower (strong confinement) folding transition 52.  
 
While steric confinement certainly plays a role in chaperonin-assisted folding, by 
decreasing the entropic barrier to knotting, Lim and Jackson recently proposed that the 
chaperonin may play an additional active role by 1) further stabilizing key interactions 
that promote knotting, and, 2) by facilitating the unfolding of topologically trapped or 
misfolded states25. Motivated by these premises, here we explore the mechanism of 
chaperonin-assisted folding beyond excluded volume interactions by focusing also on the 
effects of hydrophobic confinement. As before49, we start by performing extensive and 
systematic Monte Carlo simulations of  two lattice systems embedding a shallow trefoil 
and a shallow twisted-three knot, respectively. Subsequently we challenge the lattice 
predictions in the context of a C-alpha, off-lattice model of protein MJ0366, which also 
embeds a shallow trefoil knot  
 
Despite their simplicity, structured-based models like the ones employed in the present 
work have been successful in the study of protein folding  (reviewed in 53-56) and, more 
recently in exploring other phenomena involving proteins such as aggregation57-59, 
protein fold switches60, and phase separation61, just to mention a few examples. By using 
coarse-grained protein representations and coarse-grained models for protein energetics 
the present study seeks to reflect the semi-quantitative behavior, and offer mechanistic 
insights into the effects of hydrophobic interactions in chaperonin-assisted folding 
 
Our analysis predicts that intermolecular hydrophobic interactions establishing between 
the folding protein and the chaperonin cage modulates the folding transition in different 
ways: 1) It decreases the transition temperature, 2) It decreases the activation energy of 
folding by creating a rugged free energy landscape and a rugged transition state 
ensemble62, and 3) For some model sequences, moderate to high degree of confinement 
may lead to the formation of structurally consolidated, yet unknotted, intermediate states. 
Most important, however, is the observation that mild to moderate hydrophobic 
confinement significantly increases knotting probability in relation to the bulk without 
enhancing thermal stability to a point that would hamper productive folding. This is a 
significantly important result because it means that, by taking into account hydrophobic 
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interactions, the chaperonin is be able to assist knotting without compromising its 
functional role. 
 
 

Models and Methods 

 
Lattice model  

 
We use a simple lattice model in which amino acids are reduced to beads of uniform size 
placed on the vertices of a cubic lattice. To satisfy excluded volume constraints only one 
bead is allowed per lattice site, and two consecutive beads along the chain are linked by 
sticks (one lattice spacing long) that represent the peptide bond.  

Intramolecular interactions are modelled with the native centric Gō potential63, i.e., the 

total energy (in reduced units) of a conformation with bead coordinates 
!
r
i{ }  

is given by  

E
!
r
i{ }( ) = ε Δ

!
r
i
−
!
r
j( )

i , j>i+2

N

∑ ,        (1) 

 
where N is the chain length measured in number of beads, ε is the uniform interaction 
energy parameter (equal to -1 in this study), and the contact function Δ is unity, only if 
beads i and j form a native contact, i.e., a contact that is present in the native structure. 
 
Confinement is modelled by placing the lattice protein inside an elementary geometry. 
For symmetry reasons we choose a rigid cubic box of linear size L (measured in lattice 
units), which restricts the conformation of the lattice system and its movements in three 
dimensions.  
 
To model the intermolecular interactions between the protein and the confining box two 
scenarios are considered. In the first case, there are only excluded volume (i.e. steric) 
interactions. In the second case, which is inspired by hydrophobic-polar (HP) model64, 
stabilizing hydrophobic interactions may be established between the protein’s 
hydrophobic beads and the box’s walls.  
 
The hydrophobic residues in natural proteins can be distinguished on the basis of their 
hydropathy index (e.g., isoleucine, valine and leucine are clearly the most 
hydrophobic)65. However, in the context of the present work, and in line with the HP 
model, beads representing hydrophobic residues and the box’s inner lining will be taken 
uniformly hydrophobic. Different interaction strengths for the protein-box intermolecular 
interaction will be explored.  When considering hydrophobic confinement, the total 
energy of the protein-box system, ET, is thus given by 
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where σ
i{ }   represents the ensemble of hydrophobic residues in the protein, 0 < ε

HP
≤1 is 

the hydrophobic interaction parameter that captures intermolecular hydrophobic 
interactions, and  is unity if bead i is one lattice spacing away from the box’s walls 

located at .  

 
 
Off-lattice model 

 

In the off-lattice model an amino acid is reduced to a single bead located in the position 
of its corresponding C-alpha atom. Neighbour residues along the sequence are connected 
by rigid bonds of distance equal to 3.8 Å (the length of a trans peptide bond in real 

polypeptide chains). All residues have the same radius b = 2.1Å , which controls a hard 
sphere potential to avoid overlapping of beads among themselves, or with the walls of the 
confining cavity. The details of the model have been previously described 66, 67, and only 
its main features will be highlighted here. 
 
As in previous work, a native interaction between two residues i and j is introduced 
through an attractive harmonic potential: 
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where r
ij

 is the distance between the residues in a given conformation, d
ij

nat  is the 

corresponding distance in the native structure, 𝜀  is the uniform interaction energy 
parameter (equal to -1 in this study), and provides the depth of the attractive well, and 𝑎 
controls its width. The use of a Monte Carlo sampling procedure (as outlined below) 
allows for the use of a simple continuous but not differentiable potential as that described 
by eq. (3). It has the advantage over standardly used Lennard-Jones potentials that we can 
easily control the potential width without affecting the repulsive term, something which 
has an important influence in the thermodynamic characteristics of the folding 
transition68 . From our previous experience59, 68, 69 we used 𝑎 = 0.6 Å in this work. Local 

interactions (with i − j = 3 or 4) use the same energy term, considering that all the native 

distances corresponding to virtual bond angles and virtual torsional angles are always 
native, irrespective of their actual values. The latter term (torsions) uses a chirality check 
to prevent the model folding into the mirror conformation to the native state. 
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In addition, the hydrophobic residues, defined according to the protein sequence (see 
below), interact with the wall of the spherical cavity, whose radius is Rc. To keep the 
model as simple as possible, we have used for these interactions the same type of 
truncated harmonic well described in equation (3). However, instead of an intramolecular 

distance we use here the radial coordinate r
i
 of each bead i with respect to the cavity 

centre, resulting: 
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and r
max

= R
c
−b , the radial coordinate for a model bead in direct contact with the wall. 

The resulting attractive potential is rather narrow, as it is for the intramolecular 
interactions. The values of ε

HP
 used in this work, in units of ε , range from 0 (plain 

repulsive walls) to 2.5. The range is larger than that for the lattice calculations, but we 
must recall that the potential is continuous off-lattice, with values of every individual 

interactions going from ε
HP

 to zero as a function of the radial coordinate. 

 
We do not consider stronger intermolecular interactions with the cavity in the lattice 
model and in the off-lattice one because, as we will see below, the folding transition 
breaks down at ε

HP
=0.6 on lattice and ε

HP
=2.35 off-lattice. Stronger intermolecular 

interactions with the wall will hamper folding even more, and for strong enough 
interactions the native structure will never be populated because the chain will spend 
most of its time adhered to the cavity in unfolded conformations.  
 
 

Monte Carlo folding simulations 

 
The computational methods and techniques adopted in the present work have been 
extensively used before and are described in detail in previous publications19, 49, 70-72. 
Here we provide a summary and highlight a few details. 
 
The conformational space is explored with the Monte Carlo method with Metropolis 
sampling73. For the lattice model the move set comprises end-, corner-flips and 
crankshaft moves, while for the off-lattice exploration of the conformational space 
proceeds via end- and spike moves, and displacement moves which shift a part of the 
chain (from a randomly selected bead to the chain end) a maximum distance of a virtual 
bond.  

Simulations start from an unfolded conformation and evolution towards the native 
conformation is followed by registering a series of properties that include, total energy 
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(E), intra (EI) and intermolecular (EHP) molecular energy, fraction of native interactions 
(Q), and gyration radius (Rg), and knotting state. In order to accurately sample 
equilibrium distributions at different temperatures we conducted long replica-exchange 
(RE) simulations74. The temperature grid and swapping time were both chosen to ensure 
fast and good convergence of the data towards equilibrium. In particular, the adopted 
swapping time between neighboring replicas was larger than the largest auto-correlation 
time. The raw data from RE was used to compute the reduced heat capacity (

) as a function of temperature (T), and the weighted-

histogram-analysis method (WHAM)75 was used to project the free energy on selected 
reaction coordinates (e.g. Q). In the case of the off-lattice model, instead of using Q we 
use the energy normalized to the native energy (E/ENAT) because the definition of a native 
contact is somewhat arbitrary off-lattice. The use of Q as a reaction coordinate to study 
folding in the presence of confinement was reported in previous simulation studies 49, 51, 

52, which included models where interactions with the chaperonin cage extend beyond 
excluded volume45. Indeed, Q (or E/ENAT) should be suitable reaction coordinates as long 
as confinement conditions do not severely hamper or actually impede the folding 
transition 

The melting temperature, Tm, is the temperature at which the Cv peaks, and coincides with 
the folding transition temperature, Tf, when the system’s two-state transition is 
exclusively driven by intramolecular interactions. When intermolecular interactions with 
the wall are considered, Tf is the temperature at which the free energy displays two equal 
minima in the unfolded and native states 42. Tm is generally considered a measure of 
protein’s thermal stability. 

To investigate the knotted state of a sampled conformation we used an adopted version of 
the Koniaris–Muthukumar–Taylor (KMT) algorithm3 for lattice models19, and results 
were compared with those obtained with that from Tubiana et al76, 77. Folding kinetics 
was measured from 1000-2000 MC simulations at fixed temperature. The corresponding 
folding times (i.e. first passage times) allow evaluating the distribution of proteins which 
remain unfolded as a function of MC ‘time’ (measured in number of MC steps). The 
folding rate is given by the slope of the linear fitting of this distribution to a single-
exponential decay71. 

 
Results 

 
Model systems and design/decoration of the lattice sequences   

 
In this work we consider a lattice protein with chain length N = 41 (knot 31), which was 
designed by hand to embed a trefoil knot in its native structure (Fig. 1A), and a similarly 
designed lattice protein with chain length N = 52 (knot 52), whose native structure 
embeds a twisted-three knot (Fig. 1B). These models have been explored in previous 
studies. For the off-lattice model we consider protein MJ0366 (PDB ID: 2efv), from the 
thermophilic methanogen Methanocaldococcus jannaschii (Fig. 1C), which is 82 amino 
acids long, being the smallest knotted protein found so far. Its native state embeds a 
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trefoil knot. The knotted core (KC), i.e., the minimal segment of the chain that contains 
the knot, is highlighted (in green) in the three-dimensional representation of the three 
model proteins. All knots are classified as shallow because it suffices to remove a few 
beads from one of the termini (three in the case of knot 31, two in the case of knot 52, and 
11 in the case of MJ0366) to untangle the protein.  
 
Following the hydropathy scale of Kyte and Doolitle 65 we consider seven hydrophobic 
amino acids, namely, Ile, Val, Leu, Phe, Cys, Met, and Ala.  
 
Since lattice models do not represent specific proteins, it is necessary to decide how 
many beads will be tagged hydrophobic, and how to distribute them along the chain (i.e. 
for the knotted lattices it is necessary to design/decorate the sequences following some 
physically motivated criterion). In order to do so, we started by analysing the ensembles 
of 31 (606 entries) and 52 (19 entries) knotted proteins in the PDB6 to determine the 
fraction of hydrophobic residues (i.e. the number of hydrophobic residues normalized by 
the chain length) for each knot type. We found this number to be 34% in the case of 
knotted trefoils, and 39% in the case of twisted-three knots. Therefore, 14 beads of the 
knot 31 are considered hydrophobic, and 20 beads of knot 52 are hydrophobic as well. To 
decide which particular beads along the chain are hydrophobic, we reason that 
hydrophobic residues in a natural protein should establish a large number of intra-
molecular interactions in the native state, to avoid interactions with the solvent. 
Therefore, hydrophobic beads should have many neighbours in the native state.  
 
We thus determined the number of intra-molecular native contacts per bead to identify 
the so-called contact core (CtC) beads, i.e., those beads that establish the higher number 
(i.e. three or four) of native contacts. In knot 31 there are 14 (34%) CtC beads (SI: Fig. 
1A), while this number increases to 19 (36.5%) in knot 52 (SI: Fig. 1B). Perhaps not 
surprisingly, and in line with our premise, these numbers are consistent with the fraction 
of hydrophobic residues found in the PDB populations of trefoil and twisted-three knots. 
Sequence CtC01 of knot 31 features 14 hydrophobic beads (Fig. 1D and SI Fig. 1A), 
while sequence CtC01 of knot 52 contains 19 hydrophobic beads (Fig. 1E and SI Fig. 
1B), coinciding in both cases with the CtC beads. Taking these original sequences as 
templates, we then prepared a new sequence for each lattice knot by making neutral the 
two most connected hydrophobic residues of the original sequence, and making 
hydrophobic two neutral beads (which have less than three contacts) of the original 
sequence. The newly produced sequences are used as templates, and the procedure is 
iterated, generating sequences where the hydrophobic residues are progressively removed 
from the Ctc beads. Eventually we obtained 13 additional sequences for knot 31 and 16 
additional sequences for knot 52. However, as we will discuss later, not all these 
sequences are able to fold under hydrophobic confinement.  
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In the case of natural occurring protein MJ0366, 31 (out of the 82) residues are 
hydrophobic (Fig. 1F).  
 
 
Steric confinement increases thermal stability 

 
In a previous work, we explored the effect of steric confinement in the folding transition 
of knot 31 and protein MJ036649. Here, we extend this analysis to knot 52 and compare 
the results of both lattice model systems. The largest dimension of the lattice system 
limits the smallest size of the box to L = 6 (knot 31), and L = 7 (knot 52) lattice units (Fig. 
1G); in the case of MJ0366, the radius of the confining sphere is limited to d=2Rc=2.94Rg 

(Fig. 1C, H), Rg being the radius of gyration of the native protein. 
 
We start by noticing an increase of the melting temperature Tm (Fig. 2) with confinement 
for all model systems, in tandem with the broadening of the Cv vs. T curve (SI: Fig. 2A-
C). These effects are not specific of knotted proteins and have been reported for 
topologically trivial model systems40, 43, 46, 78. They result from the fact that under 
confinement the system is no longer allowed to populate spatially extended 
conformations (i.e. conformations with Q~0). Consequently, the unfolded ensemble 
becomes thermodynamically destabilized relative to the folded state (leading to an 
increase in Tm), and energy fluctuations become smaller (broadening of the Cv curve).  
 
 
 
Knotted trefoil folds faster than twisted-three knot under steric confinement 

 
The analysis of the free energy profiles shows that the folding transition keeps its two-
state character as box size decreases for all model systems (SI: Fig. 2D-F). However, a 
shift of the unfolded state towards higher Q (or E/ENAT in the case of the off-lattice 
model) is observed because confinement forces the population of unfolded conformations 
with residual native structure; this, in turn, leads to a less cooperative folding transition 
and also contributes to broadening the Cv curve.  The activation energy of folding 
decreases (SI Fig. 2D-F), and as expected from transition state theory (TST), the folding 
rate should increase. Since it is computationally expensive to accurately evaluate the 
folding rate for the off-lattice model79, here, we restrict the kinetic analysis to the two 
lattice knots. We find that in line with TST, steric confinement indeed accelerates the 
folding kinetics of both knot 31 (76%) (Fig. 3A) and knot 52 (48%) (Fig. 3B) relative to 
bulk conditions. The folding rate enhancement, however, is highest for the steric box of 
linear size L = 8, presumably because smaller boxes lead to backtracking of compact 
malformed conformations32, 49, 80.  Since knot 31 is smaller than knot 52, and chain length 
is a well-known determinant of folding rate70, 81, it is not strictly correct to directly 
compare the rate enhancement upon confinement for both knotted topologies. We 
therefore considered two unknotted model systems, constructed from the knotted ones by 
appropriately manipulating their backbone connectivity. We can see (Figs. 3C and 3D) 
that upon confinement the folding rate enhancement of unknot 52 (117%) is more than 
twice the one registered for its knotted counterpart, while in the case of unknot 31 the 
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enhancement (79%) is similar. This indicates that while the two model systems exhibit 
similar qualitative kinetic responses upon steric confinement, the existence of a complex 
knot in the native state strongly impairs the accelerating effect of confinement. In other 
words, the rate enhancement is indeed larger for knot 31.  
 

 

Hydrophobic confinement decreases thermal stability 

 
Here we proceed by looking into the effect(s) of hydrophobic interactions established 
between the chaperonin’s confining cage and the folding chain. We recall that during the 
operating cycle the environment inside the chaperonin’s cage changes from hydrophobic 
(in the beginning of the cycle) to hydrophilic. Therefore, proteins entering the cage are 
more likely to establish intermolecular hydrophobic interactions with the chaperonin, 
which may lead to tethered, or even adhered conformations. However, as the cycle 
progresses, the strength of hydrophobic interactions decreases, so that the number of such 
intermolecular interactions decreases as well and the protein becomes free to fold. In the 

context of the adopted model system, a decrease of the intermolecular parameter ε
HP

will 

be taken as an indication of the progression of the chaperonin cycle, with ε
HP
=1.0  

corresponding to the initial (hydrophobic) phase and ε
HP
= 0.0  to the final (hydrophilic) 

phase. 
 
We started by evaluating Tm as a function of ε

HP
 for sequence Ctc01 of knot 31 (Fig. 4A), 

knot 52 (Fig. 4B), and protein MJ0366 (Fig. 4C) under several confinement conditions.  
We observe that Tm decreases with ε

HP
, even for large box sizes (i.e. of linear dimension 

larger than that of extended chains), and that it drops below Tm observed under bulk 

conditions (TBULK) when ε
HP
~ 0.5   for the two lattice models, and ε

HP
~ 2.2 for the off-

lattice system. It can be seen from the curves corresponding to L=100, i.e., a box of linear 
dimension largely exceeding the size of the fully extended (i.e. denatured) chain (Figs. 

4A and 4B) that ε
HP
~ 0.5  is also the value for which interactions with the walls start to 

become relevant, destabilizing the native state as adhesion to the walls becomes dominant 
in the unfolded state. This effect is more pronounced in the smaller boxes, where binding 
to the wall is more likely. For smaller values of ε

HP
, the energy of the unfolded state 

remains unchanged, and we see only the effect of steric confinement in the entropic 
stabilization of the native state. Qualitatively similar results were reported for an all beta-
sheet protein composed of 46 residues and a smaller, 27 residue peptide protein with an 
alpha/beta fold78 in off-lattice simulations. We notice that for the smallest box size (L=8) 
tested on-lattice the decrease in Tm is particularly sharp. This indicates that for these 
specific model sequences moderate stabilizing energetic interactions with the chaperonin 
outcompete intramolecular interactions, which causes an energetic destabilization of the 
native state. Apparently, this destabilization is large enough to counterbalance the 
thermodynamically driven increase in Tm as a result of strict steric confinement (Fig 2). 
This behavior is physically sound because if the role of the chaperonin is to assist folding, 
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then it should provide a physical environment where misfolded states become thermally 
destabilized and easily unfold.  
 
In order to investigate the universality of this behavior we extended our analysis to all 
other sequences of the CtC family. We notice (SI: Fig. 3) that for several sequences (e.g. 
CtC14 of knot 31 (SI Fig. 1A) and CtC17 of knot 52 (SI Fig. 1B), Tm increases 
systematically as the interactions with the wall become progressively more stable, even 
for a moderately large confining box (L=33). These sequences display a significant 
number of their hydrophobic beads on the lattice surface, and the corresponding 
intermolecular interactions with the confining box may contribute to energetically 
stabilize folded (or nearly folded) conformations causing Tm to increase. Such sequences 
are not good models to study folding under hydrophobic confinement within the context 
of our model as they are likely to keep a significant number of intermolecular 
interactions, even for small values of the intermolecular parameter, ε

HP
, i.e., as the cycle 

approaches the hydrophilic phase. This implies that the protein does not become 
progressively detached from the chaperonin along its working cycle. Furthermore, the 
existence of many HP residues on the protein’s surface would make these chains prone to 
aggregation. In order to explore this hypothesis, we determined the distribution of the 

number of intermolecular contacts as a function of ε
HP

 for a ‘good’ (e.g. Ctc0) and a 

‘bad’ (e.g. Ctc14 of knot 31 and Ctc17 of knot 52) sequence in a box of size L=8 and 
compare the results with those exhibited by protein MJ0366. In our calculations the 
temperature is held fixed at an arbitrary temperature T=0.6 (i.e. it is the same for all 
model sequences and strength of ε

HP
), which means that the system may be effectively 

above or below Tm depending on ε
HP

 (Fig. 4). Our results show that sequences Ctc01 of 

knot 31 (SI Fig. 4A) and knot 52 (SI Fig. 4B) indeed display a folding-like behavior 
populating conformational states with many intermolecular interactions (and few 

intramolecular ones) when ε
HP
≥ 0.5  (i.e. in conditions where the native state is 

destabilized), and few intermolecular interactions (and many intramolecular ones) when
ε
HP
< 0.5   (i.e. in conditions where the native state is stabilized). On the other hand, 

sequence Ctc14 of knot 31 (SI Fig. 1A and SI Fig. 4C), and sequence Ctc17 of knot 52 (SI 
Fig. 4D), populate conformations with many (>10) intermolecular contacts even when
ε
HP
= 0.1 . For these sequences the simulation temperature is always below their Tm 

(ranging between 0.73 and 0.65), i.e., in conditions that favor the population of the native 
state. These sequences would not be able to leave the chaperonin towards the end of its 
cycle. The results obtained for protein MJ0366 (at fixed temperature T=0.58) are 
qualitatively similar to those of sequence Ctc01, with the protein populating 

conformations with progressively less intermolecular interactions as ε
HP

 decreases (SI 

Fig. 4E). Based on the above, in what follows, we will restrict the lattice simulations to 
sequence Ctc01. 
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Hydrophobic confinement enhances knotting probability  

 
A major result from our previous study49 is the prediction that steric confinement 
significantly enhances the knotting probability of protein MJ0366 for small sizes of the 
confining sphere (i.e. Rc=2.0Rg). A similar behavior could not be recapitulated on-lattice 
because the discrete nature of the representation does not allow accessing equivalently 
small confinement sizes. Thus, we focus our attention on protein MJ0366 confined to a 
sphere of radius Rc=2.0Rg. We evaluate the knotting probability, Pknot, in ensembles of 
(~5000) conformations collected from the RE simulations for several values ofε

HP
, 

firstly as a function of temperature (Fig. 5A), and then as a function of the reaction 
coordinate E/Enat (i.e. a proxy of fraction of native contacts off-lattice) at Tm (Fig. 5B). 
We notice that hydrophobic confinement neither facilitates or hampers knotting below Tm 
(i.e. in conditions that thermodynamically stabilize the native state) for ε

HP
≤ 2.1 . 

However, for higher values of ε
HP  knotting becomes less likely under the same 

temperature conditions, because the threading terminus becomes tethered to the cage by 
the terminal bead that is hydrophobic (SI Fig. 5).  
 
More interestingly, however, is the dependence of Pknot on the reaction coordinate. If the 
interaction strength is high (ε

HP
= 2.35), knotting probability keeps low (and is lower 

than in the bulk) until very late in folding, in line with lattice results (SI: Fig. 6). In this 
case the number of established intermolecular contacts/interactions can become rather 
large (SI Fig. 4), and the conformational space is dominated by states that are 
significantly stabilized by intermolecular interactions. The latter hamper folding to the 
native structure, and, accordingly, the native state becomes highly thermodynamically 
destabilized (Fig. 6 B and C). These conformations are unknotted because the interaction 
of the termini with the cavity does not allow for threading events, which forces knotting 
to occur only in native conformations. 
 
However, the knotting probability increases substantially relative to the bulk scenario in 
pre-TS (i.e. E/Enat<0.5) conformations under moderate hydrophobic conditions (i.e.  
1.9 ≤ ε

HP
≤ 2.1), and across the whole folding process for mildly hydrophobic conditions 

(i.e. ε
HP
=1.75). The corresponding melting temperature is always smaller than that 

observed under steric confinement alone, and, for ε
HP
= 2.1 , it is indeed identical to that 

observed in the bulk, which means that mild to moderate hydrophobic confinement 
increases knotting probability in relation to the bulk while at the same time moderating 
the effect of steric confinement in the enhancement of thermal stability This is a 
remarkably interesting result because it means that the chaperonin will be able to assist 
knotting without simultaneously thermally stabilizing potential misfolded states to a point 
that would hamper productive folding. 
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Hydrophobic confinement enhances the population of unknotted intermediate states 

 
If the chaperonin should play an active role in the folding process, one would expect to 
observe changes in the folding pathways. Here we investigate if intermolecular 
hydrophobic interactions modulate the free energy profiles (at Tm) of the studied model 

systems for different strengths of the intermolecular energy parameter, ε
HP

. As before, 

we keep the box size L=8 for the lattice simulations and the radius of the confining sphere 
Rc=2Rg.  
 
In the case of knot 31, the folding transition of sequence Ctc01 keeps its two-state 
character across all tested values of ε

HP
, with the activation energy of folding decreasing 

slightly for ε
HP
= 0.7 , and the TS shifting also slightly towards higher Q (Fig. 6A). 

However, in the case of knot 52, there is a complete breakdown of the two-state folding 

transition when ε
HP
≥ 0.6with highly stable intermediate states being populated towards 

late folding (Fig. 6B). This behaviour is qualitatively recapitulated by protein MJ0366, 
whose free energy landscape becomes dominated by intermediate states when 
intermolecular interactions with the chaperonin are distinctively strong (i.e. in the 
beginning of the chaperonin cycle) and the folding transition breaks down (Fig. 6C). We 
note that as long as the protein is able to fold into the native structure (i.e. 0 ≤ ε

HP
< 2.25) 

the off-lattice model exhibits a shift of the TS towards high E/ENAT, i.e., it becomes more 
nativelike, in line with the lattice results. The probability maps for native contacts 
evaluated over the ensemble of conformations representative of the TS (SI. Fig. 7) show 

that as ε
HP

 increases helices 1 and 4 get progressively more consolidated, but helices 2 

and 3 keep significantly distorted. The native interactions between the C-terminal helix 4 
and its surroundings also get more likely indicating the occurrence of threading events in 
the TS, in line with the knotting probability curves (Fig. 5B).  
 
 
The formation of intermediate states under hydrophobic confinement is not specific of 
knotted proteins and has been reported for topologically regular folds42, 44. However, it is 
known that under bulk conditions knotted proteins are prone to populate on- and off-
pathway intermediate states, giving rise to complex energy landscapes 13, 14, 16, 17, 22, 26, 82. 
The mechanistic origin of these intermediates is, however, different from that of the ones 
reported here, whose onset is driven by strong intermolecular interactions with the cavity. 
The intermediate conformations detected here do not have an enhanced knotting 
frequency despite being structurally consolidated because the intermolecular interactions 
with the cavity block threading movements of the terminus. One may, however, speculate 
that these conformations could serve as starting conformations for the hydrophilic phase 
of the chaperonin cycle since their higher number of native interactions would contribute 
to decrease the free energy barrier to knotting.  
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Conclusions 

 
The last decade witnessed an increased interest in knotted proteins and determining their 
structure, function, folding and knotting mechanisms. Experimental studies focusing on 
the α/β MTases, YibK from Haemophilus influenzae and YbeA from Escherichia coli, 
whose native structure embeds a trefoil knot, support the view that their knotting process 
in vivo may be assisted by the chaperonin GroEL-GroES 25. However, the knotting 
mechanism inside the “chamber of secrets”83 remains to be established. Computer 
simulations have shown that steric confinement provided by the chaperonin accelerates 
folding by decreasing backtracking, can alter the folding pathway, and facilitates knotting 
by lowering down the corresponding entropic barrier49, 51. However, it has been 
suggested25, that the chaperonin is likely to have additional roles in the folding of knotted 
proteins by actively facilitating the unfolding of misfolded intermediates, and by 
stabilizing key interactions that promote knotting. 
 
Here, we explored the folding of knotted proteins beyond steric confinement by 
considering the effects of intermolecular hydrophobic interactions in folding and 
knotting. We use a combination of lattice and off-lattice simulations, and model protein 
energetics with a modified structured-based model, where an additional term is added to a 
native centric Gō potential to capture intermolecular protein-cage interactions. Within the 
context of our model, strong intermolecular interactions would be established in the 
beginning of the cycle, causing the protein to tether and even adhere to the cavity’s 
surface, and, as the cycle progresses, these interactions should become sufficiently 
weaker to allow for the release of the protein in a purely hydrophilic environment. We 
study several folding properties as a function of the strength of the intermolecular 
interaction parameter. 
 
We started by comparing the effects of steric confinement of the thermodynamics and 
kinetics of folding of a lattice trefoil knot and a lattice twisted-three knot. We recapitulate 
the finding that steric confinement enhances thermal stability, and assists folding by 
decreasing the activation energy, in line with what has been reported for topologically 
regular proteins. The corresponding enhancement of folding rate is, however, 
considerably larger for the knotted trefoil, an observation that could contribute to 
rationalize the higher frequency of proteins with 31 knots in the PDB 5. We also 
recapitulate the result that steric confining enhances knotting for protein MJ0366, by 
decreasing the corresponding entropic barrier. This, however, comes at the expense of an 
enhanced thermal stability, which could hamper unfolding of potentially trapped states. 
 
Interestingly, moderate to high hydrophobic interactions with the cavity have an opposite 
effect on protein thermal stability. By competing with intramolecular interactions, 
protein-cavity interactions cause an energetic destabilization of the protein (when the 
interaction strength is moderate to high), which overcomes the entropic stabilization 
driven by a smaller available volume inside the cavity. Therefore, a primary role of 
transient hydrophobic interactions with the chaperonin, in the initial stage of its working 
cycle, may be that of destabilizing misfolded states, and facilitate productive refolding to 
the native structure in line with Lim and Jackson’s hypothesis25. Most importantly 
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however, is the finding that mild-to-moderate hydrophobic interactions with the cavity 
(which would establish later in the cycle) lead to a significant enhancement of knotting 
probability in relation to bulk conditions while simultaneously moderating the effect of 
steric confinement in the enhancement of thermal stability It should be noted, however, 
that these results are based on the analysis of model systems embedding shallow knots 
and it remains to be investigated if the same conclusions are conserved for proteins with 
deep knots.  
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Figures 

 
Figure 1. Model systems. Three-dimensional representation of the lattice model systems 
used in this study embedding a shallow trefoil knot (A) and a shallow twisted-three knot 
(B). We term these lattice systems as knot 31 and knot 52, respectively. The knotted core, 
i.e. the minimal segment of the backbone that contains the knot, is highlighted in green. 
(C) Cartoon representation of the native structure of protein MJ0366 (PDB ID: 2efv), 
which embeds a shallow trefoil knot: The C-terminal helix (helix 4) threads a loop 
formed by helices 1 and 2, which is locked by the two-stranded beta-sheet. The knotted 
core of protein MJ0366 (highlighted in green in the ribbon representation) extends from 
residue 11 to 76. In panels D-F the hydrophobic residues of sequence Ctc01 and protein 
MJ0366 are highlighted in red. In sequence Ctc01 the hydrophobic residues correspond 
to most connected beads (i.e. those that establish 3 or 4 native contacts), which are 
identified by their number along the chain. The lattice knot 31 and knot 52 are confined to 
a cubic region (F) whose linear size L is limited to d = 4 lattice units, while the radii of 
the confinement sphere (G), Rc, used in the off-lattice model protein MJ0366 is limited to 
d = 2.94Rg. 
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Figure 2. Thermal stability under steric confinement. Dependence of the melting 
temperature, Tm, (normalized to the melting temperature observed under bulk conditions, 
TBULK), on the size of the confining box for lattice knot 31 (A), lattice knot 52 (B), and on 
the radii of the confining sphere (normalized to the gyration radius of the native state) for 
protein MJ0366 (C).  
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Figure 3. Folding kinetics. The folding rate kf, corresponds to the slope of each 
represented curve and was determined at Tm. Panels (A) and (B) report the folding rate of 
the knotted lattice systems, and panels (C) and (D) report the folding rate of their 
unknotted counterparts.	
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Figure 4. Thermal stability under hydrophobic confinement. Dependence of the 
melting temperature Tm (normalized to the melting temperature observed in bulk 
conditions, TBULK) on the hydrophobic intermolecular parameter, εHP , for lattice sequence 

Ctc01 of knot 31 (a), sequence Ctc01 of knot 52 (b) and protein MJ0366 (C) under 
different confinement conditions.  
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Figure 5. Knotting probability of protein MJ0366 under hydrophobic confinement.  
Dependence of knotting probability, Pknot, on temperature (normalized to the melting 

temperature, Tm) for several strengths of the hydrophobic intermolecular parameter ε
HP

  

(A), and dependence of Pknot on the reaction coordinate at Tm (B) in a sphere of radius 
Rc=2Rg. The up-down trends on the knotting probability curves reflect the rather low 
population of conformations in the region corresponding roughly to the top of the free 
energy barrier, being numerical artifacts of the calculation method. 
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Figure 6. Free energy landscapes under hydrophobic confinement. Free energy 
projected on the reaction coordinate Q for sequence Ctc01 of lattice knot 31 (A) and 
lattice knot 52 (B) in a box of size L=8 at Tm for several strengths of the hydrophobic 

intermolecular parameter ε
HP

. Free energy landscape evaluated of protein MJ0366 in a 

sphere of radius Rc=2Rg evaluated at Tm. 
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SI Figure 1 -  Number of native contacts per residue in lattice knot 31 (A) and lattice knot 52 

(B). The hydrophobic beads are colored red in the designed protein sequences. In sequence 

Ctc01 the most connected beads (establishing 3 and 4 native contacts) are the ones considered 

hydrophobic.  
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SI Figure 2 - Folding thermodynamics under steric confinement. Heat capacity as a 

function of temperature for knot 31 (A), knot 52 (B), and protein MJ0366 (C). The melting 

temperature Tm is the temperature at which the Cv peaks. The projection of the free energy on 

the selected reaction coordinate at Tm for knot 31 (D), knot 52 (E), and protein MJ0366 (F).	
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SI Figure 3 - Thermal stability under hydrophobic confinement. Dependence of the melting 

temperature, Tm, (normalized to the melting temperature observed in bulk conditions, TBULK) 

on the hydrophobic intermolecular parameter, εHP, for lattice sequence Ctc01 of knot 31 (a), 

sequence Ctc01 of knot 52 (b), and protein MJ0366 (C) under different confinement 

conditions.	
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SI Figure 4 - Distribution of intermolecular interactions. Probability histograms for 

the distribution of the number of established intermolecular contacts at fixed temperature 

(T=0.6) for model sequence Ctc01 of lattice knot 31 (A), sequence Ctc01 of lattice knot 52 

(B), and for sequences ctc14 (knot 31) (C) and ctc17 (knot 52) in a box of size L=8. The 

probability histogram for intermolecular energy for protein MJ0366 at fixed temperature 

(T=0.58) in a sphere of radius Rc=2Rg (E). Depending on εHP, the simulation temperature 

can be above or below Tm (see main text). 
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SI Figure 5 - Conformations populated under hydrophobic confinement. 

The confining sphere has radius RC/Rg=2.0, and hydrophobic residues are represented 
as spheres. Residues closer to the cavity’s surface are colored in blue while those 
further away from the surface are colored in white. The conformation (A) is populated 

at low T (< Tm) while conformation (B) is populated at high T (> Tm). 

	

	 	



	 7	

	

SI: Figure 6 - Knotting probability of lattice sequence ctc0 under 

hydrophobic confinement. Dependence of Pknot on the reaction coordinate Q for 

knot 31 (A) and knot 52 (B), for several strengths of the hydrophobic intermolecular 

parameter, εHP, in a box of size L=8 at Tm. 
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SI: Figure 7 – Transition state structure. Effect of the strength of intermolecular 

interactions with the cavity, εHP, on the structure of the transition state ensemble: εHP=2.1 

(A), εHP=2.0 (B) and εHP=1.0 (C). The dotted region in the probability (native contact) 

maps indicate the native contacts establishing between the C-terminal helix 4 and its 

surroundings. In all cases the RC/Rg=2.0.	

	


