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We investigate the impact of narrow tunnels, such as the ribosomal exit tunnel and the entrance of the
proteasome channel, on the dynamics of proteins with and without knots. Our exploration delves into the
potential driving forces behind protein chain movement and their individual signi�cance. Furthermore,
within the framework of protein degradation facilitated by the proteasome, we analyze how the presence
of knots in�uences the protein's entry into the proteasome chamber through diverse approaches. This
discussion illustrates how molecular dynamics simulations within a coarse-grained structure-based model
provide valuable insights into these intricate molecular processes.
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1. Introduction

Proteins serve as the workhorses of biology, par-
ticipating in virtually every aspect of life, from fun-
damental cellular processes to complex physiologi-
cal functions. Their versatility and diversity make
them integral to the functioning of living organisms.
Within a cell, the creation and degradation of pro-
teins are crucial processes. The former involves the
extrusion of proteins from the ribosomal exit tun-
nel, while the latter is related to the translocation
of proteins into the chamber within the proteasome,
a complex structure containing ATPases associated
with diverse cellular activities (AAA+ proteases).
Protein degradation plays a pivotal role in main-
taining cellular homeostasis by breaking down dam-
aged or unwanted conformations [1�5]. The struc-
ture and function of these proteins are tightly reg-
ulated to ensure proper turnover and overall cel-
lular function. The crystallographic structures of
the ribosome (PDB: 5XY3) [6] and the proteasome
(PDB: 7QO3) [7], shown in Fig. 1 (see [8�10]), are
provided by the Protein Data Bank (PDB).
Among all proteins, there is a special category

that contains knotted conformations in their native
state. This topology is not very common, as less
than 2% of known structures from the human pro-
teome are knotted [11]. It is extremely important
to conduct research on them because knots in pro-
teins have functional signi�cance, and understand-
ing the knotting process can provide insights into
various biological processes [12]. Moreover, knots
can in�uence the stability and folding kinetics of
proteins, so knowledge about them can be applied
to design more stable structures or predict the fold-
ing behavior of novel protein sequences [13]. Fi-
nally, a very important aspect of examining knotted

proteins is their role in neurodegenerative diseases
such as Alzheimer's, Parkinson's, and Huntington's
diseases, where misfolded proteins aggregate and
form insoluble deposits in the brain [14]. Knots in
proteins may a�ect their propensity to aggregate
and the structure of the resulting aggregates, po-
tentially in�uencing disease progression. Therefore,
part of our research on protein degradation is de-
voted to this not very common but super important
group of structures.

2. CG Model of ribosome and proteasome

Computer simulations of the processes mentioned
above can be carried out using either all-atom or
coarse-grained (CG) approaches. Due to the signi�-
cant conformational changes involved in protein cre-
ation and degradation, simulating them at the all-
atom level can be challenging. Therefore, we employ
a model developed by Professor Marek Cieplak's
group over many years [15�17]. In this model, the
protein is represented using a structure-based ap-
proach, as described in references [15, 18�21], with a
chirality potential responsible for maintaining back-
bone sti�ness. Each amino acid is depicted by a
single bead positioned at the Cα position, and in-
teractions between beads are based on whether the
residues belong to the contact map or not. If two
residues are on the contact map, the Lennard-Jones
potential is applied to them, with the well depth de-
noted as ϵ. The contact map is determined using the
overlap criterion between all atoms of residues, as
observed in the fully folded native state. The char-
acteristic length of these interactions corresponds to
distances from the same state. Interactions between
the remaining residues consist only of the repulsive
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Fig. 1. Representation of the proteasome (panel (a)) and the ribosome (panel (b)) based on PDB crystallo-
graphic structures 7QO3 and 5XY3, respectively. In the proteasome, the green color denotes all heavy atoms of
its structure. For the ribosome, heavy atoms are colored gray or green, with green representing only the atoms
considered in our simulation. Red indicates cavities within both structures detected using the SPACEBALL
server [8�10]. Both structures are presented at the same scale.

part of the Lennard-Jones potential, with a charac-
teristic length of 4 Å, beyond which the potential is
turned o�. Temperature control and the in�uence of
the solvent are introduced by the Langevin thermo-
stat, with the room temperature set at ≈ 0.35ϵ/kB.
The ribosome is a macromolecular machine

within a cell responsible for protein synthesis during
the process of messenger RNA (mRNA) translation.
Ribosomes facilitate the linkage of amino acids in
a speci�c order as directed by the codons present
in mRNA molecules. In eukaryotic cells, such as
those found in humans, ribosomes are composed of
two primary subunits: the small ribosomal subunit
(40S) and the large ribosomal subunit (60S). These
subunits consist of 2�6 RNA chains and approxi-
mately 50 proteins, totaling between 100 000 and
220 000 atoms [22�24]. Within both subunits, ribo-
somal RNA (rRNA) molecules provide the frame-
work for the ribosome structure and play essential
roles in catalyzing the chemical reactions involved
in protein synthesis. Protein synthesis occurs at the
peptidyl transferase center (PTC), and the newly
created chain is directed toward the ribosomal exit
tunnel. The size and geometry of this tunnel signif-
icantly depend on di�erent domains of life, includ-
ing bacteria, archaea, and eukarya [25], as well as
the speci�c organism within each domain. The inner
walls of the tunnel are rough and highly irregular,
featuring several constriction sites. The narrowest

constriction, with a radius of approximately 8 Å, is
observed in eukaryotes, followed by a slightly wider
one, of around 11 Å in radius, in archaeal ribosomes,
and even wider in the bacterial case, with an average
radius of approximately 15 Å. Due to the high com-
plexity of the ribosome, we simplify its structure to
only the cylinder with a radius of 70 Å containing
the ribosomal exit tunnel aligned with its longitu-
dinal axis, as illustrated in Fig. 1b, where all heavy
atoms of the ribosome are colored gray. The bottom
of the cylinder is positioned at PTC, and its length
extends to encompass the farthest atoms from PTC.
The tunnel under consideration is marked in green.
Since the created cylinder is composed of 11 680
atoms, it is still a very complex system, and simu-
lations of all its atoms would be highly ine�cient. In
this research, we focused on the impact of con�ne-
ment inside the cylinder, making the interactions
between its atoms less critical. Thus, we simpli�ed
our system by considering the ribosome structure
as rigid. The interactions between the protein and
the atoms of the tunnel are purely repulsive, as each
ribosomal atom contributes to a soft repulsive po-
tential, truncated at 4 Å, with an amplitude of ϵ.
The bottom of the con�nement cylinder is modeled
as a repulsive wall characterized by the potential
3
√
3

2 ϵ (σ0/z)
9, where z signi�es the distance from the

plate and σ0 = 4 × 2−1/6. This wall prevents any
backward steps.
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Fig. 2. The cross-section of the crystal structure of the 26S proteasome (PDB: 7QO3) and its theoretical
model. The structures' parts closer to the reader are omitted to reveal inner chambers in both cases. In panel
(a), the β-rings are colored red or pink, and the α-rings are blue or cyan, with the 19S cap in green. Panel (b)
depicts a schematic representation of the entrance to the proteasome. A dragged protein must �t into a hole
with a diameter of approximately 14 Å, represented by the torus. Below the torus, there is a straight pipe that
keeps the chain unfolded. The entrance and pipe are depicted in green, while the protein is shown in yellow
and red tube representation. The N- and C-ends of the chain are represented as red spheres. The pulling force
is parallel to the pipe and is attached to the protein terminus (at the bottom of the picture).

On the other hand, we have the proteasome, a
highly complicated and well-organized protein com-
plex, as illustrated in Fig. 1a. It consists of multiple
subunits arranged into a cylindrical structure re-
sembling a barrel with an open entrance and exit.
Protein degradation occurs within the inner cham-
ber of this barrel-like structure. In eukaryotic cells,
such as those in humans, the proteasome typically
has a 26S structure, as depicted in Fig. 2. This
26S proteasome consists of two main components:
the 20S core particle (CP) and the 19S regulatory
particle (RP). The 19S regulatory particle recog-
nizes proteins tagged for degradation with ubiqui-
tin molecules, unfolds them, and translocates these
target proteins into the central channel of the 20S
core particle. Within the complex chamber, the tar-
get protein encounters proteolytic active sites that
cleave it into smaller peptide fragments. These re-
maining peptide fragments are subsequently pro-
cessed and released from the proteasome for re-
cycling or presentation as antigens in immune re-
sponses. In our simulations, the presence of the pro-
teasome structure is not directly modeled by the
potentials of its individual atoms. Instead, we em-
ploy a highly simpli�ed model consisting of a torus

as the source of a continuous repulsive part of the
Lennard-Jones potential, de�ned on its surface with
a characteristic length of 6 Å. The major radius
of the torus, Rt = 13 Å, and the minor radius,
rt = 6 Å, result in an entrance diameter of ≈ 14 Å,
while the diameter of the entrance in a proteasomal
crystal structure is 13 Å [26�28]. We enlarged it to
accommodate the �exibility of the hole. Below the
torus, we introduce a narrow tunnel, but its pres-
ence does not originate from the proteasome shape.
The tunnel is used solely for technical reasons and
prevents the elongated chain from refolding since we
do not simulate the degradation process but only
protein pulling through the entrance. In our sim-
ulations, the chain inside the tunnel is considered
degraded, and it no longer impacts the simulation.
Despite the fundamentally di�erent biophysics

of protein creation and degradation, one aspect of
these processes is shared � the protein must pass
through a narrow tunnel or entrance with rugged
walls. In the case of the ribosome, this occurs as
the protein is pushed out through the ribosomal
exit tunnel, while with the proteasome, the chain
is pulled inside with the assistance of adenosine
triphosphate (ATP) [1, 5].
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In computer simulations, the creation of a protein
in a ribosome is typically implemented by placing
a fully synthesized chain in proximity to the pep-
tidyl transferase center (PTC) and then monitor-
ing the folding process [29�32]. Simulations often
model the protein's exit from the ribosome using
steered molecular dynamics with a constant pulling
speed applied to the N-terminus [29]. Alternatively,
some simulations apply a constant force to more
accurately replicate the natural process [30]. In our
simulations, we demonstrate that the protein chain
can exit the ribosomal tunnel without external ma-
nipulation. We employ a sequential growth method,
where each amino acid emerges at speci�c time in-
tervals after the previous one is synthesized. As
mRNA translation proceeds from the 5' to 3' ends,
proteins are synthesized from the N-terminus to
the C-terminus, causing the N-terminus to emerge
�rst. Our approach resembles the one described by
P.T. Bui and T.X. Hoang [33], with the distinction
that our repulsive potential accounts for all heavy
atoms of the ribosome part considered in simula-
tions, and any backward motion is prevented by re-
pulsion from the lower tunnel wall. Additionally, in
our case, the growth process is implemented in a
quasi-continuous manner.
Protein degradation, on the other hand, involves

pulling the chain into the proteasome, and our fo-
cus is exclusively on this pulling process. Unlike
the protein dynamics in the ribosomal exit tunnel,
achieving this requires the application of a drag-
ging force. The simplest approach is to drag the
chain into the proteasome and through the torus
hole at a constant speed. While this approach is
not realistic, it serves to illustrate the di�erence be-
tween AFM-like protein stretching (AFM� atomic
force microscopy) [18, 19] and proteasome-assisted
unfolding. To implement a more realistic scheme,
we start pulling with a constant force, which can
be implemented either continuously or periodically.
In the latter case, the force is applied for a spec-
i�ed time, approximately 4.5 µs, to either the C-
or N-terminal chain ends, depending on the pulling
scenario, and then turned o� for an equal amount
of time, allowing the protein to retract. This re�ects
the generation of force upon delivery of ATP (non-
continuous). The �nal scheme represents a �ratchet-
like mechanism� involving pulling for a maximum
of 4.5 µs (or pulling 1 nm of chain), followed by
blocking the protein's retraction during the absence
of force. This mechanism is supported by biologi-
cal proteasome action, where certain parts of the
proteasome undergo bending upon ATP delivery,
generating the force capable of dragging a small
portion of the chain [34]. Subsequently, the protein
chain is prevented from retracting and awaits the
next ATP cycle, making periodic force application
closely mimic biological evidence.
The aforementioned simpli�ed description of on-

ribosome protein creation and protein degradation
by the proteasome could be improved by using more

complex and detailed approaches. However, in our
research, we deal with large conformational changes
in proteins that occur within seconds, making sim-
ulations of such processes very expensive and time-
consuming. The advantage of simulations within a
coarse-grained model is that, thanks to their e�-
ciency, a large number of di�erent trajectories for a
given process can be conducted, and the �nal result
is obtained by averaging the considered quantities.

3. On-ribosome protein folding

We initiate simulations of protein chain creation
by the ribosome with a single residue (the N-
terminus) placed at the PTC. The next residue ap-
pears within a speci�ed time, denoted as tw, referred
to as the waiting time. Determining its value is not
straightforward, but in our previous work [35], we
demonstrated that a waiting time of 5 000 τ is suf-
�cient, and times longer than this value do not sig-
ni�cantly a�ect the outcomes. Here, τ is equal to
1 ns, which is the characteristic time in our model.
This means that in our simulations, protein synthe-
sis occurs ≈ 4�5 orders of magnitude faster com-
pared to biological systems. Based on the previ-
ous results [35], we assume that this waiting time
value is su�cient, and thanks to the acceleration
of adding new residues, our simulations are much
more e�cient, allowing us to examine large confor-
mational changes in the newly created protein. As
mentioned in Sect. 2, the process of the protein leav-
ing the ribosomal exit tunnel can be implemented
in various ways. In our model and simulations, our
intention was to closely simulate the biological pro-
cess. This means that there is no external force aid-
ing the squeezing of the protein N-terminus through
the rough channel. The rigid walls are also unhelp-
ful in this process. The only forces acting on the
N-terminus of the newly created protein facilitat-
ing its travel to the ribosome exit are the repulsive
forces from neighboring protein residues, the repul-
sive forces from the bottom wall, and the atoms
comprising the ribosome structure. In the case of
smooth walls, the protein chain would easily slide
toward the ribosomal exit tunnel. The walls of the
real ribosomal exit tunnel are rough, and the move-
ment of the �rst residue is not easy because it can
become jammed in the alleys or nooks of the walls.
Such a situation is presented in panel (b) in Fig. 3,
which shows the distance of the N- and C-terminus
from the PTC in function of time. The graph illus-
trates that the N-terminus became jammed ≈ 60 Å
from the PTC, and all of the protein's residues be-
came crowded into the space between this point and
the PTC. This scenario is unrealistic because pro-
teins do not typically jam during their creation in
real situations, and it can be considered an artifact
of the model. Nevertheless, this observation high-
lights the signi�cant impact of irregularities in the
exit tunnel walls on protein dynamics.
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Fig. 3. The distances between the PTC and the N-
terminus of the 1J85 protein chain (solid red line) or
its C-terminus (dotted blue line) plotted as a func-
tion of time during the simulation within the ribo-
somal exit tunnel. Panel (a) illustrates the scenario
where the N-terminus has reached the exit from the
ribosomal structure, denoted by the green dotted
line, while dragging the C-terminus outward. Panel
(b) depicts the situation where the N-terminus was
jammed within the tunnel. In both cases, the sim-
ulations were conducted at room temperature with
a waiting time of tw = 100 ns.

Most often, when the tw is long enough, the N-
terminus can �nd its way to reach the exit from
the ribosome, as illustrated in Fig. 3a. Here arises
a question regarding the mechanisms that play a
crucial role in protein dynamics within the riboso-
mal exit tunnel. In our previous research [25], we
proposed that the protein's movement toward the
outside of the tunnel starts at the PTC and is pri-
marily in�uenced by di�usion, interactions with the
tunnel walls, and the increase in entropy associated
with the escape. However, we did not investigate
which of these mechanisms is crucial. By looking
at Fig. 3a, we see that there is a rapid increase in the
N-terminus' distance from the PTC when it reaches
the top of the tunnel, denoted by the green dot-
ted line. Above the outer surface of the ribosome,
the protein began to fold, native contacts began to
form, and there was a decrease in the protein's po-
tential energy. As a consequence, the C-terminus
of the created protein started to be pulled by the
folded protein and traveled very quickly, without
any jamming, outside the ribosome. This observa-
tion suggests that the change in potential energy is
crucial for the protein's exit from the tunnel.

4. Protein degradation by the proteasome

Simulating protein degradation within the pro-
teasome presents several challenges. As the protea-
some employs ATP to pull proteins periodically and
restricts backward motions, the most realistic sim-
ulation scenario involves periodic force pulling with
a �ratchet-like mechanism� [34]. Here, we examine
several pulling scenarios, ranging from the simplest
to the most advanced, to assess pulling e�ciency in
each case.
In our study of protein behavior within the pro-

teasome, we have considered three primary meth-
ods of protein stretching. The �rst method, re-
ferred to as �type AFM,� involves standard AFM
stretching and serves as a template and reference for
proteasome-aided unfolding. In the second method,
we pull the protein by its ends in the presence
of a proteasome model, either at the C-end or N-
end, while the other end remains free. This method
of pulling is called �type I.� Considering stretch-
ing from both termini is justi�ed by the fact that
the degradation mechanism is preceded by the pro-
tein marking with special tags, which can be at-
tached to either the C- or N-terminal chain ends.
The last type of pulling, referred to as �type II,�
involves pulling by one terminus while the other re-
mains attached to its original position. All of these
pulling types can be realized by di�erent scenar-
ios. The simplest one is constant speed pulling, in
which we pull the protein end at a constant speed.
This type of protein pulling generates a character-
istic AFM-like force graph with peaks, as depicted
in the top parts of each panel in Fig. 4. Each peak
on the force-displacement graph corresponds to the
breaking of contacts within a speci�c part of the
protein structure and represents the protein's resis-
tance to mechanical stress. The most resilient part
of the structure yields the highest force peak, and
its height, denoted as Fmax, can be used to char-
acterize the protein mechanostability. Both types
of proteasome-assisted pulling with constant speed
are comparable to standard AFM stretching exper-
iments and, as demonstrated in our previous re-
search [36], they facilitate the pulling process. Lower
forces were measured in most of the proteins consid-
ered. However, in the case of barnase (PDB: 1BNR)
and titin (PDB: 1TIT), slightly higher force val-
ues were observed when pulling from the C- or
N-termini compared to standard AFM stretching.
This suggests that the presence of the torus facili-
tates the breaking of contacts and the unfolding of
the protein chain, but in our simulations, we also
observed the impact of the torus presence on knot-
ted protein dynamics and their degradation.
Since the entrance to the proteasome is narrower

than the average width of a knot in a knotted pro-
tein, the knot can block the entrance, making the
proteasome useless [36]. However, in our simula-
tions, we have demonstrated that the presence of
the proteasome can untie deep knots, which are
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Fig. 4. The simulation results of the deeply knotted protein 1J85 stretching. In both AFM-like stretching and
�type II� pulling, the knot almost always tightens. Panel (b) illustrates �type I� pulling, where the knot may
slide along the chain and become untightened. Alternatively, the knot may slide down and tighten, similar to
AFM stretching, as depicted in panels (a) and (c). The top part of each panel displays force versus distance,
while the bottom ones show the position of the knot in the sequence. The knot is considered untied when its
position along the protein chain is one or it equals the length of the chain.

Fig. 5. This �gure is similar to Fig. 4. All panels depict the simulation results of the deeply knotted protein
1NS5. Here, we observe knot untying only for C-end pulling (panels (b) and (c)). The N-end simulations only
show knot tightening (panel (a)).

de�ned as knots where the termini are distant from
the protein ends [37]. In our research, we considered
two deeply knotted proteins: YibK methyltrans-
ferase from Haemophilus in�uenzae (PDB: 1J85)
and YBEA from E. coli (PDB: 1NS5). In the case
of the 1J85 protein, the ends of the knot, which
consists of 156 residues, are located at residues 75
and 120 in the protein's native state. For 1NS5 (153
residues), the positions of the knot are at residues
69 and 119.
Figure 4 displays the results of our simulations

of the degradation of the 1J85 protein with a knot.
In this case, we observe that the AFM experiment
leads to the tightening of the knot ends, as expected.
Knot untying was observed only for �type I-N� sim-
ulations, and one trajectory resulting in this behav-
ior is presented in Fig. 4b. Since the protein chain is
not smooth, geometric constraints can arise, allow-
ing knot tightening. We observed such trajectories
as well, as shown in panels (a) and (c) in Fig. 4.
Panel (a) illustrates how the knot blocks the en-
trance, but if the dragging force is very large, the

knot may be pushed through the entrance. However,
this is non-physical, as the value of the force is un-
realistic (F ∼ 17ϵ Å−1). This occurrence was not
observed in every trajectory; in some trajectories,
the knot remained at the entrance even at larger
forces (F > 20ϵ Å−1). For other types of pulling,
we observe only jamming.
The same observations were made in the case of

another deeply knotted protein, 1NS5. The results
of the AFM stretching of this protein are presented
in Fig. 5a. The outcomes of the stretching using the
method called �type I� are shown in Fig. 5b. Inter-
estingly, when stretching the 1NS5 protein using the
�type II� method, we also observed knot untying. In
this method, we grasp the opposite end of the pro-
tein, making knot untying less straightforward. In
the simplest scheme, the opposite end of the protein
�uctuates during pulling and may accidentally pass
out from the loop, thus untying the knot. However,
in �type II,� such a situation is not possible. There-
fore, the only method to untie the knot is to move
the entire loop to pass around the immobilized end.
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Fig. 6. The simulation results of protein 1AOH. Panel (a) presents an example dataset of constant speed
pulling (�type I-C�). The protein is pulled into the proteasome by one end at a constant speed, resisting
dragging with the depicted force. The largest force peak reaches approximately ∼ 2.3ϵ Å−1. The top part of
panel (a) displays the force graph as a function of distance. Panel (c) illustrates an example of constant force
pulling (F = 1.6ϵ Å−1) (�type I-C�). The protein is pulled into the proteasome with a constant force while
monitoring its distance from the proteasome entrance. The top part of this panel displays the distance graph
as a function of time. Panel (b) presents the contact map (amino acid i versus j) for both simulation types.
The breakings of speci�c contacts during the simulation of protein stretching with constant speed (panel (a))
and constant force (panel (c)) are indicated at the bottom of both panels by di�erent colors corresponding to
the colors of the contacts marked on the contact map presented in panel (b).

Another interesting aspect is the role of the pulling
direction (C- versus N-end). When dragging from
the C-end (�type I-C� and �type II-C�), we observed
untying in 32% and 29% of cases, respectively. How-
ever, in the case of N-end dragging, untying is al-
most impossible (4% for �type I-N� and 0% for �type
II-N�). Therefore, the direction of pulling (or knot
sliding) may play an important role. Untying a knot
in �type II� is more complicated since the other end
is restrained, but it is still possible.
Interestingly, we observe in our simulations that

the presence of the proteasome does not a�ect the
measured mechanostability of knotted proteins, in
contrast to similar simulations of proteins without
any knots. This shows that the presence of knots on
the protein chain a�ects the functionality of the pro-
teasome, even leading to the proteasome becoming
inactive when the entrance is blocked by the knot-
ted protein.
According to our understanding of the mecha-

nism of protein degradation by the proteasome,
pulling the protein at a constant speed does not
mimic the behavior of a protein in the presence of
the proteasome. As explained in Sect. 2, a more re-
alistic approach is pulling with a constant force. In
this case, the protein chain can also be stretched us-
ing pulling types I or II. The comparison between
the methods of protein pulling with constant speed
and constant force is presented in Fig. 6.
Pulling with a constant force, apart from bet-

ter mimicking the real mechanism, allows for the
use of a lower force and, consequently, reduces the
work needed to unravel the protein. This is possible
thanks to the support from random forces provided
by the Langevin thermostat. These forces facilitate
protein unfolding or the untying of knots because

they can resolve small steric clashes that may occur
during protein pulling. In this case, the constant
force only determines the direction of the chain.
What is particularly interesting is how to com-
pare the results obtained by pulling with a constant
force and constant speed. One possible approach is
well described in the literature [38] � a number of
stretching simulations were conducted with di�er-
ent values of force, and the average pulling speed
was calculated for each case. Protein mechanosta-
bility is de�ned as the extrapolation of the force val-
ues to a pulling speed of 80 residues/s, which is the
pulling speed in the real proteasome [34]. Figure 6
shows di�erent shapes of the graphs obtained dur-
ing pulling with a constant force (panel (c)) or con-
stant speed (panel (a)). The graph obtained dur-
ing constant force pulling presents the distance L
from the entrance to the proteasome as a func-
tion of time. The graph resembles multiple stair
steps with di�erent widths. Each step is associated
with the breaking of a particular part of the struc-
ture. The contacts broken during the appearance
of the particular steps are marked at the bottom
part in panel (c). The time, τk ∼ e∆Ek , necessary
to break a particular group of contacts is related to
the energy barrier, ∆Ek, that must be crossed [39].
The longest time is connected to the highest energy
barrier.
Protein pulling with a constant force is also chal-

lenging. During such simulations, it is possible that
steric clashes are so strong that thermal �uctua-
tions cannot remove them. Additionally, knots in
the protein chain also pose problems. In our simu-
lations with continuous, constant force, we observed
the proteasome becoming jammed by knots in pro-
teins. For low pulling forces (F ≤ 1.6ϵ Å−1), only

S67



M. Wojciechowski et al.

Fig. 7. The simulation results for protein 1NS5 within the periodic force model. Panels (a�c) present results
obtained with a pulling force of F = 1.40ϵ Å−1, while panels (d�e) present results obtained for F = 1.80ϵ −1.
Panels (a), (b), and (c) depict fast protein untying, a long simulation completed with knot untying, and a
long unsuccessful simulation, respectively. Successful unknotting simulations are shown by a short simulation
(panel (d)) and a long simulation (panel (e)).

Fig. 8. The successful simulation results for 1NS5 within the ratchet force model. Panels (a), (b), and (c)
depict fast pulling with a force of F = 1.30 ϵ/Å, slow pulling with the same force, and fast pulling again with
a force of F = 1.80 ϵ −1, respectively.

a portion of the protein without any knots was
pulled into the chamber, and the pulled protein
was halted at the position where the knot began.
This indicates that the knot remained at its initial
position. For higher forces, we observed the tight-
ening of knots, but they did not move along the
chain. This observation suggests that knotted pro-
teins can block the proteasome, which cannot be
true because in living cells, knotted proteins are
usually degraded. To avoid this problem and achieve
an even more realistic situation, we switch from the
continuous application of constant force to a simu-
lation with a constant force applied at given time
intervals. Figure 7 shows �ve trajectories of protein
pulling with di�erent forces.
Applying the force in time intervals is also chal-

lenging because, in the absence of the force, we
observe a backward movement of the chain, simi-

lar to the situation when part of the protein folds
outside of the ribosome. However, this backward
movement can be helpful in removing potential geo-
metrical constraints. Repeatedly applying the force
for a speci�c duration and then allowing the chain
to relax can facilitate chain reorientation, increas-
ing the possibility of the chain passing through the
entrance. The number of times the force needs to
be applied depends strongly on the protein, pulling
force, and force application duration. This approach
is also interesting because, as we showed in Fig. 7,
the periodic force application can even enable the
degradation of a knotted protein, in contrast to con-
tinuous force pulling. Figure 7 also depicts the vary-
ing times needed to untie knots in the knotted pro-
tein 1NS5, depending on the mentioned conditions.
This process is very ine�cient due to the return
movements of the protein chain.
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To prevent this behavior, we have implemented a
�ratchet-like mechanism� that prevents the protein
from moving backward when the force is switched
o�, mimicking the waiting for a new ATP portion
in a real situation. Moreover, we do not specify the
pulling period based on time, but rather consider
the length of the pulled chain. We stop the pulling
process when dstep = 3.8 Åof the chain is drawn
into the proteasome. The size dstep was chosen to
be comparable to the average size of a single amino
acid. It is worth mentioning that if a geometrical
clash occurs and no chain movement is possible, we
pause the pulling process for 4.5 µs, allowing the
Langevin thermostat to address the issue for an-
other 4.5 µs before applying the force again. Impor-
tantly, no protein backward movement is allowed
during this time. The advantage of this mechanism,
compared to simple pulling with a constant force, is
that we prevent pulling the same part of the chain
many times, which can occur when it escapes during
the absence of force. Avoiding multiple pulls of the
same part of the protein chain using the �ratchet-
like mechanism� is also favorable because periodi-
cally applying a small force has a lower likelihood of
causing strong steric clashes. The trajectories from
the simulation of the 1NS5 knotted protein, as pre-
sented in Fig. 8, exhibit this behavior. Moreover,
we can see that this approach is much more sta-
ble, as the times necessary for protein unfolding are
comparable regardless of the simulation parameters.
The �ratchet-like mechanism� is considered the most
realistic approach for pulling proteins into the pro-
teasome.

5. Conclusions

In our simulations, we have demonstrated that
the reduction in the protein's potential energy is
crucial for the process of a protein exiting the ri-
bosomal tunnel. As the partially folded protein
emerges from the ribosome, it generates a pulling
force on the remaining portion within the tunnel.
While interactions between the protein chain and
the ribosomal tunnel walls, along with di�usion, are
important, their signi�cance for the protein's move-
ment outside the tunnel is secondary. This was con-
�rmed by simulations of pulling the protein into
the proteasome chamber without the �ratchet-like
mechanism,� resulting in the protein being retracted
from the proteasome. This backward movement also
correlates with a decrease in the protein's potential
energy. It is worth noting that further investigation
is needed, as these simpli�ed models may not en-
compass all aspects of the processes under consid-
eration.
Furthermore, our simulations lend support to

the hypothesis regarding the directionality of knot
tightening and untying. Given the critical role of
the ribosome structure in simulations of knotting
the 1J85 protein by pulling the C-terminus across a

specially created loop, it suggests that knot degra-
dation should be more feasible from the C-end. This
implies that pulling the 1J85 protein from the N-
terminus enables knot sliding and untying. This
�nding aligns with our simulation results using the
constant-speed scheme for 1J85. The untying of the
knot and successful engul�ng of the protein were
achievable only with the �type I-N� scheme.
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