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Abstract: The proteins of the Bin/Amphiphysin/Rvs167 (BAR) domain superfamily are
believed to induce membrane curvature. PICK1 is a distinctive protein that consists of both a
BAR and a PDZ domain, and it has been associated with numerous diseases. It is known to
facilitate membrane curvature during receptor-mediated endocytosis. In addition to
understanding how the BAR domain facilitates membrane curvature, it's particularly
interesting to unravel the hidden links between the structural and mechanical properties of the
PICK1 BAR domain. Methods: This paper employs steered molecular dynamics (SMD) to
investigate the mechanical properties associated with structural changes in the PICK1 BAR
domains. Results: Our findings suggest that not only do helix kinks assist in generating
curvature of BAR domains, but they may also provide the additional flexibility required to
initiate the binding between BAR domains and the membrane. Conclusion: We have observed
a complex interaction network within the BAR monomer and at the binding interface of the
two BAR monomers. This network is crucial for maintaining the mechanical properties of the
BAR dimer. Owing to this interaction network, the PICK1 BAR dimer exhibits different
responses to external forces applied in opposite directions.
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1. INTRODUCTION

The bending of the cell membrane is a microphysical
process involved in endocytosis, exocytosis, and intracellular
transport. A key step in these cellular biochemistry processes
is the formation of tiny cell vesicles.[1, 2] A group of proteins
with curved shapes is required to remodel the cell
membrane.[3, 4] In many cellular processes, the proteins that
facilitate the bending of the cell membrane are proteins
containing Bin/Amphiphysin/Rvs167 (BAR) domains. The
BAR acronym originates from three representative members
in the protein family: mammalian Binl, Amphiphysin, and
yeast Rvs167.[5-7] Members of this protein family are
frequently involved in membrane bending and remodeling in
various cellular processes. BAR domains also play roles in
physiological and pathophysiological conditions such as
endocytosis, exocytosis, phagocytosis, and pinocytosis,
among others. [8-13] Today, BAR dimers are known to be
implicated in many diseases and disorders, including
neurological diseases, developmental disorders, and even
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Alzheimer's disease.[14] Therefore, gaining an in-depth
understanding of how the BAR domains contribute to the
formation of membrane curvature and vesicle generation is
not only a matter of scientific curiosity but also a step toward
advancements in modern physiology.

BAR domains perform their biological functions in the
form of dimers and often form even higher-level aggregates.
The N-BAR domain, a subfamily of the BAR domain, forms
a dimer with a crescent shape. N-BAR domains have been
found in various proteins, including Amphiphysin, endophilin,
and Protein Interacting with C-Kinase 1 (PICK1). N-BAR
domains bind to the membrane via positively charged residues
located on its concave surface. [15] In addition to the
positively charged concave surface, N-BAR domain proteins
also contain an N-terminal amphipathic helix. Existing
experimental results demonstrate that the rigid concave shape,
the positively charged concave surface, and the N-terminal
amphipathic helices are all crucial for the N-BAR domain's
ability to bend and remodel the cell membrane. [16-22]

All-atom Molecular Dynamics (MD) simulations are
powerful tools to probe the structural and dynamical
properties of proteins at residue or atomic resolution.[23-32]
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They can complement novel experimental techniques which
are limited by resolution, size, and complexity to explore the
finer details of the N-BAR systems. Previous work has taken
advantage of the benefits of MD to simulate BAR domains.
The MD simulations by Blood et al. exemplified that
Drosophila Amphiphysin N-BAR domains can shape the
membrane surface into the curvature of the BAR domain.[33]
In follow-up work, they revealed that the characteristics of N-
BAR, such as the positively charged convex surface, the
rigidity and orientation of the overall structure, and even the
presence or absence of N-terminal helices, all greatly affect
the ability of the BAR dimer to bend the membrane.[34]

Until now, most simulation studies have focused on the
membrane-bending process of the N-BAR dimer. However,
the mechanical properties of the N-BAR dimer, in particular,
the rigidity and flexibility of the N-BAR dimer, hold the key

to understanding how the BAR domains perform that function.

The goal of this paper is to use all-atom MD simulations to
investigate the degree of flexibility and rigidity of a BAR
monomer (within a dimer form) and the stability of the helical
structure of the BAR monomers under external forces. We
performed Steered Molecular Dynamics (SMD) simulations
in which external forces were applied to a single BAR
monomer within the BAR dimer while restraining the other
monomer. As shown in Fig. (1), we applied upward and
downward external forces (positive and negative directions
along the Y-axis) to probe the different responses of the BAR
domain monomers to external forces from different directions.
We observed that the PICK1 N-BAR monomers undergo
unique structural changes when subjected to external forces in
different directions. Our results suggest that the PICK1 BAR
domains are more resistant to upward external forces (positive
direction of the Y-axis), which corresponds to the state when
it performs its biological functions. In addition, the
breakdown of the helical structure of the N-BAR domain
monomer showed a strong preference in specific residue
regions. Our results provide an in-depth understanding of the
BAR domain which can serve as a theoretical basis for future
engineering of the BAR domain.

2. MATERIALS AND METHODS
2.1 Systems of Molecular Dynamics Simulations

The starting structure of the simulations for the N-BAR
dimer of PICK1 was created by Han. D. et al, as shown in Fig.
(D[35]. This structure has been previously used to explore the
inter-domain dynamics of PICK1.[32] The PICK1 BAR dimer
was modeled using Arfaptin[36] and Endophilin[21] as
templates. Using proteins from same subfamily as templates
is considered a reliable method for predicting the structure of
the dimer for several reasons. Firstly, the PICK1 BAR domain
has a high sequence identity with the N-BAR domain protein
Arfaptin-2, which provides a robust foundation for modeling
the structure of the PICK1 BAR dimer. Secondly, the high
structural similarity between the Arfaptin-2 BAR dimer and
Endophilin lends additional support for the model's reliability,
as Endophilin is a well-studied N-BAR domain protein that
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has been extensively characterized in the past. This structure
includes only residues 144 to 357, as these residues are closely
related to the reshaping the membrane. To mimic the cellular
environment, the steering simulations of the N-BAR dimer
were conducted in a system with explicit water molecules.
The TIP3P water molecule was used to solvate the systems.
[37] The CHARMM36 force field was used in all simulations.
It was generated by CHARMM-GUI [38, 39] and visualized
using visual MD (VMD) and Chimera. [40, 41] A solvation
box measuring 27x27x27 nm® was used to accommodate
PICKI1 N-BAR dimer (~13 nm for monomer) and provide
adequate space for the deformation of the BAR monomer. All
systems were neutralized with counter ions. The system
building process, which includes adding water molecules,
ions, and placing the N-BAR domains, was conducted using
the GROMACS software package [42, 43]. The number of
trajectories and simulation timescales are presented in Table
1. All systems were minimized to a maximum of 50,000 steps
to remove non-physical contacts and interactions.
Subsequently, an NPT ensemble with 50,000 steps was
executed to equilibrate the systems. After conducting 50,000
steps of energy minimization and NPT equilibrium dynamics
simulations, the root mean square deviation (RMSD) of the
BAR Dimer during the NPT simulation was calculated, as
shown in Fig. (Sla). To assess the efficiency of the
equilibrium simulations, the simulations were extended to 1
ns and 10 ns, and the RMSD was calculated, as shown in Fig.
(S1b). In the 100 ps, 1 ns, and 10 ns NPT simulations, the
RMSD of the BAR Dimer was approximately 0.04 nm,
indicating that the configuration of the BAR Dimer reached
equilibrium at the end of 100 ps and is suitable for subsequent
simulations. The LINCS algorithm was utilized to constrain
bond lengths between heavy atoms and hydrogen atoms. [44]
Simulations were conducted at a constant temperature of 310
K, as reported in previous work, to replicate the cellular
environment. [33, 34] A constant pressure of 1 atm was
maintained using the Perriello-Rahman method. Periodic
boundary conditions were implemented in all three directions,
and the Particle Mesh Ewald (PME) method was employed.
[45-47] The cutoff distance of both the van der Waals
interaction and Coulomb interaction was set to 14 A. In all
pulling simulations, external forces were applied to the center
of mass of Chain B of the PICK1 N-BAR dimer. Structural
restraints were applied to Chain A. Since the PICK1 N-BAR
dimer is symmetric, we only studied the flexibility and rigidity
of Chain B under external forces, which can represent the
common behavior of the two chains. The constant velocity
pulling simulations were performed at pulling rates of 4
nm/ns, 1.6 nm/ns, and 0.8 nm/ns. The N-BAR dimer was
subjected to both upward and downward external forces.
Residue distances and angles were calculated using the
modules in GROMACS. In all pulling simulations, the
moving distance of the center of mass of Chain B of the N-
BAR domain was approximately 8 nm. The pulling
simulations with rates of 4 nm/ns and 1.6 nm/ns were repeated
10 times in both directions. The pulling simulations with the
rate of 0.8 nm/ns were repeated twice in both directions.



Send Orders for Reprints to reprints@benthamscience.net

Title of the Journal, Year, Volume, Pagination 3

PICK1 N-BAR Dimer

Chain A

Fig. (1). Schematic diagram of steered molecular dynamics simulations. Red is the monomer Chain A. Green is the monomer Chain B. Each monomer has three
helices, denoted as Helix1, Helix 2, and Helix 3, respectively. (A higher resolution/colour version of this figure is available in the electronic copy of the article).

2.2. Time-resolved Force Distribution Analysis

The time-resolved force distribution analysis was
conducted using the Time-resolved Force Distribution
Analysis (TRFDA) software package, in conjunction with
GROMACS. [48] In TRFDA, residue-based pairwise forces
for Coulomb and Van der Waals interactions were computed
and observed over the course of the simulation. The
interaction between residue i and residue j is depicted by a
pairwise force, which can be calculated using the sum of the
atom-based pairwise forces between residues i and j. The
details of the pairwise force calculations are described in a
separate paper. [49]

2.3. Interaction Area, Secondary Structure Analysis and
Helix Kink

The interaction area's calculation and the secondary
structure analysis of Chain B were completed using the
GROMACS module. [50] Even though GROMACS does not
have a direct module for computing the interaction area, the
gmx sas [51] module was employed to calculate the solvent-
accessible surface area, which can then be used to derive the
interaction area using the following equation (1).

SASA, + SASAp — SASA e
Slnteraction = 2 (1)

The secondary structure analysis of Chain B in the BAR
domain was conducted using the do_dssp module in
GROMACS. [52] The results of the analysis were
subsequently processed and visualized using the GNUplot
software.

The Kink Finder [53] software package was utilized to
identify all helical kinks in the three helices of Chain B in the
BAR domain. This software pinpoints all the kink residues in
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a chain and the torsional angle of each helix bend at every kink.
More details on Kink Finder can be found in the original paper.
[53]

Table 1. Number and time length of simulation systems.

Direction Time Number of Total Time of
Trajectories Force Application
(ns) (ns)
Upward 0.5 10 5
2 10 20
5 10 50
10 2 20
Downward | 0.5 10 5
2 10 20
5 10 50
10 2 20
3. RESULTS

3.1. Structure Changes in BAR Domain Structure Under
External Force

© Year Bentham Science Publishers
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Fig. (2). Root mean square deviation (RMSD) during pulling simulations, and molecular structures at four distinct time-points for steering progress of 0%, 25%,
50%, and 75%. (a) and (b) Downward SMD simulations. (¢) and (d) Upward SMD simulations. The results of the RMSD calculations shown above are averaged
over all trajectories with the same time scale. (A higher resolution/colour version of this figure is available in the electronic copy of the article).

Following the completion of the simulations, we
calculated the root mean square deviation (RMSD) of Chain
B of the BAR domain to explore the structural changes in the
N-BAR domain under external forces. The root mean square
deviation (RMSD) of Chain B is shown in Figs. (2a and 2¢).
The maximum RMSD in downward-steering simulations
reaches 0.9 nm in the 10 ns simulation system. Furthermore,
downward systems with different pulling speeds yield similar
RMSD results. The 5 ns pulling simulation system was chosen
as the representative case for the downward-pulling
simulations. To highlight time-dependent changes, four time-
points were selected for analysis, corresponding to pulling
progress of 0%, 25%, 50%, and 75%. Fig. (2b) depicts the
structures of Chain B at these four time-points. It can be
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observed that the structure of Chain B does not significantly
change during the simulation process, with a maximum of 0.9
nm. In contrast, the maximum RMSD is 1.5 nm for the 2 ns
upward-pulling simulation, as illustrated in Fig. (2¢).
Intriguingly, the maximum RMSDs for the 5 ns and 10 ns
upward-pulling simulations are approximately 2.2 nm and 3.5
nm, respectively. The upward-pulling simulations not only
cause significant changes to the structure of Chain B but also
result in the disappearance of part of the helical structure, as
shown in Fig. (2d). According to the RMSD, the 5 ns and 10
ns upward-pulling simulations produce similar outcomes.
Consequently, only the 2 ns and 5 ns upward-pulling
simulation systems were utilized to analyze the pulling
process and structural changes in depth.
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Fig. (3). Changes in the structure of the PICK1 N-BAR dimer during the steering simulations. Among them (a) and (c) are representative structures for these

time-points, (b) and (d) are simplified schematic diagrams. (a) and (b) are

downward-pulling SMD simulations, while (¢) and (d) are upward SMD-pulling

simulations. (A higher resolution/colour version of this figure is available in the electronic copy of the article).

The change in the number of hydrogen bonds can
accurately reflect alterations in interactions between residues.
We have calculated the number of hydrogen bonds within the
BAR monomer and between the monomers to trace the
evolution of these interactions (See Fig. (S2)). The number of
hydrogen bonds in Chain B initially decreases before it starts
to increase (as represented by the black curve). The majority
of hydrogen bonds in the monomer occur within the helices.

With this data in mind, the fluctuations in the number of
hydrogen bonds signify the vanishing and reformation of
helices throughout the pulling process. The red curve in Fig.
(S2) displays the number of hydrogen bonds between Chain
B and Chain A during these pulling procedures. As the pulling
advances, the quantity of hydrogen bonds between Chain B
and Chain A eventually falls to zero. This suggests that the

interaction between Chain A and Chain B progressively
weakens until it ultimately disappears. Regardless of the
duration of the upward system (2 ns, 5 ns, or even 10 ns), the
count of hydrogen bonds in Chain B plummets rapidly. This
kind of alteration in the number of hydrogen bonds implies
that the upward external force has instigated the deformation
of the helices in Chain B. When considering the number of
hydrogen bonds between Chain A and Chain B (as shown by
the red curves in the top panels), different simulation times
yielded varying results. Coupled with the conformational
change of Chain B under the application of external forces, in
the 2 ns pulling simulation, the external force is rather large,
and ultimately, Chain B and Chain A become completely
separated. This causes the count of hydrogen bonds to fall to
zero. In the 5 ns and slower steering simulations, the external
force is less intense. Although the external force drives Chain
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B upward, the smallest helix in Chain B consistently
maintains interactions with Chain A. This action prevents the
number of hydrogen bonds between Chain B and Chain A
from reaching zero during the final phase of the simulation.
According to the results of RMSD and hydrogen bonds, it is
clear that the BAR domain has responded differently to
external forces applied in different directions, resulting in
diverse structural changes.

3.2. Upward and Downward Pulling Processes

Using LigPlus[54], we explored all the contact pairs
between two BAR monomers in a dimer. As can be seen in
both Fig. (3a) and the "Structural Properties of BAR Domain"
section in the Supporting Information (SI), we identified the
three most important residue pairs: Argl75(A)-Glu595(B),
Glul55(A)-Arg613(B), and Argl97(A)-Asp739(B). As
shown in Figs. (3a and 3b), after 25% of the downward-
pulling simulation progressed, two representative interaction
residue pairs disappeared (Glul55(A)-Arg613(B) and
Argl97(A)-Asp739(B)), leaving only one pair (Argl75(A)-
Glu595(B)). In contrast, the number of hydrophobic
interactions between the two chains remained stable. These
results indicate that the downward external force caused
Chain B to rotate slightly around the residue pair Argl75(A)-
Glu595(B). When the simulation progress reached 50%, the
hydrophobic interactions were significantly reduced
compared to the 25% time-point (as shown in Fig. (3a) bottom
right panel). It should be noted that the residue pair
Argl75(A)-Glu595(B) also broke at this stage. At this point,
two monomers were about to separate. At 75% time-point,
there was almost no interaction between the two chains, which
suggested that the downward force had led to the separation
of Chain A and Chain B. In addition, Chain B, which had an
obvious bend in the previous phase of the downward-pulling
simulation, had also returned to a straight state.

For the upward-pulling simulation (shown in Figs. (3¢ and
3d)), after 25% of the simulation progress, there was almost
no change in the residue interactions between Chain A and
Chain B (as shown in Fig. (3¢) upper panels). However, the
upward force caused Chain B to curve significantly. With the
upward external force continuing to act on Chain B of the
BAR domain, only the tail region of Chain B continued to
move upward. When the simulation progress reached 75%,
the number of residues in Chain B interacting with Chain A
was significantly reduced. Although the helix structure in the
middle region of Chain B had basically disappeared, the
bundle of three helices remained intact. As a whole, the
upward movement of Chain B was more pronounced.

To extract more detailed information on the bending
process, we used the interaction area to illustrate the changes
in the interaction between the two monomers of the BAR
dimer. The interaction area between the two chains was
calculated for the pulling simulations under three different
time scales, as shown in Figs. (4a-4c). The black line
represents the interaction area in the upward-pulling
simulations, while the red line represents the interaction area
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in the downward-pulling simulations. A larger interaction area
indicates more interacting residues, a stronger interaction, and
tighter binding between Chain A and Chain B.

As the downward-pulling progresses, the interaction area
gradually decreases. This indicates that the number of
interacting residues between Chain A and Chain B also
decrease. The consequences of this reduction are that the
binding between the two monomers weakens, and the opening
angle of the BAR dimer changes more easily. Interestingly,
the upward-pulling simulation yields different results. Even
though the upward external force acts on Chain B, the
interaction area increases instead of decreases. Table S1
illustrates the number of interacting residue pairs between
Chain A and Chain B of the PICK1 BAR dimer in its native
state and at 25% time-point, both upward and downward.
During the downward-steering, all 67 residue pairs in the
native state break, generating 17 new pairs of interacting
residues. In contrast, upward-steering not only maintains 60%
(35 out of 67) of the residue pairs in the native state but also
generates 23 new interacting residue pairs. The process of
pulling Chain B up is accompanied by the generation of more
new interacting residue pairs. The newly formed residue pairs
compensate for the energy change during upward rotation
while also binding the two monomers more tightly. Such a
scenario leads to structural changes in the mid-section and tip
of the BAR monomer. Downward rotation breaks all
interacting residue pairs at the interface of the native PICK1
BAR dimer and generates fewer new interacting residue pairs.
The binding between the two monomers weakens due to the
significant reduction in the pairs of interacting residues. The
external force required to rotate downward will also decrease.
This is consistent with the upward-pulling and rotating
process of Chain B described in the first section and the
calculation results in Tables S1 and S2 in the Supporting
Information (SI). As shown in Fig. (S7), the punctual stress
observed in TRFDA results also confirms the discussion on
the external force above. In summary, the peculiar crescent
structure of the PICK1 N-BAR dimer results in a striking
difference in how it behaves when subjected to upward and
downward external forces.

Yu et al. [55] and Mahmood et al.[56] both performed
molecular dynamics simulations of the BAR dimer interacting
with and bending the membrane. They used the opening angle
[55] and RMSD [56] of the BAR dimer to describe the
structural changes of the BAR domain. In the biological
process of the BAR dimer bending the membrane, the BAR
domain will receive upward pressure from the membrane.
This is similar to the upward external force we applied to the
BAR domain. Their simulations have proven that the BAR
dimer undergoes no obvious opening angle changes in the
process of bending the membrane. In other words, it is more
difficult to change the opening angle of the BAR dimer using
the upward external force. This is consistent with our results.
We also find that the core part of the BAR monomer has a
large number of interactions across different chains and
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different helices, which contribute to the stability and rigidity
of the dimer. However, the tip of the monomer possesses good
elasticity and only mutually stable interactions between Helix
2 and Helix 3 (Fig. (S3c¢)). This allows the BAR domain
monomer's tip to bend up or down around the equilibrium
position under external forces. When a monomer (Fig. (4d))
is rotated downward by an external force while bending, the
number of interacting residues decreases, which facilitates its
deformation and changes the opening angle from the force
aspect. Conversely, when an upward external force is applied,
the monomer bends upwards. The upwardly curved part of the
monomer forms new interactions with the core part of the
other monomer in the dimer, resulting in an increase in the
interaction area and residues. The newly formed interactions
between monomers hinder the relative movement and rotation
between the two monomers. This is to prevent further
deformation of the dimer. In summary, the combination of the
elasticity of the BAR monomer and the crescent shape of the
BAR dimer forms the anisotropy of the external force of the
opening angle of the BAR domain.

3.3. Structural Changes of the Three Helices of BAR
Monomer Under External Force.

The internal changes within the BAR monomer under
external forces are of particular interest to reveal the key
residues that maintain the integrity of the BAR monomer. To
obtain such information, we investigated the structural
changes in each of the three helices under the action of upward
and downward external forces. As shown in Figs. (4a - 4¢), it
is notable that Chain B of the PICK1 N-BAR domain has
obvious anisotropy under the action of external force; that is,
under the action of external force in different directions, Chain
B behaves differently-

3.3.1. Interactions between Helices within the Monomer

As a protein domain with important biochemical functions,
the structure of N-BAR domains is stable in an aqueous
environment. The three helices can stabilize each other
through various interactions. To explore the changes in these
interactions, time-resolved punctual stress was calculated
during the pulling process, as shown in Fig. (5). Punctual
stress represents the sum of the force acting on each residue.
With the TRFDA tool, atomic pairwise forces were calculated
for interaction energy and monitored over simulation time.
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Table 2. Key residues in the upward and downward simulations between Helix1 and Helix 2, Helix 2 and Helix 3.

Upward Downward Upward Downward

Helix 1-Helix 2 Helix 1-Helix 2 Helix 2-Helix 3 Helix 2-Helix 3
E:;ykresidue 2 ns S5 ns 2 ns 5 ns 2 ns S5 ns 2 ns 5 ns
1 634 634 634 601 639 639 734 734
2 601 601 601 634 734 723 639 669
3 607 607 663 663 723 763 723 723
4 630 630 607 607 763 676 675 661
5 663 663 590 573 675 675 661 710
6 572 573 648 630 710 734 710 639
7 590 572 630 590 661 710 676 676
8 573 569 651 648 669 669 669 675
9 641 641 573 651 676 745 763 763
10 623 590 641 579 654 654 650 650
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TRFDA can be used to track signal propagation at the atomic
level, characterize dynamical intermolecular interactions,
develop force fields, and conduct energy-based analysis. The
interaction force results obtained by TRFDA are more

accurate and sensitive, which aids in determining key residues.

We initially analyzed the interaction between Helix 1 and
Helix 2, as shown in Fig. (5a). The residues under the largest
punctual stress were those interacting with the other helix. It
should be noted that some residues alternately appear in dark
and light colors, such as residues 601 and 590 in Helix 1
during the upward-pulling simulation. This indicates that,
with the progress of pulling and the application of external
forces, the interactions formed by these residues were
deformed and then reformed. As Helix 1 is shorter than Helix
2 and concentrated in the core part of Chain B, the interactions
between Helix 1 and Helix 2 play a crucial role in maintaining
the stability of the core part of the BAR domain monomer.

Comparing the punctual stress of Helix 1 and Helix 2
during the upward and downward-pulling simulations, the
most noticeable difference was observed in the upward-
pulling simulations. Some residues on Helix 1 (approximately
residues 573-600) initially experienced punctual stress during
pulling. However, as the pulling continued, the punctual stress
on these residues gradually decreased to zero. This suggests
that the interactions between these residues and Helix 2
disappeared due to the upward external force. This finding
aligns with the separation of Helix 1 and Helix 2 observed in
our previous analysis in section 3.1. In the downward-pulling
simulations, neither the direct analysis of the pulling process
nor the calculation results of punctual stress indicated a
separation between Helix 1 and Helix 2.

Fig. (5d) displays the specific stress generated by the
interaction between Helix 2 and Helix 3 of the BAR domain
monomer. Dynamic interactions exist between Helix 2 and
Helix 3, distributed at the interface of the two helices.
Notably, key residues exhibit higher punctual stress than other
residues. Table 2 lists the ten residues with the highest specific
stress. While there are some differences in ranking order, 8
out of the 10 key residues remain consistent in the upward and
downward-pulling simulations. This implies that these
residues play a vital role in the interaction between Helix 2
and Helix 3. Among these key residues, charged amino acids
comprise about 60%. These key residues bind Helix 2 and
Helix 3 tightly through hydrogen bonding and electrostatic
interaction. Interestingly, despite exerting substantial specific
stress, some key residues are relatively isolated compared to
others. These residues form an interactive residue network
with several surrounding residues through hydrophobic and
electrostatic interactions. Due to interactions with multiple
residues, they often exhibit larger specific stress.

In addition to the ten residues with the highest specific
stress, other residues also contribute to interactions between
the two helices. These residues form a dynamic interaction
network between the two helices through numerous hydrogen

XXXX-XXXX/year $XX.00+.00

bonds, hydrophobic interactions, and electrostatic interactions,
as shown in Fig. (S6a). When an external force is applied, the
relative positions of Helix 2 and Helix 3 change. This process
involves the breaking and formation of interactions between
various residues. The residue-residue interactions resist
breaking in response to the pulling force, maintaining the
helical structure of Helix 2 and Helix 3. Evidently, the
disruption of these interactions opposes the external forces,
thereby preserving the helical structure of Helix 2 and Helix
3. Moreover, Helix 2 forms an interaction network with Helix
1 near the core, enabling the three helices in the BAR domain
monomer to stabilize each other, resulting in a rigid core and
a flexible tail. The interaction between Helix 2 and Helix 3 is
concentrated between the two helices, indicating selectivity
towards external forces from different directions. When
subjected to an upward force, Helix 3 bends upwards.
Concurrently, the residues located in the interaction network
on the lower surface of Helix 3 move away from each other.
This leads to the breaking of hydrophobic aggregation
interactions and other interactions among residues, resisting
the external forces.

3.3.2. Changes in the Secondary Structure under External
Force

From our analysis of the pulling process, we found a
significant difference between the upward and downward-
pulling simulations. In the upward-pulling simulations, the
external upward force induced numerous changes in the
helical structure of Chain B in the secondary structures during
the pulling process, as shown in Fig. (S5).

In contrast, the downward external force did not induce a
significant change in the secondary structure of Helix 2. This
difference suggests that the rigidity of Helix 2 is dependent on
the direction of bending. For Helix 3, part of the helical
structure changed regardless of whether the external force was
upward or downward. It is worth noting that many of the
residues involved in these structural changes are consistent
when the external force causes changes in the helical structure
of Helix 3. Interestingly, under the downward external force,
the secondary structures around residues ALA658 and
ILE644 of Helix 2 temporarily shifted from an o-helix to a
turn. Similarly, in the upward-pulling simulation, the altered
secondary structures were also located near residues ALA658
and ILE644. The secondary structure analysis indicates that
regions of both Helix 2 and Helix 3 have helical structures
significantly less stable than other regions. It's important to
highlight that some residues within a helix can cause the -
helix to bend. These residues that significantly cause the helix
to bend are known as helix kinks, which are known to disrupt
the structure of helices. Kink Finder[53] is a previously
developed software utilized to identify the kink residues in
helices. In our research, we used Kink Finder to identify helix
kinks in Helix 2 and Helix 3, as shown in Fig. (S5). Changes
in the secondary structure under the influence of external
force are all located near the helix kinks identified using Kink

© Year Bentham Science Publishers
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Finder. Notably, some of the kink residues identified by Kink
Finder are distinctly helix-forming amino acids.
Consequently, we refer to the helical segment lacking
hydrogen bonds as the kink region. The results of DSSP
secondary structure analysis and kink analysis show that the
existence of kinks reduces the rigidity of the helices, leading
to changes in the helical structure in some regions under the
influence of external force.
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Fig. (6). The main kinks of the three helices of the monomer Chain B. (a)
Main kinks on Helix 2 and Helix 3. (b) Kinks in all three helices. Blue
residues are the segments that tend to lose secondary structure. (A higher
resolution/colour version of this figure is available in the electronic copy of
the article).

When subjected to upward and downward external forces,
Helix 2 and Helix 3 exhibit different levels of rigidity. This is
due to the presence of kink residues, which cause the helix to
lose part of its hydrogen bonding network. The loss of
hydrogen bonds makes a helix more likely to lose its helical
structure when subjected to external forces. In addition,
pinpoint stress and residue interaction patterns suggest
extensive interactions between Helix 2 and Helix 3. These
interactions can form a network located between Helix 2 and
3, providing additional support for the helices in a single
direction, as shown in Fig. (S6b). These findings suggest that
Helix 2 and Helix 3 display different levels of rigidity when
subjected to external forces from different directions.

4. DISCUSSION

Principle Author et al.

4.1. Interpretation of the Anisotropy of Helixes in
Monomer Under External Forces

Based on the results of secondary structure analysis and
the positioning of the helix kinks, the disappearance of the
helical structure is closely tied to the kinks when exposed to
external forces. In Fig. (6a), one can see that the helix kinks
cause the helix to bend in a specific direction, eliminating the
hydrogen bonds on the opposing side. Without these crucial
hydrogen bonds to maintain the pitch of the o-helix (the
vertical distance between consecutive turns of the helix), the
helix bends. When the external force continues to act on the
helices, the pitch between residues near the helix kink, which
no longer participate in a hydrogen bonding network, will
continue to increase.

As for Helix 2, the primary kink region (around ALA658)
is situated on the upper side of the helix, causing Helix 2 to
bend upwards. Simultaneously, the pitch beneath the main
kink increases, and the hydrogen bond is broken. Regarding
Helix 3, the primary kink region (around VAL747) is
positioned on the front side of the helix. The helix kink
prompts the helix to eliminate hydrogen bonds on both the
upper and lower sides. The loss of hydrogen bonds makes it
easier for Helix 3 to alter the helical structure at the kink area
when it is subjected to both upward and downward external
forces. However, due to the presence of the residue interaction
network between Helix 2 and Helix 3, Helix 2 can provide
additional support to Helix 3 when faced with an upward
external force. As a result, Helix 3 exhibits greater rigidity in
the upward-pulling simulation than in the downward-pulling
one.

4.2. Influence of Kinks and Key Residues on the Flexibility
of BAR Domain Monomers.

As shown in Fig. (S6), the results of the network analysis
reveal that the structure formed by Helix 2 and Helix 3 can be
divided into four segments. The adjacent helix segments of
Helix 2 and Helix 3 share the same color, suggesting they have
the same inherent movement tendency when subjected to
external forces. This phenomenon correlates with the
interaction patterns between Helix 2 and Helix 3.

Helix 2 and Helix 3 do not act as a unified whole but are
rather divided into several segments. The division points of
these helix segments align precisely with the locations of the
kink residues. The key role of kinks in the helices of
transmembrane proteins is discussed by T. Blundell et al., D.
N. Langelaan et al., and E. C. Law et al. [57-59] Although
kinks cause the helices of transmembrane proteins to bend and
lose hydrogen bonds, they are vital functional and flexible
points in helices. Kinks provide residue points that allow for
conformational change and structural flexibility, making them
often functionally important in proteins. P. D. Blood et al.
conducted a simulation of the interaction between the N-BAR
domain and the membrane. [34] They clearly observed that in
the process of bending the membrane, the tail region of the N-
BAR domain also bends and deforms. These deformations are
essential for the N-BAR domain's ability to interact with the
membrane. We believe that helix kinks are indispensable and
vitally functional to the N-BAR domain. Moreover, in the
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process of bending the membrane, the bending and
deformation of the BAR domain itself hold significance. The
kinks lower the free energy of the BAR domain's bending,
making it easier to deform. Although kinks might decrease the
rigidity of the helix of the BAR domain, they provide the BAR
domain with curvature and flexibility for functioning.
Therefore, the presence of kinks is conducive to the function
of the BAR domain.

5. CONCLUSION

In this article, we performed a series of pulling simulations
on the PICKI N-BAR dimer. External forces of varying
strengths were applied to a monomer (Chain B) of the BAR
dimer, both in upward and downward directions. While the
deformation of the BAR domain caused by pulling exceeds
what can be achieved in biological systems, these extreme
simulations allow for a clearer illustration of the impact of
external forces on the BAR domain. A comprehensive
understanding of the rigidity and flexibility of the BAR
domain can help elucidate the mechanism behind the BAR
domain's membrane-bending process. We found that there is
a significant difference in the responses of the BAR domain
depending on the directions of external force. This difference
indicates the varying rigidity of the BAR dimer's opening
angle when forces are applied upward versus downward. Both
punctual stress and conformational results reveal that
interactions exist not only between the two monomers but also
within an interaction network between the helices of each
monomer. This interaction network can maintain the relative
position of the helices and provide directional support. This
support is effective in resisting the bending of the helix and
changes to the secondary structure. Furthermore, we highlight
that the lack of helical hydrogen bonds caused by helix kinks
is a crucial reason for the differing rigidity of the monomer
and its helices under various directions of external forces.
Numerous studies have shown that the BAR domain plays a
significant role in membrane bending, especially in liposome
formation. [34, 55, 60-62].

LIST OF ABBREVIATIONS
BAR = Binl/Amphiphysin/Rvs167
MD = Molecular Dynamics
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