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ABSTRACT

Enhanced comprehension of alterations in protein conformation holds significant
potential for unveiling the underlying mechanisms of diverse biological functions and
more specifically describing structural transitions. In investigating the binding
interactions and conformations of biomolecules, structural dynamics is the key
component. Elucidating the mechanism expands our comprehension of the system and
impacts the designing of effective drugs and novel treatments. Here, with the help of
enhanced molecular dynamic (MD) simulation methods, the backbone of gelsolin with
conventional and accelerated MD methods is focused on and its conformational
changes that occur during the gelsolin/actin complex formation from the gelsolin
plasma free form triggered by calcium concentration is investigated. We found that
there is no complete conformational transition in either conventional (classical) MD
or accelerated MD. However, when we focused on the gelsolin-like domains, some
conformational rearrangements, particularly in G4 and G6 domains adopted similar
domain conformations observed in the free form. These changes were especially noted
for the accelerated MD simulations with dual boosting. On the other hand, G5 domain
was the most rigid part of the structure regardless of the MD acceleration. Based on
the findings of this thesis, capturing conformational changes in MD simulations proves
to be challenging. One approach could involve focusing on the structures of individual
gelsolin domains, rather than the entire structure, and studying their conformational
shifts using different accelerated methods. Altogether, this thesis provides insights into
the potential use of accelerated MD methods for understanding and capturing

important conformational changes in proteins.

Keywords: Conformational change, Conformational selection, Gelsolin, Molecular

dynamics simulations, Protein-protein interaction.



OZET

Esnek protein-protein komplekslerinin konformasyonlarim tahmin etmek icin

molekiiler dinamik simiilasyonlarinin performansinin degerlendirilmesi

Protein konformasyonundaki degisikliklerin daha iyi anlasilmasi, ¢esitli biyolojik
fonksiyonlarin altinda yatan mekanizmalar1 ortaya ¢ikarmak ve daha spesifik olarak
yapisal gecisleri tanimlamak i¢in 6nemli bir potansiyele sahiptir. Biyomolekiillerin
baglanma etkilesimlerini ve konformasyonlarini arastirirken yapisal dinamikler
anahtar bilesendir. Mekanizmayi agiklamak, sistem hakkindaki anlayisimiz1 genisletir
ve yeni ilaclarin ve yeni tedavilerin tasarlanmasina katkida bulunur. Burada,
gelistirilmis molekiiler dinamik simiilasyon yontemleri yardimiyla, geleneksel ve
akselere edilmis molekiiler dinamik yontemlerle gelsolinin omurgasina odaklandik ve
kalsiyum konsantrasyonunun tetikledigi gelsolin plazma serbest formundan
gelsolin/aktin  kompleksi olusumu sirasinda meydana gelen konformasyonel
degisiklikleri incelendi. Ne geleneksel (klasik) MD'de ne de akselere edilmis MD'de
biitiinciil bir konformasyonel degisiklik olmadigini tespit edildi. Bununla birlikte,
gelsolin benzeri domainlere odaklandigimizda, 6zellikle G4 ve G6 domainlerindeki
baz1 konformasyonel degisiklikler, serbest formda gozlemlenen benzer domain
konformasyonlarini benimsemistir. Bu degisiklikler 6zellikle dual akselerasyon MD
simiilasyonlarinda dikkat cekti. Ote yandan G5 domaini, MD akselerasyonundan
bagimsiz olarak yapinin en hareketsiz kismiydi. Bu tezin bulgularina dayanarak, MD
metotlarinin  gelsolinin aldig1  konformasyonel degisiklikleri yakalamak ig¢in
performansinin  yiikksek olmadigr gorilmistir. Bu nedenle, gelsolin yapisinin
tamamina odaklanmak yerine, domainlerinin yapilarina ayr1 ayri odaklanmak ve/veya
farkli yontemlerle, farkli seviyelerde akselere edilmis MD yaklasimlarint kullanarak
konformasyonel degisimlerin yakalanmasi miimkiin olabilir. Bu tez, proteinlerdeki
onemli konformasyonel degisiklikleri anlamak ve yakalamak i¢in akselere edilmis MD

yontemlerinin potansiyel kullanimina dair katkilar yapmaktadir.



Anahtar Sozciikler: Gelsolin, Konformasyonel degisiklik, Konformasyonel se¢im,

Molekiiler dinamik simiilasyonlar, Protein-protein etkilesimleri.



1. INTRODUCTION

Proteins are molecular components of life, and they are large macromolecules that
consist of the merging of amino acids. Fundamentally, proteins are an important
element of the cellular machinery. They carry out a variety of tasks, within living
organisms including promoting growth, facilitating repair, and maintaining proper
function. One of the essential roles of proteins is that they are catalysts of reactions.
Furthermore, they are also in charge of transport in the cell and they transmit the
information to RNA from DNA. They are in charge of both synthesizing new molecules
and the degradation process. The broad acknowledgment of their participation in
various cellular processes has prompted focused endeavors to anticipate their functions

based on their sequences and, when accessible, their structures (1-6).

1.1 Structures of Proteins

Proteins fold and create stable three-dimensional conformations based on their
amino acid sequence. According to the final shape of the proteins, after they are folded,
they own a specific function. Additionally, with the help of this particular shape, and

the bonds inside the molecule help to maintain structural stability (7,8).

The unique three-dimensional shape of a protein is formed by the folding and
bonding of its amino acid chain. This process is primarily guided by the protein
structure, which is its specific sequence of amino acids (8,9). However, in some cases,
particular folding patterns can be induced by the hydrogen bonds formed by carboxyl
and amino groups. Alpha helices and beta sheets are known as predictable folding
patterns (8,9).

There are 4 different levels of complexity including primary, secondary, tertiary,



and quaternary structure in the complete structure of a protein (9-11).

1.1.1 Primary Structure

Primary structure (also referred as protein sequence), is a linear amino acid

sequence in the protein backbone (Figure 1). In 1973, the primary structure of proteins

was proved for its role in determining their overall structure. (9,12).

\
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PRIMARY STRUCTURE

SECONDARY STRUCTURE

TERTIARY STRUCTURE

QUATERNARY STRUCTURE

Figure 1. Four types of protein structure (created with Biorender).



However, it's worth noting that changes in the surrounding environment can
sometimes disrupt the three-dimensional arrangement of a protein. As an example,
ligand interactions or substrates can trigger controlled modifications, in their shape
potentially leading to consequences (12). Furthermore, scientists have discovered that
certain proteins possess regions that lack a defined structure. Hence while the idea of a
proteins sequence dictating its structure remains powerful it's important to remember
that this principle may be influenced by the local environment and may not always apply
universally (13,14).

1.1.2 Secondary Structure

Protein secondary structure refers to the specific arrangement of the polypeptide
backbone's atoms, excluding the side chains. The main secondary structural
components are alpha helices and beta sheets, with occasional occurrences of beta turns
and omega loops (9). These secondary structure elements usually take shape as an

interim step before the tertiary structure is formed by the protein (Figure 1).

The secondary structure is established when the amino hydrogen and carboxyl
oxygen atoms along the backbone interact, through specific hydrogen bonds.
Alternately, it can be characterized by the consistent arrangement of dihedral angles
within a specific area of the Ramachandran plot, without considering the hydrogen
bonds (9-11).

1.1.3 Tertiary Structure

The tertiary structure consists of secondary structure components. In other words,

the polypeptide folds and arranges itself into an overall three-dimensional organization



(9,11). The exact spatial positioning of secondary structure components and the
positions of all functional groups within a single polypeptide chain are included in the

tertiary structure (Figure 1) (10,11).

The tertiary structure of a protein can often be broken down into domains, which
are distinct and compact folding units typically consisting of 100 to 200 amino acid
residues. While large proteins consist of multiple domains, small proteins may have
only one domain in their structure (2,3). The specific arrangement on the secondary
structure is called a "fold" and it creates a domain-like structure (9). Some folds are

associated with particular functions, like those involved in binding to nucleotides (15).

A "structural motif" is smaller, and it is an essential unit for folds. It is basically
similar to a fold, however, some structural motifs, such as 3 barrels can be found in a
range of unrelated proteins with different variations. On the other hand, certain motifs
like zinc fingers, which are associated with specific biochemical functions are highly

preserved and frequently occur in protein domains that have similar functions (9).

It's essential to understand that the concept of folds, motifs, and domains are
alternatively with blurred distinctions, particularly for broader and certain structural

patterns is extremely conserved. (9).

1.1.4 Quaternary Structure

Proteins can exist as complexes those with a size of over 100 kDa, where multiple
polypeptide chains come together (Figure 1). The specific arrangement of these units,

within a protein is called as a structure. (14).



Structural Motifs Main Features

These are arrangements of helices in parallel or antiparallel orientations,
a-Helix Bundles found in proteins like globins and cytochrome c oxidase.

Special helix bundles where long helices intertwine to form supercoiled
Coiled-Coil structures, often found in proteins with specific repeats.

A twisted, two-strand antiparallel B-sheet, less regular compared to
p-Hairpin extended [(-sheets.

Arrangements of four adjacent strands in f-sheets resembling Greek key
Greek Key and Jelly-Roll Motifs patterns or forming barrel-like jelly rolls.

Two (-sheets packed face-to-face with parallel, antiparallel, or mixed strand
p-Sandwich orientations.

Layered structures with combinations of a-helices and -sheets,
Mixed o/p Sandwich common in nucleotide-binding proteins.

Barrel-like structures formed by p-strands, with varying sizes and
B-Barrel orientations.

Alternating o and p structures, seen in enzymes like triosephosphate
o/p-Barrel isomerase.

Disk-shaped arrangements of four to eight small B-sheets around a central
tunnel, found in proteins with diverse functions, including enzymatic catalysis
p-Propeller and ligand binding.

Table 1. Structural motifs and their main features. (9-11).

1.2 Functions of Proteins

The function of a protein can be predicted by identifying its binding partners. Given
that a significant portion of a protein's responsibilities within living cells relies on
interactions with other proteins, determining the function of even one of these
interacting components can help in understanding the overall function, and importance
of a protein within cellular pathways. Furthermore, their intricate cross-connectivity
within cellular pathways can be mapped by exploring the network of protein-protein
interactions (16-20).

The study of how proteins interact, and the identification of these interactions are
essential to understanding their dynamic regulation. This knowledge is central to
functional genomics and vital for drug discovery. However, predicting protein

associations is not only important but also challenging, as well.



Protein-protein interactions are primarily influenced by the hydrophobic effect
(21-23). Additionally, while hydrogen bonding and electrostatic interactions are
essential for this process, covalent bonds also play an important role in this context
(24-27).

1.3 Protein-Protein Complexes and Their Flexibility

Protein-protein interactions have an essential role in governing and executing
almost all cellular processes. These interactions occur when two or more protein
molecules come together and engage in a coordinated manner. The nature of these
interactions can vary, ranging from temporary to lasting and they are vital for various
functions like transmitting signals, catalyzing enzymes expressing genes, and

providing structural support within cells (15).

Protein-protein complexes often involve binding sites and complementary shapes
on the interacting proteins allowing them to fit together like interlocking puzzle pieces.
However, this binding model does not like ‘lock and key’ model (28). More
specifically, macromolecules undergo recognition through binding interactions, which
can lead to conformational changes either before or, after the binding process. These
two primary mechanisms are known as " selection™ and "induced fit," respectively
(28,29). Determining how these systems contribute to any binding interaction is still a
difficult task of general scientific interest.

In the context of ligand binding, there are two mechanisms: conformational
selection and induced fit (28). While conformational selection is flexible and can
explain the kinetics of many systems, induced fit has limited applicability and can be
ruled out in some cases where conformational selection is the only plausible

explanation (29). This shift in perspective highlights the importance of conformational



selection as the primary mechanism for ligand binding, aligning with the idea that
macromolecules exist as conformational ensembles, and the ligand selects the most

suitable initial fit to trigger a biological response (28,29).

Overall, by forming these complexes, proteins can accomplish tasks that would be
difficult or even impossible as units (15). Therefore, study of protein-protein
complexes by more powerful methods and understand the landscape of the
biomolecule is essential, in unraveling the molecular mechanisms behind cellular

functioning and/or diseases (15,30).

1.4 Computational Methods for Protein-Protein Complexes

To understand the biomolecular function of the protein at a molecular level,
structural details of the protein-protein interactions need to be observed in three-
dimension. Since the experimental structural determination of these structures is quite
challenging, the computational methods are turning into powerful techniques, in this
regard (31).

Molecular modeling is an extremely invaluable tool for investigating the nature of
proteins, studying biological mechanisms, and designing an effective drug (32,33).
Various methods, such as structure generation and molecular docking are employed.
Molecular dynamics (MD) simulations help to observe how macromolecule structures

change over time providing information, about dynamic processes (34).

Another important approach in simulating systems is the use of MD simulations.
These simulations explore the changes in the coordinates and structural state of a

macromolecule over time (35). This trajectory or evolution is crucial in studying time-

10



dependent phenomena, including changes in molecular surface interactions between
small molecules and glycoproteins antigen-antibody interactions, at epitope paratope
interfaces the appearance and disappearance of specific channels or cavities, and the
fusion of glycoprotein membranes (35,36). MD simulation was initially introduced in
the 1980s to take advantage of increasing computational capabilities and has been
widely used to address different aspects of protein folding problems (37). It helps us

understand how protein dynamics influence catalysis and ligand binding (38).

MD simulations often fall short of capturing the full range of relevant
conformational  substates, particularly those associated with biological
function. Enhanced sampling algorithms have emerged as a valuable tool to bridge
this gap by extending the timescales and improving the exploration of complex
systems' configuration space (31,39). The limitations of MD simulations in terms of
timescales compared to experiments and introduces enhanced sampling methods as a
solution. Enhance sampling algorithms introduces as a remedy to the limitations of

MD simulations regarding the experiments comparing to the timescales (31,39).

In drug discovery and structural biology, using computational methods for
studying protein-protein interactions has an exceptional role (40-42). These methods
involve a wide range of techniques and algorithms aimed at understanding the
interactions, dynamics, and structural conformations of protein-protein complexes at

the molecular level (42).

One key approach offers molecular docking, which predicts the binding modes of
proteins within a complex. On the other hand, MD simulations, allow researchers to
track the dynamic behavior of protein-protein complexes over time, providing insights

into their conformational changes and stability (42).

1.4.1 Molecular Dynamics (MD) Simulations

11



The structural analysis of the 3D structure of a protein is essential to understanding
the biomolecular function of the protein at the molecular level. Since experimental
structural determination of the complexity of the protein structure, is quite challenging,
the computational methods rise as powerful techniques, in this regard. Especially, with
the help of enhanced MD simulations, discovering the landscapes of a protein is
possible (31). These simulations rely on solving Newton's equations of motion using
methods that allow to simulation of the movement of atoms within a complex system
(43). Methods based on thermodynamics, including MD simulations are invaluable for
understanding the conformational aspects of proteins at the atomic level. By
calculating the forces between atoms and continuously updating their positions and
velocities MD simulations provide insights into the dynamic behavior of biological

macromolecules such as proteins (43-46).

Proteins have the ability to be flexible. MD simulations provide information, about
the changes happening within a protein or a protein-ligand complex (43). Knowing
the functional mechanisms of proteins can be helpful in understanding the structural
concept of diseases. Additionally, it can contribute to the improvement and
development of proteins and peptides, as well (47,48). To understand how atoms and
molecules move and behave over a period of time and investigate the dynamic nature
of protein-protein complexes, MD simulations are incredibly valuable computational
techniques (42,44).

MD simulations have become a tool in structural biology offering a detailed
perspective, on protein-protein interactions, and mutational studies (43). Furthermore,
it is extremely valuable for assessing the conformational changes, and stability of
protein structure (43,49). The foundation of MD simulations revolves around the idea
of integrating equations of motion. This involves calculating the forces that act on each
atom determining the accelerations updating the positions and velocities of the atoms

and repeating these steps in small time intervals called timesteps (34). In order to

12



accurately represent the system being studied researchers must take into account
factors such as force fields (which describe interactions, between atoms) conditions
(including positions and velocities), and the temperature at which the simulation is
conducted (34,43,49). MD simulations typically run for durations ranging from
nanoseconds to microseconds enabling scientists to explore atomic-level

conformations and dynamics that may occur (34).

Overall, simulating the behavior of proteins and their complexes through dynamics
(MD) is a valuable method that can address a wide range of inquiries. To effectively
utilize this approach, it is important to consider the choice of software algorithms and
force fields that govern the behavior of protein molecules during the simulation (50).
MD simulations provide insights into the flexibility and mobility of different regions,
within protein structures improve the accuracy of modeled structures refine three-
dimensional configurations and shed light on various biological processes involving

proteins.

13



2 BACKGROUND AND AIM OF THE STUDY

2.1 Background of Gelsolin

Gelsolin is a protein that have a role in regulating the shape and movement of cells
through its ability to sever and cap actin (51). It is made up of six domains called G1
to G6 (52), which appear to have developed one after another from a globular protein
with a single domain. This evolution happened because of a process where the gene
was triplicated and then duplicated again (53,54). The history of gelsolins domain (G0)
and these duplication events can be seen in the existence of proteins with one or three
domains that have a common origin with gelsolin and carry out similar functions (55—
57). The robust structural similarities are found when comparing the domains G1 and
G4, G2 and G5 as well as G3 and G6 within the two halves of gelsolin. Furthermore,
while the domains within each triplet from G1 to G3 and from G4, to G6 share some

resemblances they also have distinct features (52).

Figure 2. The crystal structure of Gelsolin G4-G6/actin complex (1H1V) (shown in
blue) and Calcium-free equine plasma gelsolin (LDON) (shown in red) (created with
VMD).

2.2 Activation of Gelsolin

Activation of gelsolin is regulated by an increase in calcium ion concentration and

14



involves multiple levels of intervention (58-60). Its function involves the modulation
of actin by binding to the growing ends of actin filaments, thereby preventing the
exchange of subunits. Gelsolin has the ability to initiate the formation of new filaments
(nucleation) and sever existing ones (52,58,60). When the free form of the gelsolin in
the plasma is regulated by calcium, it tends to bind the actin and creates the
gelsolin/actin complex (58,61). During the formation of this complex, conformational
alterations occur which is why this protein aligns with the conformational selection
model (61).

Aktin baglama yiizeylerinin aktine maruz kalmaktan sterik olarak maskelendigi alti alanin

kompakt kiiresel diizenlemesi acilmahdir. Bu, G2'deki aktin baglama yerini ortaya ¢ikarmak
Level 1 icin G6'dan ve C-terminal sarmalindan G2 ile temaslarin serbest birakilmasini gerektirir.

Within each half of gelsolin, the third domain needs to disengage from the
extended central f-sheet, shifting aside to uncover the actin-binding areas on
Level 2 G1 and G4 domains.

Calcium directly engages in the interaction between gelsolin and actin by occupying sites that
Level 3 are mutually shared by both proteins.

Table 2. 3 level of actin binding (61).

The half of the gelsolin that is closer to the c-terminal is bound to monomeric actin.
It is revealed that there are two calcium-binding sites, located in G5 and G6 domains
(61). Moreover, in G1 and G4 domains, there is anothe calcium binding site known as
type 1 calcium binding sites (58,61). The conservation of certain amino acid residues
across the gelsolin domains suggests that type 2 sites exist in each of the domains. It
was proposed that the type 2 site in domain G6 is the critical site that initiates the
activation of gelsolin by releasing the tail latch that locks calcium-free gelsolin in a

conformation unable to bind actin (57,61).

Since the gelsolin/actin complex is one of the difficult models in the benchmark
(62), understanding the mechanisms by which gelsolin is activated in response to
calcium ions is extremely invaluable (61). The structural features and interactions
involved in gelsolin activation are elucidated by using computational methods.
Specifically, the binding of gelsolin to actin filaments and the role of calcium ions in

this process is investigated (58,61). These studies provide insights into the complex
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regulation of gelsolin and its interaction with actin, which is crucial for understanding
the control of cell shape changes, motility, and other cellular processes. The structure
of actin is bound to the C-terminal half of gelsolin, revealing new calcium-binding sites

and providing insights into the calcium control of gelsolin (57,61).
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3. MATERIALS AND METHODS

3.1. Structures

Crystal structures of the gelsolin-actin complex (gelsolin G4-G6/actin
complex) (PDB ID: 1H1V, resolution=2.99 A) (61) and gelsolin plasma free-form
(calcium-free equine plasma gelsolin) (PDB ID:1DON, resolution=2.50 A) (52)

conformations of gelsolin were obtained from Protein Data Bank.

Before the simulations, the ligands and water molecules were removed from
the structures, while the calcium ions were kept. No atoms with multiple occupancies

were reported in either of the structures.

3.2 Input Generation

To generate input for CHARMM, CHARMM-GUI (a web-based graphical user
interface for CHARMM software) was used in this study. This graphical user interface
is used to simulate and analyze biomolecular systems. CHARMM Graphical User
Interface (CHARMM-GUI) is a user interface designed for the CHARMM software
that is commonly used in both chemistry and MD simulations. The primary objective
is to investigate the behavior and structure of molecules and biomolecular systems
(63).

The main advantage of CHARMMGUI lies in its approach to setting up running
and analyzing molecular simulations using CHARMM. Moreover, it offers support for

tasks associated with molecular modeling and simulation. These tasks include protein-
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ligand docking, protein-protein docking, and protein structure refinement among
others. Additionally, it seamlessly integrates with tools and databases to streamline the

preparation and analysis of molecular systems (63,64).

Overall CHARMMGUI serves as a resource for researchers interested in utilizing
the capabilities of the CHARMM software suite for their molecular modeling and
simulation endeavors. It significantly enhances accessibility by providing a user

approach, to these processes.

3.3 Molecular Dynamics (MD) Simulations

MD systems were generated by placing the gelsolin structure in a cubic water box
of 10 A in each dimension. These systems were mixed with Na and ClI ions allowing
the system to be neutral. Final systems were simulated by the NAMD engine (v2.13)
with the CHARMMS36 force field including the correction map (65-68). Water was
modeled using the TIP3P model (69).

Initially, gelsolin molecules were energy minimized for 10,000 steps and
equilibrated for 0.25 ns in NPT ensemble. Then, the same relaxation steps were carried
out on the whole system without fixing the protein. Next, the systems were equilibrated
for 10ns in NPT ensemble at 1 bar and 298 K using Langevin dynamics temperature
and Langevin piston pressure methods (70). All production simulations were
performed as NPT ensembles with the periodic boundary conditions applied in all
directions. A 2fs integration time was applied in all the simulations. The particle-mesh
Ewald (PME) algorithm was used to compute the long-range Coulomb interactions
with a grid spacing set to 1.2 A and a cutoff radius set to 12 A (71).
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To observe the molecular structure and dynamics of gelsolin G4-G6/actin complex
(1H1V) and calcium-free plasma gelsolin (1DON), MD simulations performed for
100ns. Starting MD structures were illustrated in Figure 2. These structures were
analyzed by MD simulations by using with/without boosting. For boosting, we have

applied accelerated systems using with/without gaussian method.

Accelerated Molecular Dynamics (aMD) is an enhanced sampling technique that
speeds up transitions between different low-energy states in biomolecules by adding a
non-negative boost potential to the potential energy surface (72). Unlike conventional
MD simulations, aMD does not require predefined reaction coordinates, making it
suitable for exploring biomolecular conformations without prior knowledge or
restraints (73,74). However, aMD suffers from energetic noise during reweighting,

especially for large proteins (75).

To address this issue, Gaussian Accelerated Molecular Dynamics (GaMD) is
introduced, which uses harmonic functions to create an adaptively adjusted boost
potential with a Gaussian distribution. This approach reduces energetic noise and

allows for accurate reweighting of simulations (76).

In this study, accelerated MD simulations were carried out both using gaussian and
non-gaussian acceleration (72). Accelarated simulations were carried out using the

formulations below,

Vi(r) = V(r) + AV(r)
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wherein, VV*(r) is the modified potential, VV(r) is the potential energy of the system

and AV (r) is the boost potential. Boost potential, AV (1), is calculated as follows,

0, V@) =E
AV(r) =4 (E-V()*

a-l—E——V(r)’ V(T) <E

wherein, a is calculated by multiplying the number of residues with 0.8 and and E is
the threshold energy that is calculated by summing up the average energy and 4 times

of number of residues (72).

3.4 Data Analysis and Visulization

The visualization and analysis of the trajectories were carried out by different
plugins of VMD (77) and UCSF Chimera v1.17 (67). The analysis of trajectories
encompasses the root mean square deviation (RMSD) of the protein backbone,
fluctuations of protein backbone Ca atoms, solvent accessible surface area (SASA),

and radius of gyration (Rg).
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4. RESULTS

4.1 Selection of Target Protein

In this thesis, the target protein was chosen from ‘Protein-Protein Docking
Benchmark 5.5 (62) to assess the performance of the MD simulations for predicting
the conformations of the flexible protein-protein complexes. These benchmarks consist
of sets of protein-protein complexes and the performance of computational docking
algorithms and approaches is evaluated using these sets of protein-protein complexes
known as protein-protein docking benchmarks. In these benchmarks, there are a number
of protein complexes with three-dimensional structures, they are used to assess the
efficiency and accuracy of computational methods such as MD systems and protein-

protein docking software (78).

In the benchmark that, there are three levels of complexity: rigid body, medium
difficulty, and difficult. From the protein set of benchmark, gelsolin-actin complex
(1H1V A:G) was decided to be used as a target protein for this study. This protein is
identified as 'difficult’ set due to its high structural complexity. Gelsolin-actin complex
consists of the combination of free-form gelsolin and actin molecules. During the
formation Gelsolin-actin complex, the structures undergo an extensive conformation

re-arrangement.

4.2. Displacement of Gelsolin Backbone

To assess the stability of the simulated systems, the root mean square deviation
(RMSD) of gelsolin backbone atoms was computed. MD simulations indicated

stabilized RMSD profiles of gelsolin conformation in the G4-G6/actin complex
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(1H1V) in all of the stimulated systems. Pairwise RMSD plots showed a highly rigid
gelsolin backbone in classical MD simulation (Figure 3) and Gaussian-accelerated MD
simulation with dihedral boosting (Figure 4). However, the RMSD profiles of the
accelerated MD simulations particularly with dual boosting setting showed highly
flexible protein backbone suggesting a drastic change in the initial structure (Figure 4).
Gaussian accelerated dynamics enhances the exploration of conformations by
incorporating a harmonic boost potential that helps to refine the overall energy

landscape of the system (76).
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Figure 3. Pair-wise RMSD profiles of the gelsolin complex structures generated by
classical MD system.
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Figure 4. Pair-wise RMSD profiles of the gelsolin complex structures generated by
accelerated MD with dihedral boosting and dual boosting systems.
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Figure 5. Pair-wise RMSD profiles of the gelsolin complex structures generated by
Gaussian-accelerated MD with dihedral boosting and dual boosting systems.

Out of all MD simulations, Gaussian-accelerated MD with dihedral boosting was
the closest one to the classical MD structure (Figure 5). For the rest of the simulations,
Gaussian-accelerated MD with dual boosting, accelerated MD with dihedral boosting,
and accelerated MD with dual boosting showed gradual increase in the backbone

flexiblity.

4.3 Radius of Gyration

The radius of gyration (Rg) analysis of a protein backbone corresponds to the
average distance of its constituent atoms, typically the alpha carbons (Ca), from the
center of mass. A smaller Rg represents a more compact, globular structure, while a

larger Rg suggests a more extended or elongated conformation (69)
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Figure 6. Radius of gyration analysis of the gelsolin complex backbone.

According to Rg analysis of MD simulations with various boosting methods,
gelsolin structures did not undergo notable changes affecting their Rg. All structures
displayed a Rg range of 21-22 A with the exception of the gelsolin structure from the
accelerated system with dual boosting. This system led the gelsolin structure to alter
its radius, particularly reducing its Rg by 1 A. This change is visible in Figure 6,
showing a decrease in the accelerated dual boost system towards the end of 200 ns.
Classical MD simulation, accelerated MD with dihedral boosting, and Gaussian-
accelerated MD with dihedral boosting structure showed similar Rg values throughout
the simulation of 200 ns. While the accelerated MD with dual boosting was almost
stable until 170 ns, it shows a change after 170 ns. Additionally, Gaussian-accelerated
MD with dual boosting led to a slightly higher Rg of gelsolin.

4.4 Surface Accessible Solvent Area of Gelsolin Structure

The Surface Accessible Solvent Area (SASA) for a protein backbone represents

the total surface area of the protein that is accessible to solvent molecules, particularly
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water. It serves as a crucial metric to evaluate solvent accessibility, identifying regions
on the protein’s surface that interact with other molecules. High SASA values often
point to functional sites and protein-protein interaction regions, while lower values
indicate the hydrophobic core and structural stability. Changes in SASA can signify
conformational adjustments and are essential for understanding the structural and

functional aspects of a protein.
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Figure 7. The change of gelsolin complex SASA analysis in the structures created by
enhanced MD simulations.

According to surface accessible solvent area (SASA) analysis, notable changes are
not observed. Gelsolin structures showed a flat SASA profile for all simulations
including the accelarated system with dual boosting that consistently cuased changes
in the RMSD and Rg measurements (Figures 4, 5, 6). Overall, three gelsolin-like
domains maintained a constant SASA value around 180 nm?. Although SASA and Rg
measurements are often highly similar to each other, in line with them being measures
of protein shape, gelsolin structures analyzed here showed a distinction between Rg
and SASA measurements particularly for the accelerated system with dual boosting
(Figures 6, 7). These kind of changes between Rg and SASA measurements could be

due to the fact that the initial shape of the protein is not ideally globular.
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4.5 Backbone Fluctuations of Gelsolin

To identify the mobile regions of the protein, backbone fluctuations were analyzed
in terms of root-mean-square fluctuation (RMSF) of Ca atoms (Figure 8). In line with
the pairwise-RMSD profiles (Figure 3, 4, 5), accelerated MD simulations with dual

boosting led to the highest mobility in the backbone throughout the entire sequence.

Given the relative locations of the Gesolin-like domains; G4, G5 and G6 (Figure
8b), Ca fluctuations showed that the G5 that was found in the central region moved the
least compared to the other two gelsolin-like domains. Following G5, G6 was the
second domain that showed limited flexibility. On the other hand G4, was the most
mobile domain that especially moved extensively in the aMD simulations regardless
of the boosting type, dual or dihedral. These results that were obtained from dynamical
analysis were in fact in line with the findings obtained for the static structures of
gelsolin, free and actin-bound forms (52,61). As such, the central gelsolin-like domain,
G5 was rigid upon actin binding. On the other hand, G4 and G6 domains went a drastic

conformation change due to gelsolin binding to actin (61).

Overall, gelsolin fluctuations showed limited mobility for the simulations that were
not accelarated or accelatated by using Gaussian dihedral or dual boosting. For all
systems, gelsolin structure showed peaked fluctations in case of accelarated
simulations for the regions corresponding to 455-460, 530-535 and 715-725. In
addition to these regions, the structure showed a pronounced increase in the
fluctuations particularly for the conventioanl acceralted methods and for the regions
encompassing the residues 430-440 and 470-500. These differences between
conventional MD simulations and accelareted simulations might suggest that gelsolin

structure reponds differently to accelaration methods.
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Figure 8. Domain-based mobility of gelsolin complex structures generated by various

boosting methods: (a) RMSF analysis of the gelsolin complex structures, (b) Interpro
(79)

4.6 Conformational Change of Gelsolin

1DON vs. cMD

Figure 9. Aligned crystal structures of gelsolin free form (shown in cyan) and gelsolin
complex structures generated by classical MD (shown in gray).
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1DON vs. aMD 1DON vs. aMD
Dihedral Dual

Figure 10. Aligned crystal structures of gelsolin free form (shown in cyan) and
gelsolin complex structures generated by accelerated MD dihedral (shown in red) and
Dual shown in blue).

1DON vs. gaMD 1DON vs. gaMD
Dihedral Dual

Figure 11. Aligned crystal structures of gelsolin free form (shown in cyan) and
gelsolin complex structures generated by gaussian-accelerated MD dihedral (shown in
green) and Dual shown in orange).

Overall, various MD simulations, both accelarated and classical simulations,
showed that gelsolin in the actin-bound conformation cannot readily change its bound
conformation to the unbound one wherein it is characterized by a more compact G4-

G5-G6 domain organization and a close interaction of G4-G6 domains.
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5 DISCUSSION AND CONCLUSION

5.1. Activation of Gelsolin

Gelsolin, an important protein in cell biology, plays a vital role in coordinating
essential cellular functions like cell movement, cytokinesis and apoptosis. This
versatile protein consists of six domains that form the foundation for its interaction
with actin filaments. What makes gelsolin particularly fascinating is how it is tightly
regulated by calcium ions. At levels of calcium, inside cells its structure hides the
surfaces that bind to actin making it inactive. However when calcium concentrations
rise, gelsolin undergoes structural changes that reveal these crucial actin binding sites

allowing it to connect with and break apart actin filaments.

Evolutionarily, gelsolin's journey is characterized by gene duplications that
transformed it from a single-domain globular protein into the multi-domain structure.
This evolutionary history remains apparent in the presence of one and three-domain

proteins that share a common ancestry with gelsolin and perform similar functions.

The activation of gelsolin is a process that involves multiple stages of structural
modifications. These modifications include unfolding its arranged structure moving
domains to expose areas that bind to actin and the direct interaction, between calcium
ions, gelsolin and actin. Although the exact mechanisms governing these changes are

still being researched they highlight the nature of gelsolin activation.

One fascinating aspect of gelsolin's regulation is the existence of two distinct
modes of activation. Mode 1 operates at submicromolar calcium levels within the

cytoplasm, where partially activated gelsolin slowly severs actin filaments through a
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unique calcium-binding mechanism. This mechanism depends on a calcium binding
site with affinity that is not in equilibrium and it ensures some level of severing even
when the cell calcium levels are, at rest. On the other hand Mode 2 comes into play
when the blood plasma calcium levels are higher and it doesn't require the unique

calcium binding mechanism. Instead it achieves the severing rates directly.

In conclusion, gelsolin's intricate interplay with calcium ions and its multifaceted
modes of activation, including conformational selection, make it a central figure in the
dynamic world of cellular processes. Gaining an understanding of gelsolin structure,
evolution and ways it is activated offers valuable insights into how it influences cell
shape changes, movement, cytokinesis (cell division), and apoptosis (programmed cell
death). The impressive capability of gelsolin to adjust its functions based on the levels
of calcium along, with its conformational selection process highlights its crucial role

in regulating the dynamics within cells.

5.2. Assessment of Enhanced MD Methods Based on the Gelsolin Dynamics

The evaluation of improved MD approaches that examine the dynamics of gelsolin
signifies an advancement in our comprehension of the complex realm of cellular
dynamics. Employing computational methods in the investigation of gelsolin enables
us to explore its protein landscape specifically focusing on activation and the selection
process, for different conformations. By harnessing the potential of dynamics (MD)
techniques we can further our understanding of how gelsolin responds to varying
calcium levels and undergoes structural modifications. This knowledge is not crucial
for comprehending the role of gelsolin in cellular processes like shape changes,
movement, cell division and programmed cell death but also holds potential for
developing effective treatments, for various diseases where gelsolin plays a crucial
part. These enhanced MD methods offer a pathway to uncover the hidden intricacies

of cellular dynamics.
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Accelarated MD simulations
Gaussian accelarated MD simulations
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Figure 12. Schematic representations of the study: Gelsolin complex (1h1v) is shown
in blue and gelsolin free form (1DON) is shown in yellow.

As shown in the Figure 6, we assessed and compare the conformational changes
on the enhanced MD structures for both complex form and the free form of the

Gelsolin.

Figure 13. Schematic representations of Gelsolin free form (1DON) is shown in
yellow, Gelsolin complex (1H1V) is shown in blue , and complete structure of the
Gelsolin with its 6 domains.

According to this assessment, we observed that instead of complete change in the

mobility of the structures, there are domain-based changes in the specific regions.
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5.3 Domain Based Mobility of Gelsolin Structure

According to enhanced MD simulation performed by accelerated and gaussian
accelerated dihedral/dual boosting methods, it is obvious that the different domain has
different mobility traits (Figure 8).
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Figure 8. Domain-based mobility of gelsolin complex structures generated by various
boosting methods: (a) RMSF analysis of the gelsolin complex structures, (b) Interpro
(79)

Especially in the G4 domain of the Gelsolin complex, the protein structure has
large movement compared to the G5 and G6 domains for all of the structures (Figure
5). The lower mobility of G5 domain for all structures, indicates that the domain is
more stable compared to the other domains. However, in the G6 domain, there are
highly mobile structures either such as gaussian-accelerated MD simulation with dual
boosting (shown in orange), accelerated MD simulation with dual boosting (shown in

blue), and accelerated MD simulation with dihedral boosting (shown in red).

Collectively, enhanced MD simulations cannot address the conformational

selection of the complete structure. However, it can address domain by domain.
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Therefore, it is crucial to choose appropriate parameters for enhanced MD simulation

considering the domains.

5.4. Challenges and Future Directions in Gelsolin Dynamics Research

One of the challenges of this study is that the enhanced MD simulations should be
performed repeatedly to be certain about their nature. Here, we have faced multiple
computational power problems during the processes therefore, both complex form and
free form have only one series of simulations. Hence, it is a limitation for statistical

analysis of the possibility of the conformations.

The study of gelsolin dynamics poses challenges and presents future research
directions. Despite the advancements brought by enhanced MD methods there are still
challenges to overcome in order to achieve an understanding. One major challenge is
reconciling the differing data and interpretations from studies. The intricate interplay
between gelsolins domains and the complexities of calcium regulation make it a
difficult system to simulate accurately. Additionally there is room for improvement in
force fields simulation timescales and sampling techniques. Looking ahead, an
integrated approach that combines enhanced MD methods with data holds promise for
validating and refining computational models thereby increasing the reliability of our
findings. Exploring gelsolin dynamics through enhanced MD methods continues to
offer potential for advancing our knowledge of cellular processes and as computational
techniques progress further we can expect even deeper insights, into the mysteries

surrounding this crucial protein.

According to recent pan-cancer research, it is found that gelsolin tends to be
downregulated in most tumors (80). The study also discovered that it shows varying

levels of expression within molecular and immunological subtypes across various
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cancer types (80-82). As a result, gelsolin has impacts on the prognosis of specific
tumor types acts as a unique prognostic factor for certain categories of cancer, and
plays an important role in cancer-related processes such, as proteoglycans chemokine
signaling pathways, immune-related pathways, DNA methylation, and the cell cycle
(80). Considering all these important features and functions of this protein, knowing
its landscape makes it easier to understand these processes and more importantly make

a contribution to the field.

Overall, knowing the nature of a protein and its landscape is promising for
contributing to the field in many terms. For his purpose MD simulations are promising
and extremly invaluable methods to understand the nature of a protein.
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