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This work presents an investigation of the influence of poly(N-isopropylacrylamide) (PNIPAM) polymer
on the structural dynamics of intrinsically disordered alpha-synuclein (a-syn) protein, exploring the
formation and intricate features of the resulting a-syn/PNIPAM complexes. Using atomistic molecular
dynamics (MD) simulations, our study analyzes the impact of initial configuration, polymer molecular
weight, and protein mutations on the a-syn and the a-syn/PNIPAM complex. Atomistic simulations,
of a few ps, of the protein/polymer complex reveal crucial insights into molecular interactions within
the complex, emphasizing a delicate balance of forces governing its stability and structural evolution.
Our findings indicate that PNIPAM polymer engages in significant non-polar interactions with the non-
amyloid component (NAC) region of a-syn, which plays a crucial role in fibril formation, under various

Received 23rd November 2024,
Accepted 20th January 2025

conditions such as the mutations in the protein structure and polymer chain length. Especially the
PNIPAM polymer with a 40mer monomer exhibits a stabilizing effect on the structural properties of the
protein, reducing intramolecular interactions that contribute to misfolding. These findings, which delve
into protein/polymer interactions, hold promise as potential guidance for therapeutic strategies in
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1. Introduction

Alpha-synuclein (a-syn) is a 14 kDa protein found in the human
brain that regulates the release of neurotransmitters and is
synthesized by the SNCA (synuclein alpha) gene. Although this
protein has been investigated in detail in numerous studies,
its exact function is still unknown. A mutation in the gene
encoding a-syn was associated with family cases of early-onset
Parkinson’s disease (PD) in 1997," and its aggregates were
found to be the main components of Lewy bodies that are the
hallmark of PD. The a-syn protein is associated not only with
Parkinson’s disease, but also with other neurodegenerative
diseases such as Alzheimer’s disease (AD)* and dementia.’
Because it is an intrinsically disordered protein (IDP), it has
been the subject of research for years to clarify the deforma-
tions in its structure and explain the causes of the mentioned
diseases. IDPs are characterized by the absence of a stable,
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various neurodegenerative disorders.

well-defined three-dimensional structure under native func-
tional conditions, allowing them to adopt multiple conforma-
tions. Although the reason why the structure and pathways of
a-syn cause these diseases are not yet fully understood, inten-
sive studies suggest that these reasons are due to protein
misfolding and defects in binding to cell membranes.*® The
study of these protein misfolding is of great importance, as
studies have shown that protein misfolding is associated not
only with neurodegenerative diseases, but also with cancer,”
heart disease,® and type II diabetes.’

Using the protein regulators'®'' and pharmacological
chaperones'>'® are the most common methods to prevent
protein misfolding. Pharmacological chaperones focus on sec-
ondary interactions such as hydrogen bonds and van der Waals
bonds between proteins and molecules with specific properties
designed to prevent misfolding. Polymer chains,* complex
micelles,” hydrogels,'® and nanoparticles'” can be mentioned
as examples of pharmacological chaperones specifically
designed for proteins to prevent interactions and degradation
processes that lead to protein misfolding. In particular, polymers
that can change their properties in response to light, pH, ionic
strength, and temperature are frequently used in the diagnosis
and treatment of diseases."®>°

One of the extensively studied ‘smart’ polymer is poly-
(N-isopropylacrylamide) (PNIPAM), known for its unique
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thermoresponsive behavior and wide range of applications
for biological systems.>’>* PNIPAM undergoes a phase transition
at its lower critical solution temperature (LCST), which is close to
physiological temperature (~32 °C) making it ideal for biomedi-
cal applications.**® Below LCST, PNIPAM is hydrophilic and
water-soluble but above this temperature, it becomes hydrophobic
and collapses into a globular conformation due to dehydration of
isopropyl groups.***° Furthermore, polymer’s hydrophobic/hydro-
philic transition allows it to from stabilizing interactions with
proteins, making it valuable tool for drug delivery systems.>>*
The stereo regularity of PNIPAM chains has also been shown to its
influence thermoresponsive properties, with isotactic PNIPAMs
adopting more ordered conformations.*>*

Experimental techniques to study and prevent protein mis-
folding encompass a diverse array of approaches aimed at
understanding and mitigating this phenomenon. An example
involves the use of molecular chaperones, specialized proteins
that aid in proper protein folding by interacting with unfolded
or misfolded intermediates, thus preventing aggregation and
facilitating correct folding.*****” Chemical chaperones,®
including osmolytes®® and small molecules,*®*" are also used
to stabilize protein structures under denaturing conditions,
thus reducing the probability of misfolding. Site-directed muta-
genesis, another powerful technique, allows the engineering of
proteins with greater stability against misfolding by introdu-
cing specific amino acid substitutions that strengthen intra-
molecular interactions crucial to maintaining proper folding.*>
Advanced biophysical techniques, such as nuclear magnetic
resonance (NMR) spectroscopy’*™* and X-ray crystallography,*®
provide valuable information on protein folding dynamics and
structural stability, aiding in the design of strategies to prevent
misfolding. On the other hand, protein/polymer complexes play
a crucial role in various biological processes*® and have signi-
ficant implications in biomedical applications, including drug
delivery,*”**® biomaterial development,*>*® and therapeutic
strategies®® for neurodegenerative disorders. Understanding
their formation kinetics and stability at the molecular level is
essential to advance our knowledge in these fields and for the
development of effective treatments.

In addition to the above experiments, computational appro-
aches and, in particular, molecular simulations, such as ato-
mistic molecular dynamics (MD) and free energy computation
methods, have been widely used in biomedical applications in
recent years to elucidate the structures and interactions of
biomolecules.>®*™>® Molecular simulations can be used in drug
design and disease treatment by providing insights into protein
structures and protein-ligand interactions. By controlling para-
meters such as temperature, pH, and ionic strength, these
simulations help to illuminate how these factors influence
molecular behavior.”*° Therefore, such techniques have also
been used to study the structure and formation of amyloid-
based biomolecules. For example, in the study of Chewook
Lee et al. MD simulations were used to examine misfolding of
the amyloid beta protein, intramolecular hydrogen bonds, and
the hydrophobic surface region.”” The results of group compu-
tations investigating regions conducive to amyloid fibril
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formation were found to coincide with the findings obtained
by NMR. Several MD studies examine the causes of protein
misfolding, leading to real-time experiments with a detailed
examination of protein structures.’®®

Molecular simulations using atomistic and/or coarse-
grained models have been particularly instrumental in eluci-
dating the conformational dynamics of a-syn®® and its interac-
tions with membranes® and other cellular components.®*
These simulations have revealed the propensity of a-syn to
adopt various structural states, including helical conformations
and B-sheet-rich aggregates, which sheds light on the mechan-
isms underlying its aggregation and misfolding. Furthermore,
simulation studies have explored the effects of post-trans-
lational modifications®*™®* and environmental factors®*®” on
a-syn structure and behavior of o-syn, offering crucial mecha-
nistic insights into the pathological processes associated with
a-syn aggregation in neurodegenerative diseases.

Despite the extensive research conducted, several issues
remain unresolved in relation to the formation of a-syn and
its complexes with polymers. Specifically, the interactions between
polymer chains, such as PNIPAM, and different regions of a-syn,
and how these interactions influence the structure of the protein,
are not fully understood. Additionally, the structure of the depen-
dence of the protein/polymer complex on parameters such as the
molecular weight of the polymer chain of the polymer chain
remains unclear. To address these questions, a detailed atomic-
level investigation of the a-syn/polymer complex formation and
structure is essential.

The goal of this work is to provide a detailed investigation
about the intramolecular interactions of a-syn that leads to
the aggregation of the protein and the changes in these inter-
actions in the presence of the thermoresponsive polymer
PNIPAM via all-atom MD simulations. By examining the struc-
tural changes and behavioral variations of a-syn in the presence
of PNIPAM, this study aims to elucidate the intricate factors
within the polymer-protein complex. This exploration is
intended to enhance our understanding of different folding
pathways influenced by the polymer and applications in bio-
medicine and materials science. Initially, native a-syn and four
distinct mutant forms related to Parkinson’s disease (A30P,
A53E, A53T, A53V, and E46K)**® and their complexes with
PNIPAM were subjected to simulations of 0.5 ps. This part of
the study provides a detailed benchmark for folding parameters
and interaction dynamics at the atomic level, which was crucial
for establishing a framework for understanding how mutations
affect protein behavior and polymer interactions. Subsequently,
the study changed to examining the native a-syn protein to offer
a baseline to compare the effects of mutations and clarify
deviations from the natural properties of the wild-type protein.
Following this, the importance of accurately sampling in mole-
cular simulations the complex configuration space of multicom-
ponent protein/polymer systems was investigated by examining
different initial configurations, in which the PNIPAM molecules
are close to one of the three key regions of a-syn (see Fig. 1), that is
the N-terminal involved in membrane binding, the central hydro-
phobic nonamyloid component (NAC) crucial for aggregation, and

Soft Matter, 2025, 21,1382-1394 | 1383


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01395f

Open Access Article. Published on 21 January 2025. Downloaded on 11/10/2025 11:08:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

1-60

61-95

1
96-140

Fig. 1 (a) Monomeric a-syn structure with the polar N- and C-terminal
regions depicted in red and the apolar NAC region depicted in blue,
highlighting the charged sites. (b) Structure of the 40mer PNIPAM polymer.

the C-terminal that regulates protein-protein and protein-small
molecule interactions. Therefore, the mutant proteins and initial
configuration assessments are described in detail in the ESI}
section, to ensure that the methodology and rationale are trans-
parent and reproducible.

In the following section, details of MD simulations, atomis-
tic models for a-syn and PNIPAM, as well as generation and
equilibration of their initial configurations, are provided, fol-
lowed by presentation of the simulation results.

2. Model and simulations

Our work focuses on a detailed investigation of the interactions
between the C-terminal, N-terminal, and NAC regions of the
protein and the polymer (PNIPAM) chains, addressing the
problem of misfolding of a-syn. As part of the benchmarking
section of the study, the configurations of the mutated protein
and the mutated protein/PNIPAM complexes after simulations
are shown in Fig. S2 and S3 (ESIt), respectively.

The initial structures of a-syn and a 40mer PNIPAM chain
are shown in Fig. 1, while in Table 1 the different regions of
a-syn are denoted. To provide a more detailed representation of
the properties of the amino acid sequence properties, which is
very important in the study presented, Fig. S1 (ESIt) shows the
polarity chart of the amino acids within the structure of a-syn.
Crystal configuration of the a-syn protein obtained from the
Protein Data Bank (PDB) with the protein code 1XQ8,”°7% has
been widely used for understanding the structural parameters
for the protein.®*~®°

Table 1 Residue and atom numbers of a-syn protein

N-terminal NAC region C-terminal
Residue number 1-60 61-95 96-140
Atom number 1-891 892-1351 1352-2016
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The protein’s N-terminal is capped with a methyl group, while
the C-terminal is capped with a hydrogen atom. To achieve charge
neutrality in the a-syn protein, 9 Na" ions were incorporated into
the simulation box in all systems.

In this context, the a-syn protein was initially subjected to a
1.5 ps simulation in water, followed by an examination of the
effect with different parameters. A detailed investigation of the
influence of the polymer was carried out by subjecting the
PNIPAM polymer and o-syn to a simulation of 1.5 us at 298 K.
We also investigate the impact of polymer chain length on the
formation and characteristics of o-syn/PNIPAM complexes,
by examining various polymer lengths: 10mer, 40mer, 60mer,
and 100mer PNIPAM. All PNIPAM polymer chains are gener-
ated using the CHARMM-GUI’*”* interface and adhere to the
CHARMM parameters. The PNIPAM polymers were chosen in
their isotactic form due to its well-defined stereochemistry,
which allows for a clearer understanding of the impact of
polymer structure on the stability and conformation of a-syn.

Table S1 (ESIT) provides more details of the simulations.

All simulations were performed using the GROMACS™®
simulation package, using the CHARMM?27”” force field which
is particularly suited for examining both the fibril formation”®
of a-syn and the structural properties of the monomeric form of
the protein.”®®° The TIP3P model®" was used to represent water
molecules in MD simulations. The simulations were conducted
in a simulation box of size 8 x 16 x 8 nm. The leap frog
integrator was used for a total simulation time of 1.5 ps in the
study of the o-syn/40mer PNIPAM complex. Subsequent simu-
lations, including examination of the initial configuration and
investigation of the effect of molecular weight were carried out
over a duration of 1.5 ps, employing identical simulation
parameters. The short-range electrostatic and van der Waals
cut-offs were both set to 1.0 nm. Long-range electrostatics were
treated with the Particle Mesh Ewald (PME)**®* method using
cubic interpolation of order 4 and a Fourier grid spacing of
0.16 nm. For the temperature coupling, we used the modified
Berendsen Thermostat®! with a time constant of 0.1 ps and a
reference temperature of 298 K. For pressure coupling, we used
the Berendsen method®* with isotropic scaling and a time
constant of 2.0 ps, referring to a pressure of 1.0 bar. All visual
analyzes of the simulations were performed using visual mole-
cular dynamics (VMD).®* The total number of atoms, and water
atoms, PNIPAM polymer atoms used in all simulations is
provided in Table S1 (ESIt).

The simulation results were analyzed to calculate binding
free energy (AGbinding) and its components, non-bonded inter-
action energies, as well as to probe changes in the root mean
square deviation (RMSD), root mean square fluctuation (RMSF),
radius of gyration (Rg), asphericity, prolateness, pair radial dis-
tribution function (RDF), variations in hydrogen bonds (HBs), and
DSSP (secondary structure assignments). The methods used to
calculate these quantities are provided in the equations below.
After benchmarking studies with different protein mutants and
changes in the initial polymer position were performed, a detailed
examination of the interactions in the polymer-protein complex
was performed. By sequentially exploring the effects of molecular

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01395f

Open Access Article. Published on 21 January 2025. Downloaded on 11/10/2025 11:08:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

weight our work aims to provide a comprehensive understanding
of the multifaceted factors that influence the behavior of polymer-
protein complexes.

Calculation of binding free energy with gmx_MMPBSA Tool:

The binding free energy AGyinging Was calculated using
the MM-PBSA (Molecular Mechanics Poisson-Boltzmann
Surface Area) method, which estimates the free energy differ-
ence between the bound complex and its unbound components
(o-syn and PNIPAM):

AGbinding = AGcomplex - (AGu—syn + AGPNIPAM) (1)

The total free energy (AG) for each system was decomposed
into gas-phase molecular mechanics (MM) energy and solvation
free energy (AGsovation):

AG = AGMM + AGsolva\tion (2)

Here, the gas-phase energy AGyy accounts for van der
Waals AEypw and electrostatic AEg, contributions:

AGym = AEypw + AEco (3)

The solvation free energy AGgoation CONsists of a polar com-
ponent AGpgar computed using the Generalized Born (GB)
method and a nonpolar component AGponpolar €stimated from
the solvent-accessible surface area (SASA):

AGsolvation = AGpolar + AGnonpolar (4)

Thus, the final binding free energy incorporates both the
gas-phase molecular mechanics contributions and the solva-
tion free energy differences between the complex, a-syn, and
PNIPAM.

2.1. Minimum distances, number of contacts, RDF

The minimum distances between hydrophobic and hydrophilic
residues (a), the number of contacts within a threshold of
0.6 nm (b), and the RDF (c) data for the NAC region are presented
in Fig. S8 (ESIt). Hydrophobic and hydrophilic groups were
identified for both o-syn and PNIPAM to distinguish polar and
non-polar interactions. For the NAC region of o-syn (residues
61-95), hydrophobic residues were selected based on their apolar
nature, including alanine (Ala), valine (Val), leucine (Leu), iso-
leucine (Ile), phenylalanine (Phe), methionine (Met), proline (Pro),
and tryptophan (Trp). Hydrophilic residues were defined as polar
residues, comprising aspartic acid (Asp), glutamic acid (Glu),
asparagine (Asn), glutamine (Gln), serine (Ser), threonine (Thr),
histidine (His), tyrosine (Tyr), lysine (Lys), and arginine (Arg). For
PNIPAM, hydrophilic groups were identified as the amide nitro-
gen and oxygen atoms, while the hydrophobic groups included
the methyl (-CH;) and methylene (-CH,) groups.

2.2. RMSD

The RMSD measures the average deviation of atomic positions
with respect to a reference structure over time. Higher RMSD
values often correlate with increased flexibility or structural
fluctuations in a protein. In the context of a-syn, flexibility is a
key characteristic. The polymer might induce changes in the

This journal is © The Royal Society of Chemistry 2025
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conformational dynamics and flexibility of a-syn. The RMSD is
calculated using the following relation:

where N is the total number of atoms in the molecular system
under investigation, r;andr’; are the three-dimensional coordi-
nates of the i-th atom in the reference (initial configuration of
a-syn) and target structures (post-simulation configuration
of a-syn), respectively.

2.3. RMSF

In order to investigate the structure of each residue of the a-syn
in the a-syn/PNIPAM complex we compute RMSF which quan-
tifies the degree of mobility (movement) exhibited by atoms
relative to their average positions, providing valuable insight
into the local flexibility of specific regions within a protein or
complex. This is particularly important because different parts
of a protein may exhibit varying degrees of flexibility, and
regions that interact with ligands may display unique patterns
of fluctuation. Ligand binding often induces conformational
changes in the protein, especially in regions directly involved in
binding. RMSF analysis helps identify allosteric effects by
revealing changes in flexibility in regions that do not directly
interact with the ligand, contributing to a comprehensive
understanding of ligand-induced alterations. The RMSF is
computed using the following equation:

RMSF; — %i(

=1

e

where M denotes the total number of frames, or time instances,
on the trajectory, r? is the three-dimensional coordinate vector
of the i-th atom in the #th frame, and (r; is the average
coordinate of the i-th atom over all frames.

2.4. R,, asphericity and prolateness

To demonstrate the impact of protein—polymer interactions on
the alteration of the protein’s shape we compute the radius of
gyration, Ry, as well as the aspericity and the prolateness of the
a-syn within the complex. R, is computed as follows:

where N represents the total number of atoms in the molecular
system. The vector r; corresponds to the three-dimensional
coordinates of the i-th atom, and rcy is the vector representing
the coordinates of the center of mass of the protein.

To further examine the impact of the polymer on the
structural conformations and the overall shape of the protein,
we calculate the asphericity, A, and prolateness, P, of the a-syn
defined by the following equations:

. 2+ 1)

A=1 —f (8)
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p—— 2 (9)

where I, I,, and I; denote the principal moments of inertia,
which are the eigenvalues of the inertia tensor describing the
distribution of mass relative to the center of mass of the
protein. Data on the aspericity, and prolateness of a-syn in
water and in the protein/polymer complex are shown in Table 4.

The time evolution of R, for both the isolated protein and
the polymer complex is provided in Fig. S9 (ESIt), while the
profiles for aspericity and prolateness are presented in Fig. S10
and S11 (ESI}), respectively. Table 4 shows the average Ry, over
the last 0.5 pus of the simulation.

2.5. DSSP

We used the default settings for the DSSP tool within GROMACS”®
to calculate the hydrogen bonding interactions and to identify the
secondary structure elements. These default parameters include
the criteria for identifying hydrogen bonds, such as the distance
between donor and acceptor atoms and the angle between the
donor-hydrogen-acceptor atoms. By using these standard para-
meters, we were able to ensure that the secondary structure
analysis was conducted.

3. Result and discussion

3.1. [o-Syn/40mer PNIPAM]; complex

As mentioned above, the water solubility and biocompatibility
of the PNIPAM polymer, along with its potential hydrogen
bonding regions (-NH,, C—0), suggest its potential interaction
with amino acids in the protein structure. To investigate the
indirect impact of these interactions on the misfolding of a-syn
protein, we first examined the changes in the non-bonded
energies during the formation of the protein—polymer complex.
For this, non-bonded interaction energies (Fig. S7, ESIT), total
binding free energy (AGroi) and its van der Waals (Aypw) and
electrostatic contributions (Ag,) have calculated by using
eqn (1). Subsequently, because of the significant interactions
of both structures with water, we analyzed changes in hydrogen
bonds throughout the simulation, focusing on the average
hydrogen bonds in protein-water, protein-protein, protein-
polymer and polymer-water interactions. We also examined
the pair radial distribution function, RDF, add between hydro-
phobic and hydrophilic groups in the NAC region to quantify
the spatial arrangement and distribution of atoms within the
system, which provides insights into the structural organization
and interactions between the protein and polymer. Following
these analyzes, which offer detailed information on the for-
mation and stabilization of the protein-polymer complex, we
evaluated the effects of the PNIPAM polymer on the structural
and shape characteristics using RMSD, RMSF, R,, asphericity,
and prolateness.

3.1.1. Interactions between a-syn and PNIPAM molecules.
We begin the analysis of the o-syn/PNIPAM complex by exami-
ning the contributions of van der Waals and electrostatic
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Table 2 Binding free energy decomposition of the [o-syn/40mer PNI-
PAM]; complex over the last 0.5 ps of the simulation, including van der
Waals energy (Avpw), electrostatic energy (Aco), and total binding free
energy (AGTotal)

Energy component Average (k] mol™")

Avpw —76.1 £ 0.1
Acol —59.1 + 0.2
AGrotal —53.2 £ 0.3

interactions to the stabilization of the system. The binding free
energy decomposition, summarized in Table 2 and calculated
using eqn (1)-(4), reveals that the total binding free energy
AGrorar Over the last 0.5 ps of the simulation is —53.2 +
0.3 k] mol . This result indicates the formation of a favorable
complex between o-syn and the 40mer PNIPAM chain at 298 K.
The decomposition analysis highlights that the van der Waals
interactions contribute significantly to the stability of the
complex, with an energy value of (Aypw) —76.1 & 0.1 k] mol .
These attractive interactions, arising from the Lennard-Jones
potential, dominate the stabilization of the system and are
primarily responsible for the close contact and favorable pack-
ing between the hydrophobic regions of PNIPAM and o-syn.
In comparison, the electrostatic interactions Aco contribute a
smaller, yet still substantial, stabilizing effect with an energy
value of —59.1 + 0.2 k] mol™'. These interactions arise from
Coulombic forces between polar groups of the NAC region in
a-syn and the amide groups of PNIPAM. However, the lower
magnitude of the electrostatic contribution compared to van
der Waals interactions indicates that the complex is predomi-
nantly stabilized through non-polar interactions, consistent
with the hydrophobic nature of PNIPAM and its favorable
interactions with o-syn. The total potential energy analysis
(Fig. S7, ESIT) further supports this observation, showing that
the stabilization of the [a-syn/40mer PNIPAM]; complex is
achieved primarily due to the dominance of van der Waals
forces. Together, these findings emphasize that the interactions
between o-syn and PNIPAM are mainly driven by hydrophobic
forces, with electrostatic interactions playing a secondary role in
stabilizing the complex.

To better understand the driving forces behind the inter-
actions between the two structures, minimum distance and
contact analyses, along with RDF calculations for the hydro-
philic and hydrophobic residues of both structures, were con-
ducted. The methodology for this analysis is described in
the Methods and Simulation section. Fig. S8 (ESIT) shows that
the hydrophobic groups of PNIPAM consistently maintained a
distance below 0.6 nm from the NAC hydrophobic residues,
indicating close and persistent non-polar interactions. In contrast,
the hydrophilic groups exhibited larger distances (>1 nm) and
greater fluctuations, reflecting weaker and less stable interactions.
Hydrophobic contacts between PNIPAM and the NAC hydro-
phobic residues were significantly higher, more persistent, and
stabilized after approximately 0.7 ps, indicating sustained non-
polar interactions. The RDF for hydrophobic interactions exhib-
ited a pronounced peak at ~0.5 nm, indicating significant

This journal is © The Royal Society of Chemistry 2025
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clustering of PNIPAM hydrophobic atoms around NAC hydro-
phobic residues, while the RDF for hydrophilic interactions was
less prominent, reflecting weaker clustering of PNIPAM hydro-
philic atoms. The findings from the contact analysis, minimum
distance measurements, and RDF calculations strongly support
the conclusion that PNIPAM stabilizes its interaction with the
NAC region of a-syn primarily through non-polar (hydrophobic)
interactions. These results align with the binding free energy
decomposition (Table 2) and total potential energy analysis
(Fig. S7, ESIY), which highlight van der Waals forces as the
dominant contributor to the stabilization of the [a-syn/40mer
PNIPAM]; complex after approximately 1 ps.

The initial configurations are specified in Fig. S4 (ESIT),
which outlines the different initial positions of the PNIPAM
polymer relative to the a-syn molecule. These configurations
were systematically tested to assess their impact on the inter-
action between the molecules Data in Table S2 (ESIt) indicate
that the initial position of PNIPAM slightly influences its
interactions with the protein, with similar values observed
across all complexes except for the [o-syn/40mer-PNIPAM];
complex. Notably, van der Waals interactions are more pro-
nounced in all complexes. The interactions between the bulky
isopropyl groups of the PNIPAM polymer and the apolar
regions of the protein structure are particularly dominant
compared to Coulombic interactions. In particular, the [o-syn/
40mer-PNIPAM]; complex exhibits significantly higher van der
Waals interactions compared to other structures. As illustrated
in Fig. S5 (ESIt), this is due to the polymer being placed in the
protein region where the apolar groups are most densely
located, resulting in the highest degree of apolar-apolar inter-
actions within this complex.

In the context of mutant proteins, the non-bonded energies
presented in Table S2 (ESIt) support the observation that the
intermolecular a-syn/PNIPAM interactions are mainly of apo-
lar-apolar type. This trend becomes pronounced in the
mutants of o-syn when amino acids change from polar to
apolar residues. For instance, the E46K mutation, characterized
by the substitution of a negatively charged glutamic acid with a
positively charged lysine, introduces a longer aliphatic side
chain and alters the local electrostatic environment. This
change facilitates stronger van der Waals interactions with
PNIPAM, as evidenced by the highest total non-bonded inter-
action energy recorded for this mutant Table S2 (ESIT), suggest-
ing that the increased hydrophobic contact area between lysine
and the polymer’s isopropyl groups enhances stability.
In contrast, mutations like A53E, which replace a small apolar
alanine with a negatively charged glutamic acid, reduce hydro-
phobic interactions and disrupt local binding in the NAC
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region, as reflected in the comparatively weaker interaction
energies.

From the data presented Fig. S7 and Table S2 (ESIY), it is
also observed that the o-syn/PNIPAM complex achieves an
energetic equilibrium on a time scale of around 1 ps. Based
on these findings in the analysis below, we compute the average
equilibrium properties that characterize the o-syn/PNIPAM
complex for the period between 1 ps and 1.5 ps.

Hydrogen bonds. Following the analysis of the free binding
energy and non-bonded interaction energies, we examined
hydrogen bonds (h-bonds) to provide a more detailed under-
standing of the specific intermolecular forces that contribute to
the stabilization and structural integrity of the o-syn/PNIPAM
complexes. The formation or disruption of specific h-bonds
becomes a molecular signature that guides the design of
ligands targeting the misfolded state. To investigate the
molecular-level changes in the structure of the protein in the
presence of the polymer, we calculated the average number of
h-bonds during the simulation for protein-water, protein-protein,
protein-polymer, polymer-water and polymer-polymer interac-
tions. Hydrogen bonds between structures were identified using
a donor-acceptor distance cutoff of 0.35 nm and a hydrogen bond
angle of up to 30 degrees, for the simulation time from 1 to 1.5 ps.
The average number of HBs across all temperatures in the last
0.5 ps of simulation is shown in Table 3.

The observed alterations in the hydrogen bonding patterns,
particularly the decrease in the average number of hydrogen
bonds between the protein and water in the presence of
PNIPAM, and the concurrent establishment of hydrogen bonds
between the polymer and both the protein and water, can be
attributed to a combination of intricate molecular interactions
and environmental effects. The decrease in [o—o] h-bonds in the
presence of PNIPAM indicates a weaker association between
protein molecules, potentially driven by the altered dynamics
induced by the polymer. Similarly, the observed decrease in
[P-P] hydrogen bonds is attributed to changes induced by the
protein itself. The limited number of h-bonds between the
polymer and the protein suggests a specific and nuanced
interaction pattern at this interface. Furthermore, the average
number of h-bonds between the polymer and water points to
the pronounced affinity of PNIPAM for water molecules, likely
facilitated by its inherently hydrophilic nature. This affinity
may result in competing interactions with water molecules
for hydrogen bonding sites on the protein surface, leading to
a reduction in protein-water hydrogen bonds. The establish-
ment of hydrogen bonds between the polymer and water may
signify the displacement of water molecules in specific regions

Table 3 Average number of HBs formed between a-syn and water ([a—W]), a-syn and a-syn ([e—al), a-syn and PNIPAM ([a—P]), PNIPAM—-Water ([P-W])

and PNIPAM—PNIPAM ([P-P])

System [a-W] [o-a] [a-P] [P-W] [P-P]
a-Syn in water 363.6 £ 0.2 100.2 £+ 0.1 — — —
[o-Syn/40mer PNIPAM], 336.2 £ 0.2 90.9 £ 0.1 2.8 £ 0.02 68.4 + 0.07 3.3 £0.02
PNIPAM in water — — — 76.0 £+ 0.19 3.9 £ 0.06

This journal is © The Royal Society of Chemistry 2025
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by the polymer. The observed decrease in polymer-water hydro-
gen bonds in the presence of the protein further supports the
establishment of polymer-protein hydrogen bonding, indicating
that the polymer interacts directly with the protein, displacing
water molecules at specific regions of the interface. Furthermore,
the interaction with PNIPAM might induce conformational
changes in the protein, exposing or concealing residues involved
in hydrogen bonding with water.

3.1.2. Structural analysis of a-syn and [o-syn/40mer PNI-
PAM], complex. Fig. 2 shows the configurations of a-syn and
the [o-syn/40mer PNIPAM]; complex obtained after a 1.5 ps
simulation. Visual analysis reveals that the presence of the
PNIPAM polymer significantly influences the configuration of
the a-syn protein over time. As shown in Fig. S5 (ESIY), regard-
less of the initial position of the PNIPAM polymer, the NAC
region of a-syn, which is crucial for protein aggregation and
interaction with other molecules, consistently attracts PNIPAM
in all simulations. Furthermore, as demonstrated in Fig. S3
(ESIt), PNIPAM also interacts predominantly with the NAC
region of mutant proteins. This finding underscores the crucial
role of the NAC region in mediating interactions and stabili-
zation within the o-syn/PNIPAM complex. Fig. S6 (ESIt) com-
pares the native folded structure of the protein with its
configuration after being subjected to a 1.5 ps MD simulation
with the PNIPAM polymer. It is evident that the two structures
appear visually similar. Furthermore, PNIPAM interacts with
the N-terminal of a-syn, which is involved in membrane bind-
ing and early-stage aggregation, particularly in the [o-syn/40mer
PNIPAM]; complex. These interactions emphasize the impor-
tance of these regions in maintaining the structural integrity of
the complex. The reproducibility of these results was assessed
through repeatability studies, and the outcomes of these
studies are presented in Table S4 and Fig. S13, S14 (ESIY).
To characterize changes in protein structure in the protein/
polymer (a-syn/PNIPAM) complex we proceed with the compu-
tation of several quantities, including RMSD, RMSF, Ry,
asphericity, and prolateness.

a b c d

Fig. 2 Conformational changes in the structure of the a-syn and [o-syn/
40mer PNIPAM]; complex. (a) and (c) Show the initial conformation of the
a-syn and [o-syn/40mer PNIPAM]; complex, respectively, before the MD
simulations. (b) and (d) Show the altered conformation of the a-syn and
[a-syn/40mer PNIPAM]; complex at the end (1.5 ps) of the simulation.
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Fig. 3 Time evolution of the RMSD of alpha carbons of a-syn in water and
in a-syn/PNIPAM complex.

Data on the RMSD of alpha carbons of a-syn in water and in
the [o-syn/40mer-PNIPAM]; complex are shown in Fig. 3 while
the mean RMSD values of the protein polymer complexes
are shown in Table S3 (ESIf) for the last 0.5 us part of the
simulation. As seen in the RMSD graph, there is a sharp
increase within the first few steps, indicating very fast kinetics
and a rapid structural reorganization. Following this initial
phase, the RMSD values stabilize and remain relatively con-
stant, suggesting that the system has reached a stable confor-
mation. In contrast, the [o-syn/40mer PNIPAM]; complex
exhibits a much smaller initial increase and stabilizes at a
lower RMSD value, reflecting the restrictive effect of PNIPAM on
the protein’s structural flexibility. It is clear that the presence of
a 40mer polymer chain decreases the RMSD of a-syn; for the
other out of five initial configurations the decrease is substan-
tial whereas in the other two is rather weak. This adjustment
in a-syn’s structure may lead to more stable configurations
with PNIPAM, resulting in lower RMSD values and potentially
establishing an energetically favorable state for the complex.
The structural adaptation of a-syn becomes evident as PNIPAM
induces molecular changes to accommodate the polymer. These
adaptations likely involve alterations in amino acid residue
orientation or stabilization of specific secondary structures,
which contribute to the observed decrease in RMSD. By stabiliz-
ing the secondary or tertiary structure of a-syn, PNIPAM can
mitigate conformational fluctuations, leading to a lower RMSD.

As shown in Fig. 4, a general decrease in RMSF values is
observed in the presence of the PNIPAM polymer. This
reduction, seen in almost every region of the protein, can be
explained by the stabilization effect of the polymer, as observed
in the RMSD values. This leads to a decrease in the overall
flexibility of the protein and can be attributed to a reduction in
conformational entropy, which occurs when the binding of a
ligand reduces the conformational entropy of the protein by
limiting the range of accessible conformational states.

When examining this change at the amino acid level, it is
important to note that the amino acids within the N-terminal

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparative analysis of the RMSF of the a.-syn protein in water and
within the [a-syn/40mer-PNIPAM]; complex in the last 0.5 ps of the
simulation. The red dashed lines indicate the distinction between the
regions of a-syn.

region (residue numbers 1-60) are known as the membrane-
binding region of the protein.®*®®” In this region, which con-
tains predominantly polar amino acid groups (Fig. S1, ESIT),
the polymer improves the stabilization of these amino acids
and the RMSF behavior mirrors the trend observed in the native
state of the protein. In the NAC region, where the interaction
between the two structures is most pronounced, the polymer
again leads to a decrease in the RMSF values, particularly
affecting amino acids with residue numbers 80 to 94. This
effect can be attributed to the predominant hydrophobic inter-
actions between the isopropyl groups and the apolar amino
acid groups in this region. In particular, amino acids with
residue numbers 95 and 96, phenylalanine and valine, respec-
tively, exhibit the same RMSF values in both native o-syn and its
complex with PNIPAM. This phenomenon can be primarily
explained by the close proximity of the two structures and the
hydrophobic interactions between PNIPAM’s isopropyl groups
and the side chains of these residues, creating a microenviron-
ment where the flexibility of both residues is similarly restricted.
In the C-terminal region, where the native protein exhibits the
highest mobility, the generally lower RMSF values observed in the
presence of PNIPAM are the result of the general stabilization
effect. Hydrophobic amino acid-polymer interactions observed
in the NAC region are also observed in the amino acids at
residues 112 and 113 (isoleucine and leucine, respectively) in
this region. In summary, the PNIPAM polymer reduces RMSF
values throughout the entire a-syn protein, reflecting a general
decrease in flexibility and enhanced stabilization in all regions,
including membrane binding and NAC regions, due to polar and
hydrophobic interactions with the polymer.

Radius of gyration, aspericity and prolateness. Next, we pro-
vide a more comprehensive understanding of the conforma-
tional changes and stability of the complex by investigating
the shape of a-syn. In the initial configuration of the complex,
the PNIPAM polymer is approximately 8 A away from the
N-terminal of the protein, as illustrated in Fig. 2c.

The comparison of the protein after simulation in the absence
of polymer (Fig. 2b) with its configuration after simulation in the

This journal is © The Royal Society of Chemistry 2025
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presence of polymer (Fig. 2d) is of great importance at this point.
Although the protein is observed to be folded in water, a
configuration very close to its native structure is observed after
simulation in the presence of a polymer. It has been observed
that the polymer, particularly interacting significantly with the
NAC region of the protein during the simulation, greatly reduces
the intramolecular interactions of the protein throughout the
simulation in the [a-syn/40mer PNIPAM]; complex.

As with other IDPs, previous experimental and computa-
tional studies on o-syn have demonstrated variations in its Ry.*
These works revealed a nuanced representation of a-syn’s R,
value, showing fluctuations within the range of 2.4-4.1 nm
under neutral pH and room temperature conditions. Computa-
tional investigations have also observed differences in the R, of
a-syn depending on the force field and the number of water
molecules around a-syn.***' Although the inherent structural
instability of the protein prevents a precise determination of
the mean radius of gyration, the impact of the presence of other
molecules under the same conditions provides insights into the
structural alterations. In this study, the average R, of a-syn was
found to be around 2.5 nm in the aqueous environment after a
1.5 ps simulation. Notably, as shown in Table 4, the presence of
the PNIPAM polymer resulted in an increase in the average R,
value for a-syn, which was measured at 4.8 nm. It is important
to emphasize that in all cases, independently of the initial
configurations, the R, value of the protein within the o-syn/
PNIPAM complex increases compared to the one of the pure o-
syn. However, there is considerable variation in these R, values
in different configurations, reflecting the diverse conforma-
tional responses of a-syn to the presence of the polymer.
Flexible and dynamic configurations allow the system to explore
a larger conformational space within its existing degrees of
freedom, enabling a-syn to adopt a more extended conformation
compared to its intrinsically disordered state in the aqueous
environment. Furthermore, the change in R, may reflect the
influence on a-syn’s intramolecular interactions. The introduced
complexation could lead to alterations in the secondary and
tertiary structures, affecting its overall compactness. It is impor-
tant to consider the potential role of water molecules in mediat-
ing these interactions. In an aqueous environment, water
molecules may act as mediators of protein-polymer interactions,
influencing the overall compactness. The dynamic interaction
between water, the PNIPAM polymer, and o-syn could lead to
nuanced conformational changes, influencing the observed R,
values.

Asphericity is a measure of irregularity or roughness of a
surface, quantified by the ratio of the surface area of an object
to that of a sphere with equivalent volume; a lower asphericity

Table 4 Average values of radius of gyration, Ry, aspericity, and prolate-
ness of a-syn in the water and a-syn in PNIPAM complex in the last 0.5 ps
of simulation

System R, (nm) Aspericity Prolateness
a-Syn in water 2.5 + 0.08 0.9 £ 0.0003 0.2 £ 0.004
a-Syn in complex 4.8 £ 0.05 1.9 &+ 0.0004 0.3 £ 0.001
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value indicates a more spherical or compact shape, while a
higher value indicates a more elongated or irregular shape.
In the aqueous environment, o-syn exhibits a lower asphericity
value (0.9), indicating a globular or spherical conformation.
This suggests that, in the absence of the PNIPAM polymer,
the protein tends to adopt a compact and rounded structure.
In Fig. S10 (ESIt), the probability density of protein’s aspheri-
city, depicted by the orange plot, exhibits a density ranging
from 0.8 to 1.2, which is proportional to the average asphericity
data. In the presence of the PNIPAM polymer, it shows a more
elongated density range (1.8-2.0). The favorable interac-
tions among its constituent amino acids contribute to a more
cohesive and tightly packed protein state. In contrast, when
embedded in the 40mer PNIPAM complex, a-syn shows an
increase in asphericity, suggesting a departure from the glob-
ular shape towards a more elongated or irregular structure.
The substantial influence of the polymer on the amino acid
residues of the protein is consistent with the observations of
the RMSF graph, indicating a complementary relationship
between these results. The presence of the polymer results in
a less compact and more elongated protein structure.

Prolateness is a measure of an object’s deviation from
spherical symmetry, defined in terms of the principal moments
of inertia. It quantifies the extent to which the shape is
elongated or anisotropic, with values closer to zero indicating
a more spherical shape and higher positive values reflecting
greater elongation along the principal axis. In the context of
proteins, prolateness specifically refers to the elongation or
oblateness of the molecular shape. In the aqueous environ-
ment, o-syn exhibits a prolateness value of 0.2. However, after
interaction with the 40mer PNIPAM polymer, o-syn undergoes a
change in prolateness, with a value of 0.3. The observation in
Fig. S11 (ESIt) where the probability of prolateness, is significantly
dense around 0.30-0.32 in the presence of the PNIPAM polymer
suggests that the polymer maintains the protein in a more
elongated structure. This considerable increase in prolateness
correlates with the higher asphericity observed in the complex,
indicating a transition toward a more elongated structure. Collec-
tively, these changes denote a pronounced deviation from the
native compact conformation of a-syn, suggesting a considerable
impact of the PNIPAM polymer on structural dynamics.

DSSP analysis. Next, we investigate how different regions of
the protein undergo significant structural changes upon bind-
ing to PNIPAM. For this, we perform a detailed DSSP analysis to
identify binding regions, characterizing structural alterations,
and understanding interaction dynamics. This step is essential
for our analysis, since a-syn is an IDP, meaning that it lacks a
stable or fixed secondary structure. DSSP analysis helps us to
observe how PNIPAM affects the secondary structure of a-syn,
such as inducing the formation of alpha helices, beta sheets, or
turns in regions that are otherwise disordered. These structural
alterations can provide information on how PNIPAM influences
the misfolding pathways of a-syn.

As shown in Fig. 5, the DSSP analysis of o-syn and its
complex with the 40mer PNIPAM polymer reveals that PNIPAM
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Fig. 5 DSSP analysis of a-syn (a) and a-syn in [o-syn/40mer PNIPAM];
complex (b), for 1.5 ps.

generally increases the alpha-helix content of the protein.
Specifically, residues 35-40 initially exhibit a 5-helix and turn
structure up to 0.7 us before transitioning to an alpha-helix, but
in the presence of PNIPAM, they convert to an alpha-helix at
0.1 ps. This early transition is likely due to the fact that PNIPAM
stabilizes the alpha helix by interacting with the peptide back-
bone and side chains, reducing the energy barrier for helix
formation. Residues 40-45, which predominantly show coil and
bend characteristics without PNIPAM, transition from bend
structures to turn structures after 1.1 us with PNIPAM. PNIPAM
likely induces structural constraints that favor the formation of
turn structures over bends by stabilizing specific turn confor-
mations through interactions with hydrophobic and hydro-
philic regions. Residues 45-50, which normally exhibit bend
and coil features, adopt an alpha-helix structure throughout
the simulation with PNIPAM. This stabilization of the helical
conformation is likely due to hydrophobic interactions and
backbone hydrogen bonding facilitated by PNIPAM, which
reduces the entropy of this segment and promotes a more
ordered alpha-helix structure. Similarly, residues 65-75 transi-
tion to an alpha-helix in the presence of PNIPAM. The polymer
stabilizes the helical structure by interacting with the side
chains and the backbone, reducing conformational freedom
and promoting helical stability. For residues 85-95, a transition
from the alpha helix to the turn structure occurs at 0.7 ps
without PNIPAM, while with PNIPAM, turn structures predo-
minate until 0.9 ps, followed by a transition to the alpha helix.
PNIPAM probably initially stabilizes turn structures through
specific interactions, but eventually promotes alpha-helix

This journal is © The Royal Society of Chemistry 2025
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formation as the simulation progresses, facilitated by the polymer’s
dynamic interactions. In particular, residues 100-105 exhibit a
B-bridge structure without PNIPAM, which is completely absent
in the presence of PNIPAM. The polymer likely disrupts beta-sheet
interactions by sterically hindering -bridge formation and altering
the local solvent environment, favoring other secondary structures
or disordered states by interfering with the necessary backbone
hydrogen bonding pattern.

Overall, it is clear that the presence of PNIPAM promotes
alpha-helix formation and alters secondary structure transi-
tions in a-syn by stabilizing specific conformations through
hydrophobic interactions, stabilization of hydrogen bonds,
steric effects, and changes in the local solvent environment.
These interactions reduce conformational entropy and promote
the formation of more ordered structures, such as alpha
helices, while destabilizing others, such as B-bridges, demon-
strating the significant impact of PNIPAM on protein structural
dynamics.

3.2. Impact of the length of the PNIPAM polymeric chain on
the structural dynamics of a-syn and the protein/polymer
complex

To explore the impact of the length of the PNIPAM polymeric
chain on the structure of the a-syn protein, we performed
additional MD simulations, up to 1.5 ps, of o-syn/PNIPAM
systems with varying polymer chain lengths of 10mer, 40mer,
60mer, and 100mer. Fig. S12 (ESIY) illustrates the post-simulation
configurations for these complexes. In all cases, the structure of
the o-syn/PNIPAM complex was stabilized within time scales of
approximately one 0.5 ps.

The average RMSD data of a-syn in all complexes with
different molecular weights of PNIPAM are shown in Table S3
(ESIY). It is clear from the data shown in Table S3 (ESIt) for the
o-syn/10mer PNIPAM complex, there is a subtle decrease in
RMSD, hinting at localized structural changes induced by
polymer interactions. The limited spatial reach of the 10mer
PNIPAM could result in less effective shielding or stabilization
of critical regions within the protein, leading to a slightly lower
average RMSD. However, the stabilization observed with the
40mer PNIPAM, reflected in a remarkably low RMSD, prompts a
deeper exploration into the specific amino acid residues
involved. This intriguing finding suggests that the intermediate
chain length of 40mer PNIPAM may have an optimal length
for interactions with specific regions of o-syn, inducing a
pronounced effect on its structural dynamics. Furthermore,
the impact of 40mer PNIPAM on protein structural fluctuations
and conformational changes underscores the unique and
impactful role played by this specific chain length in the
complex, highlighting the intricate relationship between poly-
mer chain length and its influence on protein flexibility and
structure.

Moreover, in complexes containing 60mer and 100mer PNIPAM
polymers, a decrease in the average RMSD values is again observed,
whereas no clear and distinct difference is observed in the complex
with 40mer PNIPAM polymer. The 60mer polymer chain can
introduce steric hindrance or crowding effects that limit its ability

This journal is © The Royal Society of Chemistry 2025
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to interact effectively with the protein, resulting in a moderate
decrease in RMSD compared to the 40mer PNIPAM chain. The
increased flexibility observed in the 100mer complex may be
attributed to the longer polymer chain providing more binding
sites for extensive hydrogen bond formation, potentially influen-
cing the protein’s structural fluctuations and local flexibility. The
extended structure of these polymers could introduce an increased
conformational variability, potentially leading to clashes or steric
hindrances with specific protein residues. Furthermore, longer
polymers (60mer and 100mer) could exhibit greater conformational
rigidity, limiting their ability to dynamically adapt and interact with
the flexible regions of o-syn. The intermolecular dynamics at the
atomic level may involve intricate yet disruptive interactions, pre-
venting the establishment of a stabilizing influence observed in the
40mer complex.

It is also of interest to examine the modification of the shape
of o-syn within the different [o-syn/PNIPAM] complexes.
Table S3 (ESIt) shows the calculated average R, values of a-
syn with different polymer chain length complexes. The [a-syn/
10mer PNIPAM] complex exhibits an average R, value close to
that of the polymer-free simulation. In contrast, the average R,
values of a-syn increase in the 40 and 60mer PNIPAM com-
plexes, while a decrease is observed in the 100mer PNIPAM
complex. As highlighted in the RMSD analysis, the 10mer
PNIPAM complex maintains an average R, value that resembles
the isolated protein structure because of its limited interaction
region with the polymer. For the 40mer and 60mer complexes,
the average R, values align with the R, range reported in the
literature for a-syn.®®

In particular, the 40mer complex exhibits the highest
average R, value (4.47 nm), indicating a configuration relatively
similar to the native structure of the protein, as previously
discussed. On the contrary, the 60mer complex exhibits a more
moderate increase in R, compared to the 40mer complex,
indicating that the intermediate-sized polymer induces struc-
tural changes without reaching the extent observed with the
larger 40mer complex. The nuanced impact could stem from a
balance between long-range polymer-induced unfolding and
local stabilization of certain protein regions, possibly through
specific secondary structure alterations. The observed decrease
in the average R, in the 100mer polymer complex suggests
extensive interactions between the polymer and all regions of
the protein. This phenomenon could be attributed to the
extensive coverage of the protein surface by the polymer,
promoting stabilized interactions across various protein
regions. The large polymer can effectively act as a structural
scaffold, providing a myriad of interaction sites that enable the
protein to fold around it (see Fig. S12, ESIt). This molecular
weight-dependent disruption in the native state is consistent
with the findings in the literature where polymers with differ-
ent degrees of hydrophobicity have been shown to induce
significant conformational changes in intrinsically disordered
proteins.”>%?

In summary, the observed differences in average R, across
the varying molecular weights of o-syn/PNIPAM complexes can
be attributed to the intricate interaction between molecular

Soft Matter, 2025, 21,1382-1394 | 1391


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01395f

Open Access Article. Published on 21 January 2025. Downloaded on 11/10/2025 11:08:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

size, specific molecular interactions, and the resulting con-
formational dynamics. Smaller polymers may induce localized
structural changes, whereas larger polymers can lead to more
extensive disruptions and even a reorganization of the protein’s
native state. The complex with 40mer PNIPAM was selected for
further study due to its optimal stabilizing effect on a-syn, as
evidenced by the low RMSD and high Rg values observed in the
simulations. The 40mer PNIPAM polymer strikes a balance
between effective interaction with o-syn and avoiding steric
hindrance or excessive flexibility seen in larger polymers like
the 60mer and 100mer. This intermediate chain length pro-
vides the most pronounced and reliable stabilization, allowing
for a clearer understanding of the impact of polymer size on
protein structure.

4. Conclusion

We provide, to the best of our knowledge for the first time in
the literature, a detailed investigation of the impact of single-
molecule PNIPAM on the formation of monomer o-syn protein
and the protein/polymer complexes through detailed atomistic
MD simulations. The structural and energetic characteristics
of these complexes were thoroughly examined, with a focus on
the role of protein mutations, the initial a-syn/PNIPAM config-
urations, and the molecular weight of the polymer. Analyses of
binding free energy and hydrogen bonds revealed a high
affinity between PNIPAM and a-syn. Specifically, interactions
within the NAC region showed that PNIPAM stabilizes the
protein via hydrophobic interactions, as indicated by minimum
distance and contact number analyses of hydrophobic and
hydrophilic residues. RDF data further supported this observa-
tion, highlighting the dominance of apolar-apolar interactions
as the primary stabilizing force in the complexes. Structural
metrics such as RMSD, R, asphericity, and prolateness demon-
strated that PNIPAM enhances the protein’s stability by main-
taining a more compact structure. These effects were observed
consistently across several mutant variants of a-syn, all of
which exhibited strong affinities for PNIPAM molecules. Non-
bonded interaction energy calculations for the mutant a-syn
structures, confirmed that van der Waals forces predominantly
drive these interactions, particularly within the NAC region
where the protein’s apolar groups are concentrated, regardless
of the presence of mutations. Notably, the E46K mutation not
only enhances polymer binding but also stabilizes in the NAC
region, which is critical for aggregation. This suggests that such
mutations may predispose the protein-polymer complex
toward conformational states that reduce aggregation-prone
intramolecular contacts.

Further investigations into the influence of initial config-
urations revealed that PNIPAM primarily localizes in the NAC
region, as evidenced by visual inspection and Lennard-Jones
potential analyses. These findings underscored the importance
of PNIPAM in stabilizing protein structure, leading to the
selection of the [a-syn/40mer PNIPAM]; complex for detailed
analysis. RMSD and RMSF data for this complex confirmed that
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PNIPAM restricts protein mobility and enhances stability
by maintaining the protein closer to its native unfolded
conformation.

The study also examined the impact of polymer chain length,
revealing its critical role in complex formation. While the 10mer
PNIPAM exhibited limited interaction regions, the 60mer and
100mer chains caused steric effects that disrupted protein
folding. In contrast, the 40mer PNIPAM showed a balanced
influence, avoiding the limitations of the shorter chain while
maintaining structural integrity without the disruptive effects
of the longer chains.

These findings deepen our understanding of how polymer
characteristics influence the behavior of intrinsically dis-
ordered proteins like a-syn and pave the way for targeted
applications. Future research will expand to explore the effects
of PNIPAM on protein dimers and oligomers through both
molecular dynamics simulations and experimental studies.
Additionally, the polymer’s influence on the membrane-
binding capacity of a-syn and its interactions with Parkinson’s
disease drugs will be investigated. This work holds promise for
advancing therapeutic strategies for intrinsically disordered
proteins and neurodegenerative diseases.
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