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Summary
Alzheimer’s disease (AD) and dementia are conditions that impact memory, thinking, and

behavior. Around 50 million people worldwide have dementia, and this number is expected

to increase to 152 million by 2050, particularly in low and middle-income countries. Neu-

rodegenerative diseases such as dementia are characterized by the accumulation of specific

proteins within the brain, including amyloid beta (Aβ 42/40) and tau. Amyloid β peptide

with the metal ions (Cu2+ and Zn2+) stabilize the amyloid beta also evident from our sim-

ulations. Since the drug targets for the amyloid beta remained unsuccessful, the focus has

been shifted to the biophysical characterization of tau aggregation and their role as ther-

apeutic targets. The cryo-electron microscopy (cyro-EM) structures of the tau filaments,

packed along with the lipid bilayers are taken as the starting configuration for the molecu-

lar dynamics simulations. A fundamental understanding of the interaction of tau fibrils with

the cell membrane is pivotal to deciphering tau pathogenesis. So far, no studies are pro-

viding a molecular-level picture of the effects of bilayer compositions on tau morphology.

The influence of the charge on the lipids and the presence of cholesterol, phosphatidyli-

nositol [PI(4,5)P2] in the bilayer on the structure of tau fibrils can be deciphered from the

interactions of the tau fibrils with the model bilayers. The MD simulation studies provide

insights into the tau binding to the cell membrane and the key residues governing the in-

teraction. Finally, to gain a detailed understanding of the interaction of tau fibrils and the

cell membrane, we carried out microseconds of all-atom MD simulations imitating the in-

vivo composition of neuronal membranes. MD simulations thus help elucidate the essential

residues and key interactions that provide insights into designing tau-targeted therapeutics.
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Chapter 1

Introduction
Protein folding is a fundamental biological process in which a linear chain of amino acids

assumes its three-dimensional functional structure [1]. The folding of proteins is crucial for

their stability, functionality, and interactions with other molecules within cells. However, in

certain circumstances, proteins can misfold or aggregate abnormally, leading to detrimental

consequences for cellular health [2, 3]. Neurodegenerative diseases, such as Alzheimer’s

disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (ALS),

are characterized by the accumulation of misfolded proteins and their subsequent aggrega-

tion in specific regions of the brain [4]. These protein aggregates are believed to play a

central role in the pathogenesis of these disorders, leading to neuronal dysfunction and ul-

timately neurodegeneration. In this thesis, we will explore the process of protein folding

and delve into the mechanisms underlying the abnormal aggregation of neurodegenerative

proteins. Protein folding and the abnormal aggregation of neurodegenerative proteins play

critical roles in the pathogenesis of neurodegenerative diseases. Understanding the intri-

cate mechanisms underlying protein misfolding and aggregation is essential for the devel-

opment of effective therapeutic strategies. Targeting protein misfolding, enhancing protein

quality control systems, and modulating the aggregation process are potential approaches

to mitigate the detrimental effects of neurodegenerative protein aggregates and halt disease

progression. Further research in this field is crucial to unravel the complexities of protein

folding and aggregation and to pave the way for novel therapeutic interventions in neurode-

generative diseases.

The role of protein misfolding in the aggregation of neurodegenerative proteins is cru-
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cial in the pathogenesis of neurodegenerative diseases. Protein misfolding refers to the

incorrect folding of proteins, leading to the adoption of aberrant conformations that are

thermodynamically unstable. Misfolded proteins are prone to self-association and aggre-

gation, resulting in the formation of insoluble protein aggregates, which are a hallmark of

many neurodegenerative disorders [2].

There are several key aspects of protein misfolding that contribute to the aggregation

process

• Genetic Mutations: In certain neurodegenerative diseases, such as Alzheimer’s dis-

ease, Parkinson’s disease, and Huntington’s disease, specific genetic mutations can

lead to the production of mutant proteins that are more prone to misfolding. These

mutations may alter the stability, structure, or folding pathway of the proteins, mak-

ing them more susceptible to misfolding and subsequent aggregation [5, 6].

• Conformational Changes: Proteins have distinct folding pathways that guide them

to their native three-dimensional structures. However, factors such as genetic mu-

tations, environmental stressors, or post-translational modifications can disrupt the

folding process, resulting in themisfolding of proteins. Misfolded proteinsmay adopt

partially folded or partially unfolded states, exposing hydrophobic regions that are

normally buried within the native structure. These exposed hydrophobic regions act

as aggregation-prone sites, facilitating the self-association of proteins and the forma-

tion of aggregates [7].

• Oligomer Formation: Misfolded proteins can form soluble oligomeric intermedi-

ates during the aggregation process. Oligomers are small assemblies of misfolded

proteins with a higher propensity for toxicity than larger aggregates. Oligomers are

believed to be the most toxic species in neurodegenerative diseases, as they can dis-

rupt cellular processes, induce oxidative stress, impair synaptic function, and initiate
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inflammatory responses [8].

• Seeding and Templating: Once protein aggregates start to form, they can act as

seeds or templates for the recruitment and conversion of soluble proteins into ag-

gregates. This process, known as seeding or templating, propagates the aggregation

process and accelerates the formation of larger and more stable aggregates. The ag-

gregated proteins can induce conformational changes in soluble proteins, leading to

their misfolding and subsequent incorporation into the growing aggregates [9].

• Spreading of Aggregates: In some neurodegenerative diseases, the misfolded pro-

teins can propagate from cell to cell, spreading the pathology throughout the brain.

This phenomenon is believed to occur through the release of misfolded proteins or ag-

gregates from affected cells, which can be taken up by neighboring cells and initiate

the aggregation process in previously unaffected regions. The spreading of aggre-

gates contributes to the progressive nature of neurodegenerative diseases [10].

The aggregation of misfolded proteins in neurodegenerative diseases leads to the for-

mation of insoluble protein aggregates, including amyloid plaques, Lewy bodies, neurofib-

rillary tangles, and inclusion bodies [4]. These aggregates disrupt cellular functions, impair

protein degradation pathways, induce cellular stress responses, and trigger neuroinflamma-

tion, ultimately leading to neuronal dysfunction and neurodegeneration.

Understanding the role of protein misfolding and aggregation is crucial for the devel-

opment of therapeutic strategies aimed at preventing or reversing the aggregation process

in neurodegenerative diseases. Targeting the mechanisms involved in protein misfolding,

promoting protein quality control systems, and inhibiting the formation and spreading of ag-

gregates are potential therapeutic approaches to mitigate the pathological effects of protein

aggregation in neurodegenerative disorders.
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Figure 1.1: ‘YLL’ refers to the ‘years of life lost’ related to neurological disorders.
Raw data is taken from online Global Health Data Exchange (GHDx) Query Tool.
https://vizhub.healthdata.org/gbd-results

1.1 Aggregation of Neurodegenerative Proteins

Alzheimer’s disease (AD) and dementia are conditions that affect memory, thinking, and

behavior. Around 50 million people worldwide have dementia, and this number is expected

to increase to 152 million by 2050, particularly in low and middle-income countries. These

conditions have an impact on individuals, their families, and the economy. The annual

economic costs associated with dementia are about US dollar 1 trillion, with informal carers

providing around 50% of the care [11]. The statistics of dementia worldwide in terms of the

‘years lost’ with respect to cognitive decline are given in Figure 1.1. Both the percentage of

increase of the years lost and the rate of increase of the years lost related to dementia shows

a positive climb.

Dementia is closely linked to the accumulation of neurodegenerative proteins in the

brain. Neurodegenerative proteins, such as amyloid β and tau, can build up in the brain

over time, causing damage to brain cells and leading to cognitive impairment and other

symptoms associated with dementia. In Alzheimer’s disease, for example, amyloid β pro-

teins form plaques outside of brain cells, while tau proteins form tangles inside brain cells,
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both of which contribute to the destruction of brain tissue and the development of demen-

tia. In healthy individuals, the tau proteins are important to maintain the structure and

stability of the microtubules. However, in diseased individuals, tau gets hyperphosphory-

lated, leading to neurofibrillary tangles. These neurofibrillary tangles interfere with cell

signaling and are responsible for the cognitive decline and memory loss characteristic of

Alzheimer’s disease [12]. Tauopathies refer to diseases caused by the abundant tau inclu-

sions in the brain [13]. Other forms of dementia, such as frontotemporal dementia and Lewy

body dementia, are also associated with accumulating specific neurodegenerative proteins

in the brain. Understanding the role of neurodegenerative proteins in the development of

dementia is an active area of research, and new treatments are being developed that tar-

get these proteins in an effort to slow or prevent the progression of the disease. Several

biophysical techniques are used to characterize neurodegenerative proteins like amyloid

β, α-synuclein, and tau proteins. These techniques allow researchers to study the pro-

teins’ structure, stability, and interactions, which can provide insights into their role in

disease development. Some common biophysical techniques used to study amyloid and

other neurodegenerative proteins include X-ray crystallography, Circular Dichroism (CD),

NMR spectroscopy, Atomic force microscopy (AFM), etc [14, 15, 16, 17]. With the ad-

vent of the new generation supercomputers and with faster algorithms molecular dynamics

(MD) simulations have also emerged as an important tool to study the aggregation of the

neurodegenerative proteins. The simulations provide a complete atomic-level description

of the behavior of biomolecules like proteins, with high temporal resolution. Advances

in simulation technology, accuracy, and accessibility, as well as the availability of more

experimental data on biomolecules, have made biomolecular simulation more attractive

to experimentalists, especially in the field of neuroscience, but not exclusively. Research

on Alzheimer’s disease was majorly focused on the amyloid beta peptide but due to the

failures of the amyloid beta targeting treatment in clinical trials, tau proteins are getting a
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lot of attention from the researchers [18]. With the structures of the tau polymorphs be-

ing available through cryo-electron microscopy, one can get the near-atomic resolution

of the tau structures being responsible for causing a series of neurodegenerative diseases

collectively called tauopathies [19]. The major tau polymorphs are termed paired helical

filaments (PHFs) and the minority structures are straight filaments (SFs). Both PHFs and

SFs are considered pathological structures, as they are associated with the degeneration of

neurons and cognitive decline. Tau filaments have similar structural characteristics to amy-

loid, with extended beta-sheets along the helical axis of the filaments [20]. Filamentous

tau inclusions lead to a number of other neurodegenerative diseases, including Pick’s dis-

ease (PiD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), chronic

traumatic encephalopathy (CTE), globular glial tauopathy (GGT) and argyrophilic grain

disease (AGD) [21].

1.2 Neurodegenerative Diseases

Most of the neurodegenerative diseases are characterized by the aggregation of misfolded

proteins such as amyloid-β and tau in Alzheimer’s disease, α-synuclein in Parkinson’s dis-

ease, and TAR DNA-binding protein 43 in amyotrophic lateral sclerosis. Moreover, the tau

aggregation cause a series of diseases combinedly known as tauopathies.

Here are a few examples of neurodegenerative diseases and the proteins associated with

their aggregation:

• Alzheimer’s disease (AD): In AD, amyloid β protein accumulates outside neurons in

the form of plaques, and tau protein forms tangles inside neurons. These aggregates

disrupt the normal functioning of neurons and contribute to cognitive decline and

memory loss [22, 23].

• Parkinson’s disease (PD): PD is characterized by the loss of dopamine-producing
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neurons in the brain. It is associated with the aggregation of alpha-synuclein protein,

which forms Lewy bodies. These aggregates impair the normal release and transmis-

sion of dopamine, leading to the motor symptoms observed in PD [24].

• Huntington’s disease (HD): HD is caused by a mutation in the huntingtin gene, which

results in the production of a mutant huntingtin protein [25, 26]. The mutant hunting-

ton protein aggregates in neurons, particularly in the basal ganglia. These aggregates

disrupt cellular processes and lead to the progressive loss of motor control, cognitive

decline, and psychiatric symptoms [27].

• Amyotrophic lateral sclerosis (ALS): ALS involves the degeneration of motor neu-

rons, which control voluntary muscle movement. In some cases of ALS, an abnormal

form of superoxide dismutase 1 (SOD1) protein aggregates in motor neurons. This

aggregation leads to neuronal dysfunction and eventual cell death [28].

1.3 Role of lipid bilayers in the pathogenesis of neurode-
generative diseases

The cell membrane is known to play an important role in the pathogenesis of Alzheimer’s

disease and dementia [29]. As the cell membrane is the interface between the cell and

its environment, it is responsible for a number of critical cellular processes, including sig-

nal transduction, ion transport, and energy metabolism. There are several ways in which

the cell membrane can contribute to the development and progression of Alzheimer’s dis-

ease and dementia, such as oxidative stress and tau phosphorylation. For example, the

cell membrane can regulate tau phosphorylation by affecting the activity of the enzymes

responsible for phosphorylating tau, or this can affect a number of cellular processes that

are involved in the pathogenesis of Alzheimer’s disease and dementia, including synaptic

plasticity and energy metabolism [30, 31]. The study of the interaction of the tau structures
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and the model lipid membranes leads us to understand tau pathogenesis. Strodel group

has extensively studied the effect of the amyloid beta structures in lipid membrane degra-

dation and the neuronal membrane damage caused by the amyloid beta structures using

molecular dynamics simulations [23, 32, 33]. But the studies related to the tau proteins and

lipid membranes are scarce and molecular dynamics simulations can provide a wealth of

information related to the tau mediated cell toxicity [34]. The exact mechanisms of how

the accumulation of abnormal tau proteins leads to Alzheimer’s disease are not yet fully

understood. Current research focuses on understanding the factors that contribute to the

formation of tau protein aggregates and developing new treatments that can target these

processes to slow or stop the progression of the disease [35]. The critical study is to un-

derstand the molecular mechanisms that govern the tau interaction with the lipid bilayers.

The starting configurations of the proteins with the lipid membranes are modeled using the

force field parameters pre-parameterized through quantum mechanical calculations. Both

the conventional molecular dynamics simulations and the enhanced sampling techniques

(like metadynamics, hamiltonian replica exchange molecular dynamics) are carried out to

deduce the important interactions governing the binding with the lipid membranes [32].

As the simulations are CPU/GPU extensive, machine learning (ML) techniques are also

used in addition to the molecular dynamics simulations to accelerate and enhance the sam-

pling of conformational space or to identify important features in the large datasets derived

from the molecular dynamics simulations [36, 37]. In molecular dynamics simulations of

the neurodegenerative proteins with lipid membranes, it is important to include the lipid

components that are relevant to the brain membrane composition. The brain membrane is

mainly composed of phospholipids, with the most abundant ones being phosphatidylcholine

(PC), phosphatidylethanolamine (PE), and sphingomyelin (SM). In addition to these major

phospholipids, the brain membrane also contains cholesterol, which is known to play an

important role in modulating the fluidity and stability of the membrane [38]. Therefore,
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including cholesterol in the lipid membrane model is also important for simulating the in-

teractions between the neurodegenerative proteins and the membrane. Another important

lipid component to consider in the simulations is the lipid headgroup charge. The brain

membrane has an overall negative charge due to the presence of phosphatidylserine (PS)

and phosphatidylinositol (PI) lipids. These negatively charged headgroups can affect the

electrostatic interactions between the tau protein and the membrane, and their inclusion in

the simulation can provide a more accurate representation of the system. Finally, it is also

important to consider the length and saturation of the acyl chains of the phospholipids. The

length and saturation of the acyl chains can affect the fluidity and order of the membrane,

which can in turn affect the interactions between tau protein and the membrane. Therefore,

it is important to include different types of phospholipids with varying acyl chain lengths

and saturation levels in the simulation. The molecular dynamics simulations provide a pow-

erful tool for understanding the properties of lipid bilayers at a molecular level and can be

used to study a wide range of biophysical phenomena [39]. For example, the area per lipid

of the lipid bilayers defines the membrane fluidity, bending modulus of the lipid bilayers

is important to understand the effects of the curvature and morphology of the membrane.

These key properties of the lipid bilayers are calculated for both the true systems with pure

bilayers and for the systems comprising the neurodegenerative proteins with lipid bilay-

ers [40]. The comparison between the control simulations and the true systems will help

understand the effect of the tau incorporation over the lipid bilayers. The expected results

of the study of the molecular dynamics simulations of the neurodegenerative proteins with

lipid membranes can vary depending on the specific research question and methodology

used. However, some potential outcomes of such a study could include structural insights.

The simulations can provide valuable information about the structural dynamics of the neu-

rodegenerative proteins in interaction with different lipid membranes. This can include

insights into the conformational changes and flexibility of such proteins in response to the
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lipid environment. The simulations can help identify specific lipid molecules that interact

strongly with the tau protein, and the amino acid residues involved in these interactions.

This can provide insights into the specific lipid components that play a role in modulat-

ing the function of tau protein in vivo. The simulations can also provide information on

the thermodynamic stability of the tau protein-lipid complexes and the strength of the tau

protein-lipid interactions. This can help identify factors that contribute to the stability of

tau protein-lipid complexes and potentially guide the design of small molecule inhibitors

that target these interactions [41]. The simulations can provide a framework for under-

standing the dynamic nature of tau-lipid interactions in vivo, and help generate hypotheses

about the role of these interactions in modulating tau function and aggregation. Overall, the

study of molecular dynamics simulations of tau proteins with lipid membranes has the po-

tential to provide valuable insights into the structure and function of tau protein in relation

to lipid membranes and to guide the development of therapeutic strategies for tauopathies.

The thesis will yield an important understanding of tau pathogenesis over a wide series

of lipid components that comprise the neuronal cell membrane. It will help to understand

the tau interactions with the specific lipid components that can hasten the designing of the

AD targeted drugs for the tau proteins. Ultimately, the research will help us understand

Alzheimer’s disease and dementia better.

1.4 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations are a computational approach in which the equa-

tions of motions are solved using Newton’s laws and the trajectories generated are used

to extract macroscopic variables. MD simulations aim to solve the numerical solutions to

many-body potentials which are otherwise difficult to solve analytically. MD simulations

allow a hypothetical numerical analysis of the system of interest. For example, extreme
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Figure 1.2: Shown in (a) are the cryo-EM structures of the tau polymorphs paired helical
filaments (PHFs) and straight filaments (SFs) used as the starting structures for MD sim-
ulations. (b) and (c) are the starting configurations of the tau fibril and lipid bilayers with
cholesterol and GM1 lipids shown in blue line representation respectively. (d) is the starting
configuration of the tau fibrils with the PI lipids. The phosphorus head groups are shown
in black VDW spheres.
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conditions such as high temperature and pressure can be simulated at unprecedented level

of accuracy which is otherwise impossible in a physical laboratory. The caveat lies in the

choice of the numerical model used to define the system. YetMD simulations have emerged

as a powerful computational tool for studying the behavior and interactions of biomolecules

at the atomic level. By applying the principles of classical mechanics and statistical ther-

modynamics, MD simulations are extensively used to investigate the dynamic behavior of

complex biological systems, such as proteins, nucleic acids, and membranes.

MD simulations involve the integration of Newton’s equations of motion to track the

positions and velocities of individual atoms over time. By simulating the interactions be-

tween atoms using force fields that describe the potential energy landscape, MD simulations

provide insights into the structural changes, conformational dynamics, and thermodynamic

properties of biomolecules.

1.4.1 Verlet Algortithm

The important aspects of the MD simulations are the modeling of the interparticle interac-

tions, calculation of the forces and energies from the model and integrating the equations

of motion. The simplest way to integrate the equations of motion is using the Taylor series.

The position of a particle at (t+∆t) is expressed as the following equation neglecting the

higher order terms.

x(t+∆t) = x(t) + v(t)∆t+
1

2
a(t)(∆t)2 (1.1)

Similarly the position of the particle at (t-∆t) can be expressed as

x(t−∆t) = x(t)− v(t)∆t+
1

2
a(t)(∆t)2 (1.2)
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Note that v(t) and a(t) are the first order and second order time derivatives of the position

respectively. Adding the equations 1.1 and 1.2 we obtain,

x(t+∆t) + x(t−∆t) = 2x(t) + a(t)(∆t)2 (1.3)

which after rearrangement becomes

x(t+∆t) = 2x(t)− x(t−∆t) + a(t)(∆t)2 (1.4)

This becomes the numerical solution known as the Verlet algorithm. The system is propa-

gated through a timestep of ∆t. As shown above the Verlet algorithm only generates posi-

tions. The velocities can be constructed at any point in the trajectory through the centered

difference formula

v(t) =
x(t+∆t)− x(t−∆t)

2∆t
(1.5)

1.4.2 Velocity Verlet Algorithm

Velocity Verlet algorithm is an improved integrator of the molecular dynamics simulations

which takes into account the velocities of the particles into account. Velocities are important

in the simulation trajectories because they are necessary to calculate the kinetic energies of

the particles at every timestep.

x(t+∆t) = x(t) + v(t)∆t+ 1
2
a(t)∆t2,

v(t+∆t) = v(t) +
a(t) + a(t+∆t)

2
∆t.

(1.6)

Velocity Verlet and Verlet algorithm forms the basis of the numerical integration required to

calculate the position and velocities at each timestep in the molecular dynamics simulations.

These algorithms calculate the forces between particles, updates their velocities based on

these forces, and then updates their positions using the updated velocities. This process is

repeated for each time step, enabling the simulation to explore the dynamics and behavior

of the system over a desired time period.
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1.4.3 Force Fields

The force field is a mathematical model that describes the interatomic interactions and en-

ergy terms governing the behavior of particles in the system. It provides a set of parameters,

potential energy functions, and rules to calculate forces acting on particles based on their

positions and velocities in MD simulations. The force field parameters are chosen from the

experimental observations or through quantum mechanical calculations. The total energy

can be expressed as

Etotal =
∑
bond

kbonds
i (ri − r0)

2 +
∑
angles

kangle
i (θi − θ0)

2 +
∑

dihedrals

kdihed
i [1 + cos(niϕi + δi)]+{∑

i

∑
j ̸=i

4ϵij[(
σij

rij
)12 − σij

rij

6

] +
∑
i

∑
j ̸=i

qiqj
ϵrij

}
(1.7)

The first two terms in the additive potential are used to model the interaction between the

bonded atoms, with the quadratic functions that do not allow bond breaking. The third term

stands for the dihedral potential involving multiple minima separated by energy barriers

of varying heights. These first three terms model the intermolecular energy for the bonded

atoms. The last two terms define the nonbonded interactions and the electrostatic interaction

between the particles. Interatomic interactions between pairs of atoms are approximated by

the 12-6 Lennard-Jones potential which is the fourth term. The Lennard-Jones potential

represents the attractive and repulsive forces between pairs of atoms with the equilibrium

interatomic van der Waals (VDW) distance of σij and the potential well depth of ϵij . The

last term is the Coulombic potential which describes the electrostatic interactions between

pairs of atoms which are represented as point charges

The molecular dynamics simulations hence can be described using a simple workflow

given below,
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Start

Initialize System

Equilibrate System

Run Dynamics

Analyze Results

End

1.5 Free energy Calculations

Free energy calculations using MD simulations are a powerful tool to extract the energetics

of a system. They provide valuable insights into various processes such as protein-ligand

binding, protein conformational changes, and protein-protein interactions. The energetics

give us hints whether a process would be spontaneous or not, whether a solute molecule

is hydrophilic or hydrophobic. There are several methods available for the free energy

calculations, namely:

• Thermodynamic Integration (TI): This method involves perturbing a system from a

known reference state to the target state while collecting the potential energy differ-

ences along the perturbation pathway. By integrating these energy differences, the

free energy change between the two states can be obtained [42].
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• Umbrella Sampling: In this method, the potential of mean force (PMF) along a reac-

tion coordinate is calculated by restraining the system at different positions along the

coordinate and sampling the potential energy landscape. By reweighting the sampled

data, the PMF and the associated free energy profile can be determined [43].

• Metadynamics: Metadynamics is a biased sampling method that enhances the sam-

pling of rare events by adding a history-dependent bias potential. It constructs a free

energy landscape by filling the free energy basins and allows the exploration of mul-

tiple states or reaction pathways [44].

• Alchemical Free Energy Methods: These methods involve transforming the system

from one state to another by gradually changing the parameters, such as the partial

charges or force constants. By using statistical mechanical theories and collecting

data from multiple simulations, the free energy difference between the two states can

be calculated [45].

• Potential of Mean Force (PMF) calculations: PMF calculations involve calculating

the potential of mean force along a reaction coordinate or a specific property, such

as distance or angle. It provides insights into the energetic barriers and stability of

different states or transitions [46].

It’s important to note that free energy calculations require careful setup, extensive sam-

pling, and rigorous analysis to obtain accurate results. These methods often involve running

multiple simulations, performing extensive data analysis, and applying advanced techniques

such as reweighting, bootstrapping, binning, and convergence analysis. Various software

packages are available for performing free energy calculations, includingGROMACS, AM-

BER, NAMD, and CHARMM, which provide tools and utilities specifically designed for

these calculations [47, 48, 49, 50]. These packages often come with tutorials, documenta-
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tion, and user communities to assist in setting up and analyzing free energy simulations.

1.6 Choosing the Initial Conditions

Choosing the initial conditions for molecular dynamics simulations is a critical step that

directly influences the outcome and reliability of the simulation results. The initial condi-

tions encompass various aspects, including the selection of the system size, the choice of

force field parameters, the assignment of atomic positions and velocities, and the inclusion

of solvent molecules and ions if relevant.

The system size should be carefully determined to capture the desired level of detail and

adequately represent the biological or chemical system of interest. This involves deciding

on the number of atoms, the size and shape of the simulation box, and the appropriate

boundary conditions.

Selecting an appropriate force field is crucial for accurately describing the interactions

between atoms and molecules in the system. Force field parameters, such as bond lengths,

angles, dihedral angles, and nonbonded interactions, need to be carefully assigned based on

the specific molecular entities involved.

Assigning initial atomic positions and velocities requires careful consideration of the

starting conformation. This can involve obtaining experimental structures, performing ho-

mology modeling, or using other computational techniques to generate an appropriate start-

ing structure.

If the system includes solvent molecules, they need to be added to mimic the experi-

mental environment. Solvent molecules can contribute to the stability and behavior of the

system, affecting properties such as solvation, hydration, and transport.

Incorporating ions into the simulation can be essential for replicating experimental con-

ditions, maintaining charge neutrality, and accounting for the presence of counterions or
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cofactors.

Once the initial conditions are defined, an energy minimization step is typically per-

formed to relax the system and remove any steric clashes or unfavorable interactions. This

ensures that the system starts in a physically realistic state and minimizes artificial forces.

Overall, choosing the initial conditions for molecular dynamics simulations requires

a thorough understanding of the system being studied and a careful balance between ac-

curacy and computational efficiency. It is an iterative process that may involve trial and

error, parameter optimization, and validation against experimental data to ensure reliable

and meaningful simulations.

1.7 Coarse Grained simulations

Usually the starting configurations of the molecular dynamics simulations include the all-

atom representation of the systems of interest. In the all atom representation the individual

atoms are explicitly represented, and their interactions are considered in the simulation.

Each atom is treated as a separate particle, and the forces between atoms are calculated

based on their positions and potential energy functions. Coarse-grained simulations refer

to a specific approach in which the level of detail and resolution of the system is reduced

compared to atomistic simulations. In this context, the biomolecular system, such as pro-

teins, nucleic acids, or lipid membranes, is represented by larger, coarse-grained particles

or beads [51].

In a coarse-grained model, multiple atoms are grouped together to form a single in-

teraction site or bead. This grouping is based on physical or chemical properties, spatial

proximity, or functional significance. By doing so, the computational complexity of the

simulation is significantly reduced, allowing longer time scales and larger systems to be

studied compared to atomistic simulations.
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Coarse-grained models aim to capture the essential features and behavior of biomolecu-

lar systems while neglecting fine details. The interactions between coarse-grained particles

are typically described using effective potentials or force fields that are derived from more

detailed atomistic simulations or experimental data. The parameters of the force field are

often optimized to reproduce specific properties or experimental observables.

Coarse-grained simulations in biomolecular molecular dynamics have been widely used

to investigate various biological processes and phenomena, such as protein folding, mem-

brane dynamics, protein-protein interactions, and self-assembly of biomolecular complexes [52].

Coarse-grained simulations are particularly useful for studying longer time scale phenom-

ena and larger length scales, such as protein folding, self-assembly processes, or membrane

dynamics, which involve collective behavior and large macromolecular systems. These

simulations provide valuable insights into the collective behavior, dynamics, and functional

mechanisms of biomolecules and allow for the study of larger and longer time scale pro-

cesses that are otherwise challenging with atomistic simulations.
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Chapter 2

Helix-Coil Transition andConformational
Deformity inAβ42-monomer: ACase Study
Using the Zn2+ Cation
The aggregation of amyloid beta peptides and its progression is regarded as the primary

cause for Alzheimer’s disease (AD) [53, 54]. AD is one of the most common causes of

Dementia which imparts a considerable decline in the cognitive processes of an individ-

ual [55, 56]. Amyloid-β peptides and their aggregation is deemed as an important prob-

lem for the NMR and molecular dynamics (MD) studies [57]. Owing to their hitherto

dis-orderedness they are classified as intrinsically disordered proteins or IDPs [58]. The

self-aggregation of the amyloid-β is triggered as a result of the amyloid precursor protein

(APP) being sequentially cleaved by the β- and γ-secretase. The AD is characterised by the

deposition of amyloid fibrils which are densely packed and aggregated peptide oligomers

of the 42 (Aβ42) and 40 (Aβ40) residue monomers. It has been found that the 42 residue

monomer is more prone towards aggregation and hence more toxic to the brain, and also

the dominant species in the fibrils that are deposited in the brain.

There is a high prevalence of metal ions ( Fe2+, Zn2+, Cu2+) in the fibrils that are found

in the dementia affected parts in the brain [59, 60, 61]. Many studies have reported the

interaction of the metal ions with the Aβ monomer and fibrils. These metal ions are the

potential hidden actors in the interaction of the APP and the fibril oligomers. Previous

studies have found that the H6, H13 and H14 regions are the binding junctions at the N-

terminal region to accommodate the Zn2+ ion [62, 63, 64, 65, 66]. Structural models of these

metal bound peptides are important to understand the fibrillation kinetics and the structural
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changes involved. Experiments (such as FRET, dynamic light scattering, mass spectrom-

etry, atomic force microscopy) at times prove to be important in predicting the structural

changes of the oligomers involved in the fibrillation [14, 15, 16, 17]. But with the advent

of highly effective sampling methods along with the increase of available computational

resources, classical MD simulations have provided deep insights on the fibril aggregation

mechanism [67, 68, 23, 69]. In many cases short fragments of K16 to E22 or G33 to A42 is

modelled to study the aggregation mechanism of the Aβ monomer [70, 71]. In this study,

we have taken the entire Aβ monomer with and without Zn2+ and estimated the potential

of mean force (PMF) for the unfolding of the entire peptide from α-helix to coil. Keten and

coworkers have analysed the mechanical unfolding of a series of alpha-helical and beta-

helical proteins through a number of steered molecular dynamics (SMD) simulations using

a variety of pull-rates [72, 73]. In our study, we have pulled the monomer(Aβ-42) α-helix

to the unfolded state to look at the mechanical robustness of the helix monomer. This also

provides information of the energetics involved in the folding of the Aβ monomer with the

addition of cations (Zn2+, Cu2+, Fe2+ etc).

2.1 Methodology and simulation details

The initial structure for the MD simulations was taken from the PDB-id 1Z0Q. The N- and

C-terminals are free amino (NH+
3 ) and carboxyl (COO−) groups and hence have a net charge

of -3e. The Zinc ion was initially positioned nearby the Zn-binding residues (H6, H13 and

H14). The proteins were solvated in a cubic box using the CHARMM-GUI [74, 75, 76] in-

terface using the parameters from CHARMM-36m [77] force field and TIP3P water model.

Potassium ions are added to neutralize the simulation box. The LINCS [78] algorithm was

used to constrain the bonds involving hydrogen atoms. The particle mesh Ewald summa-

tion [79] was used to describe the long-range interactions with a cutoff of 1.2 nm. For the
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van der Waals forces, a cutoff of 1.2 nm was used. The temperature and pressure were

controlled using the Nosé-Hoover thermostat[80] and Parrinello-Rahman barostat[81] re-

spectively. Initially, the systems were energy minimized using the method of steepest de-

scent. A timestep of 2.0 fs was used for the simulations. The velocities and coordinates

were stored at an interval of 10.0 ps. The peptide was simulated with and without Zn2+ ion,

starting from four independent configurations. The initial configurations were obtained by

simulating the peptide at four different temperatures (400 K, 310 K, 350 K and 380 K) and

1 atmosphere pressure for 10 ns. The simulations were then extended for another 1 µs in

isothermal-isobaric (constant NPT) ensemble at 310 K and 1 atmosphere pressure. These

simulations are termed as sim1, sim2, sim3 and sim4. We have also carried out simulations

on another configuration of themultiple configurations deposited in the pdb 1Z0Q, at 310K,

which is referred to as sim5. The cumulative sampling of the equilibrium simulations add

up to 9 µs. The details of the simulations are given in the table 2.1.

The initial equilibrationwas carried out with the restraints applied on the proteinmolecules.

All the systems were simulated using GROMACSMD engine (5.1.4 version) [47, 82]. The

images were rendered using VMD software [83]. To elucidate the changes in the secondary

structure content, the DSSP utility in gmx was used.

To study the helix to coil transition, we have stretched the Aβ peptide of 42 residues to

a coil structure from the α-helix. The box dimensions were chosen in such a way to avoid

interactions between the periodic images even when the peptide was fully stretched. The

box dimensions were taken to be 31.5 nm× 8.4 nm× 8.4 nm, with the stretching direction

being towards the x-axis. In the first steered MD simulation, the α-helix was pulled to the

coil structure and the extent of the unfolding was scrutinized using DSSP. In all the pull

simulation studies the pull rate and the force constant of the pull spring was 0.2 nm per

nanosecond and 105 kJ/mol/nm2 respectively. DSSP algorithm was used to analyse the

extent of unfolding in the α-helix. A complete coil conformation in the DSSP plot points
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to the total unfolded state. The peptide was pulled to a completely unfolded state and the

umbrella sampling was done taking successive configurations along the collective variable

with the equilibration of 10 ns at each window. The spacing between the umbrella sampling

was 0.102 nm for the alpha-helices to coil conversion. In this way, about 100 configurations

across the reaction coordinate were generated to account for the entire length of the peptide.

The potential of mean force (PMF) was generated taking the pull profiles from all these

configurations using theWHAMmodule of GROMACS. The equilibration at each window

varied between 5 ns per window and 10 ns per window. The analysis were done using perl

scripting, gmx modules and in-house scripts. A total of 3.1 µs of steered MD and umbrella

sampling simulations have been performed.

To elucidate the Zn2+ binding in the Aβ monomer, we have pulled the Zn2+ away from

the solvation shell of the Aβ monomer towards the y-direction using a harmonic force con-

stant of 105 kJmol−1nm−2. WHAM is used to extract the PMF from 30 individual windows

being placed across the pulling coordinate. The spacing between the umbrella sampling

windows was 0.08 nm. The pulling rate was 0.2 nm/ns with the collective variable being

chosen as the distance between the residue E-22 and the Zn2+ atom. E-22 was chosen to

tether the Aβ monomer from the Zn2+ cation as it is close to the center-of-mass of the

monomer peptide. The WHAM profiles are extracted through the equilibration of 5 ns at

each window and subsequent employment of bootstrapping of histograms [84]. Bootstrap-

ping is very efficient and is comparable to the multiple WHAM computations for the PMF

calculation[84].

In all the analyses and discussions, the entire peptide of 42 residues is segregated into

four regions or zones owing to their differential structural and dynamical characteristics in

accordance with the previous studies. The region having residues from 1− 16 (N-terminus)

is termed as zone 1, from 17 − 21 (central hydrophobic core) is termed as zone 2, 22 − 29

(hydrophilic patch) is termed as zone 3 and C-terminus from residues 30 − 42 is termed as
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Table 2.1: Details of the simulated systems
System Number of Box Length

Atoms (nm)
sim1 35454 7.06
sim2 52659 8.06

Aβ monomer sim3 52653 8.06
sim4 52659 8.05
sim5 58395 8.35

sim1 35471 7.08
Aβ monomer + Zn2+ sim2 52658 8.07

sim3 52658 8.06
sim4 52658 8.07

zone 4.

2.2 Results and discussion

2.2.1 Hydrophilicity/hydrophobicity

There have been many theoretical and experimental studies that demonstrates that the Zn2+

binds in the N-terminal region with the amino acid residues H6, E11, H13 and H14. These

studies conclude that the central hydrophobic core (CHC) plays a major role in the aggrega-

tion process leading to oligomerization. It has been found [69] that the presence of the Zn2+

decreases the β-strand content. Another study has demonstrated the change in hydropho-

bicity of the whole length peptides upon Zn2+ binding [85]. The increased hydrophobicity

results in the increased interaction among the hydrophobic residues which facilitates aggre-

gation [86, 87, 88, 89].

In this study, we have investigated the effect of Zn2+ incorporation in the peptide in

1:1 ratio. The hydrophobicity is probed using the radial distribution function (RDF) of the

water oxygen with the of the C-α of the protein shown in the Figure 2.1 which provides

the relative probability distribution of the water oxygen around the protein. The results are

33



2 Helix coil transition

Figure 2.1: The RDFs of two systems across the four different zones for the C-α atoms with
water oxygen. (a) for Aβ monomer (b) for Aβ monomer + Zn2+

averaged across all the trajectories with and without Zn2+. The peptide zones 1, 2, 3 and

4 with and without the Zn2+ show differential plots for their relative interactions with the

water oxygen, which gives an idea about the relative hydrophobicity or hydrophilicity. The

RDFs show differential interaction of various zones; zone 3 (hydrophilic patch between 22

− 29) shows greater affinity towards the water oxygen and the zone 2 (the hydrophobic

core between 17 − 21) shows least preference towards water. The zone 1 (hydrophilic N-

terminal) and zone 4 (hydrophobic C-terminal) shows comparable affinity towards water

in the presence and absence of Zn2+. Although the RDF peak heights and positions remain

consistent, there is a noticeable change in the relative peak intensity differences between

zone 1 and zone 4.
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Table 2.2: The average number of H-bonds observed across all the trajectories. The standard
deviations are given in the parenthesis

Number of H-bonds Aβ monomer Aβ monomer + Zn2+
intrapeptide 13.93 (3.32) 14.89 (3.32)
peptide-water 130.60 (7.76) 122.38 (7.59)

2.2.2 Hydrogen Bonding

The hydrogen bond is an attractive interaction between a hydrogen atom of a molecule or

a molecular fragment X – H in which X is more electronegative than H, and an atom or

a group of atoms in the same or a different molecule, in which there is evidence of bond

formation. In a strong H bond, the H atom and the acceptor are separated by a distance

less than 0.22 nm, and the angle made by the donor, H atom, and the acceptor is within the

range 130 – 180◦. The corresponding distance range and angular range are 0.2 – 0.3 nm

and 90 – 180◦, respectively, in a weak hydrogen bond[90]. Thus we have used the weak

hydrogen bonding criterion to compare across the results as no strong H-bond is observed

in our cases.

The pattern of H-bonding is analyzed across the two representative trajectories with and

without Zn2+ ion in Figure 2.2. The average number of the intramolecular H bonds in the

Aβ monomer system, and the monomer + Zn2+ system are 13.93 and 14.89 respectively

being averaged out of all the trajectories. However, the number of peptide-water H-bonds

shows the opposite trend, with the peptide showing a greater number of H-bonds in the

absence of Zn2+ ion as shown in table 2.2.

The average number of peptide – water H-bonds in the solution decreases upon the ad-

dition of Zn2+ cation, due to the increase in the number of intramolecular H-bonds. The

increase in the intra-peptide hydrogen bonding is lesser than the decrease in the number of

peptide-water hydrogen bonding due to the availability of lesser number of intra-peptide

contacts for the hydrogen bond formation. The higher number of intra-peptide hydrogen
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Figure 2.2: The plots for the number of H-bonds observed in the representative trajectories
for systems with and without Zn2+ ions. (a) peptide – water H-bonds (b) intrapeptide H-
bonds.

bonds gives rise to the more favorable interactions within the peptide residues in the pres-

ence of the Zn2+ ion.

Hence, in the solvent, the Zn2+ cation induces more number of intra-peptide H-bonds

facilitating the favorable intra-peptide interactions for maintaining the secondary structure,

which comes at the cost of reduction in the number of peptide-water H-bonds. Thus Zn2+

cation initiates the favorable H-bonded interactions within the peptide, by increasing the

favorable interactions to attain a particular secondary structure. The H-bonding profiles in

the other trajectories also follow the same trend with the Zn2+ cation inducing the relatively

higher number of intra – peptide hydrogen bonds and reducing the peptide – water hydrogen

bonding.

2.2.3 Contact Maps

To explore the structural disparity of the Zn2+ bound peptide, we have studied the contact

maps for the residue distances. The contact maps elucidate the presence of long-range

interactions and the contact probabilities and are shown in Figure 2.3. The presence of
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Zn2+ cation induces the long range interactions between the residues, the most important

among them being H13 − I32, F4 − N27, I32 − V40, Y10 − I31 and D7 − K16. These

interactions span major inter-zonal contacts between the core and the terminal residues.

Hence, it is evident that the Zn2+ cation introduces more inter-zonal side chain contacts

and induces more long-ranged interactions leading to a rather folded conformation. This is

also consistent with the previous reported results [85].

Figure 2.3: The representative contact maps associated with the two trajectories. (a) Aβ
monomer and (b) Aβ monomer + Zn2+ ion.
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Table 2.3: Average percentage of secondary structure content by averaging across all the
trajectories.

Aβ42 Aβ42 + Zn2+ Aβ42 Aβ42 + Zn2+ Aβ42 Aβ42 + Zn2+
overall 0-100ns 900-1000ns

coil 34.78 34.12 26.25 32.63 43.78 35.84
β-sheet 1.67 0.50 0.64 0.37 2.15 1.25
β-bridge 1.80 1.15 2.42 0.18 3.24 3.04
α-helix 6.00 19.64 26.00 21.16 0.17 18.74
3-10-helix 0.57 0.90 1.44 0.22 0.21 1.88
turn 9.67 13.00 13.26 10.67 6.5 14.00

2.2.4 DSSP analysis

The presence of the Zn2+ ion can alter the secondary structure content which has been traced

by the direct secondary structure prediction algorithm. The table 2.3 shows the average

secondary structure content of the two trajectories in two intervals, one at the beginning

and another at the end of the simulation. The average over all the 1 µs simulations is also

shown in the table.

Overall the average α-helix content is increased and the β-sheet, β-bridge content is

decreased with the addition of the Zn2+. The increase in the overall α-helix content is

balanced by the turn content. The decrease of the β-sheet, α helix and β-bridge content of

the secondary structure compensates for the increase in the coil structure in the first 100 ns

for the Aβ monomer system with the Zn2+ ion. For the final 100 ns the α-helix content

predominates over the other secondary structures with the inclusion of Zn2+. It can be said

that there is a strong penchant for the coil conformations in all the trajectories. The β-sheet,

β-bridge and 3-10 helix strutures are less pronounced. The secondary structure propensity

of residues for the two trajectories over the entire 1 µs is shown in Figure 2.4. The top

plot shows the DSSP timeline for the trajectory without the Zn2+ cation. In case of the

Aβ monomer, the beta sheet region is steadily observed at the C-terminal region. There is
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Figure 2.4: The representative timeline of DSSP plots for (a) Aβ monomer and (b) Aβ
monomer + Zn2+.

also an increase in the alpha helix content with time between the residues 10 – 20 in the

N-terminal and the CHC region. In the trajectory of the Aβ monomer with Zn2+, there

are some sporadic accounts of beta sheet at the C-terminal zones along with the overall

predominance of the α-helix. The α-helix is found throughout the microsecond run in the

presence of the Zn2+ cation. Previous studies on themetal amyloid interactions at a different

ion concentration have found that the fraction of the β-sheet content decreases under the

influence of the metal ions [91, 92]. The improved stability of the α-helix with the Zn2+

ion has been shown elsewhere that Zn2+ cation can increase the propensity of an existing

α-helix conformation in Clavanin A peptide[93].

The representative structures generated from the simulations are shown in Figure 2.5.

In case of the Aβ monomer + Zn2+, there is a clear predominance of α-helix, 3-10 helix,

π-helix and coil, but without the Zn2+ there is β-sheet, coil and α-helix. The helix structure

of the Aβ monomer + Zn2+ is maintained both at 500 ns and 1 µs.

39



2 Helix coil transition

Figure 2.5: The structures (a) and (b) are the peptide configurations obtained at the 500 ns
and structures (c) and (d) represent the configurations at 1µs.

2.2.5 Internal Rotational Dynamics

The influence of Zn2+ cation on the structure and dynamics of the protein is significant

as discussed earlier. Experimentally, it is found that the Zn2+ binding sites are toward the

N-terminal side. However, Zn2+ ion exerts an appreciable influence over the entire stretch

of the peptide. To examine the dynamical fluctuations, we have analysed the mean internal

correlation time for all the backbone NH dipoles of the peptide residues. The internal mo-

tions of the protein backbone can be investigated by the NMR relaxation parameters. The

spin relaxation rates have been used to validate the molecular dynamics (MD) simulations.

The analysis is executed by separating the internal rotational fluctuations from the overall

rotational fluctuations. It has been assumed that the motions related to the overall Brown-

ian fluctuations are independent of the internal conformational fluctuations. The rotational

correlation function is written as
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C(t) = Ci(t) · Co(t) (2.1)

where Ci(t) is the internal rotational correlation function and Co(t) is the overall rota-

tional correlation function. The internal rotation is removed from the overall rotation by

using the gmx fit option. The internal rotational correlation functions are then expressed as

the dipole correlation functions of the NH bond vectors across the trajectory.

Ci(t) = ⟨P2(µ̂i(t+ τ) · µ̂i(τ))⟩ (2.2)

where P2(x) =
1
2
(3x2 − 1) is the second order Legendre polynomial. τ is the time step

for the computation of the correlation function and the angular brackets denote the average

over the trajectory. The average lifetime is calculated by integrating over the entire time

period using the formula,

⟨τe⟩ =
∫ ∞

0

Ci(t) dt (2.3)

The evaluated ⟨τe⟩ may be used to link the internal peptide backbone correlation time

to the fluctuations in the peptide backbone.

The mean rotational correlation time for the residual backbone NH dipole moment are

shown in Figure 2.6. From the Figure, it can be noticed that the difference between the

correlation time is more pronounced for the residues G-9 to F-19 and between I-31 and

M-35 residues. This observation supports the earlier reports that conclude that the CHC

(zone 2) and zone 3 are the aggregation prone segments in the full length Aβ peptide[94].

Aβ (29 − 42) and the region, K-16 to E-22 are the aggregation prone regions which are

independently capable of aggregation [95, 96].

The mean lifetime (averaged over all the trajectories) with and without the Zn2+ cation

are found to be 0.52 ns and 0.47 ns respectively. The Zn2+ cation not only imparts local
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changes in the residue binding site, but also alters the overall mean peptide internal corre-

lation time. One can deduce that the changes in the H-bond network is responsible for the

considerable changes observed in the backbone rotational correlation lifetimes.

Figure 2.6: The mean rotational correlation time for each of the residual backbone -NH
dipole moment obtained by averaging over all the trajectories.
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2.2.6 Steered Molecular Dynamics and End-to-End Pull

The potential of mean force (PMF) is the free energy computed across the specified degree

of freedomwith the other degrees of freedom being Boltzmann-averaged and is exclusive of

that specific reaction coordinate. Thus PMF succinctly reveals the free energy preferences

in many biologically relevant processes such as stretching the proteins, RNA, DNA [97, 98,

99, 100, 101], pulling small molecules or ions through ion channels[102, 103] and crown

ethers[104]. Jarzynski has put forward an equality which connects the non-equilibrium

steered MD with the equilibrium property, PMF for a particular system [105, 106]. It

connects the equilibrium free energy with the work done through the non-equilibrium (or

pseudo-equilibrium) processes.

⟨exp−βW ⟩ = exp−β.∆F (2.4)

where β is 1/kBT , ∆F is the change in free energy, W is the work done and ⟨· · · ⟩ denotes

the average over the conformations. The other method is the weighted histogram analysis

method (WHAM) [107] to extract the equilibrium data from the non-equilibrium steered

MD trajectory. The Jarznyski’s method involve the generation of the PMF profiles using

multiple steered MD simulations whereas the WHAM method involves the generation of

the PMF using a single steered MD simulation. We have used the latter method here. Two

snapshots of the pulling is shown in the Figure 2.7.

2.2.7 Pull DSSP Profile

The terminal C-α carbon atoms were pulled away from each other to obtain an entirely

unfolded peptide structure having a coil conformation. We have taken the Aβ monomer pdb

file and pulled across the end-to-end degree of freedom. Then, by storing the subsequent

conformational states across this chosen degree of freedom we have extracted the PMF

results.
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Figure 2.7: An α-helix Aβ42-monomer during the pulling simulation across the terminal
residues. (a) is the initial starting configuration and (b) is the structure during the course of
the pulling simulation.

Figure 2.8: The pull DSSP profile of the Aβ monomer α-helix to coil
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Figure 2.9: The pull DSSP profile for the Aβ monomer + Zn2+

The pull DSSP profiles in Figures 2.8 and 2.9 show a few notable observations. The

DSSP profile without the Zn2+ ion is shown in Figure 2.8. We find that all the alpha helical

zones are transformed to the turn conformation and subsequently to the coil conformation

with some trace of 3-10 helix and bend coming up sporadically. Secondly, the C-terminal

region (zone 4 according to our convention) is less rigid with respect to other parts of the

peptide. The total uncoiling of the C-terminal α-helix happens within the first 20 ns of pull

simulation with a few traces of the turn, bend and 3- 10 helix conformation. For the other

region, the uncoiling took longer time, with the maximum time taken for the uncoiling near

the zone 1 (N-terminal) and the zone 2 (CHC) being nearly 38 ns. Thus, the C-terminal

undergoes unwinding readily compared to the other regions.

In the Aβ monomer the unwinding pattern appears to proceed along two regions simul-

taneously, characterized by the uncoiling of the α helices across the two different regions

(one from D-7 to S-26 and the other from I-31 to V-40) that are separated by a turn por-
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Figure 2.10: The PMF calculated from the stretching of the α-helix to the coil structure.

tion. For the unwinding of the Aβ monomer+ Zn2+, the DSSP profile in Figure 2.9 shows

some significant changes. With the Zn2+ ion, the unwinding is continuous, characterized

by the smooth transformation of α-helix to the coil structure. There is no distinction of the

pull profile of the α-helix at the two terminal regions. Thus, end-to-end pulling reveals the

distinction in the nature of the α-helices being found in the Aβ monomer structure, both

inclusive and exclusive of the Zn2+ cation.

The PMF is then extracted by taking the conformations across the stretching co-ordinate.

We have taken two sets of WHAM data, one by simulating 5 ns per window and another

with 10 ns per window. The PMF for the Aβ monomer with and without Zn2+ is shown in

Figure 2.10.

The evolution of the secondary structure across the α-helix pull has been quantified
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using the DSSP profile shown in Figure 2.8 and Figure 2.9. The free energy profiles are

shown in the Figure 2.10. The corresponding free energy is calculated to be 46.64 kcal/mol

in case of the α-helix Aβ monomer without Zn2+ cation and 37.09 kcal/mol in case of

the Aβ monomer + Zn2+. Literature studies have shown that the PMF calculations for

the helix-coil transition of the alanine deca-peptide gives a value of nearly 22 kcal/mol in

vacuum and nearly 7 kcal/mol in explicit solvent [100, 46]. In another study using the

adaptive steered molecular dynamics (ASMD) the deca-alanine PMF for the helix to coil

stretching has been calculated[108]. The pull distance in those cases are also defined with

respect to the C-α atoms of the terminal atoms. The computational complexity in our case

stems from the fact that the end-to-end distance of the Aβ peptide is larger and hence the

corresponding box dimensions.

2.2.8 Hydrogen Bonding profiles

The hydrogen bonding profiles for the helix to coil transition gives interesting information

about the unfolding of the amyloid monomer [108]. The H-bonding profiles along with

the PMF profiles help in detailed understanding of the H-bond rupture taking place during

the course of the pull simulations. The i − i+4 (α-helix) contacts (where i refers to the

residue index) are thoroughly disrupted in the course of the pulling simulation. The i− i+4

contacts are ruptured along with the i− i+3 (3−10 helix), i − i+5 (π-helix) contacts, with

the tearing of the residue contacts being different in the presence and absence of Zn2+. The

intra-helical contact distances (i − i+j distance where j ∈ 3 to 5) are traced to account for

the H-bond breaking. The monomer+ Zn2+ system shows a more slow or delayed breaking

of the H-bonds which is evident from both the intra-helical distance and the H-bond count

profile shown in Figure 2.11. The Aβ monomer + Zn2+ system takes longer time to reach

the coil conformation due to the increased network of H-bonding.

The i− i+5 contacts (π-helix) are slightly more prominent inclusive of the Zn2+ unlike
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Figure 2.11: The intra-helix distance and H-bond count for the Aβ monomer in absence
and presence of Zn2+ during the pull simulations.

for the Aβ monomer. For the higher contacts i − j (j > i+6) the hydrogen bonding is more

prominent in case of the Aβ monomer + Zn2+ but the overall H-bond count for the i− i+j

(for j = 3, 4, 5, 6) is less with the inclusion of Zn2+. From the Figure 2.11, it is clear that

the change in the H-bond count for i− i+3 and i − i+5 contacts is more in presence of the

Zn2+ ion which further proves the presence of more intra-peptide contacts. Hence, along

with the DSSP profile, the H-bond profiles also show the differential rupturing preference

of the amyloid peptide. Thus, it is evident from the helix to coil transition that the Zn2+

cation influences the dynamics and structural properties.

The profiles of the intra-helical distances also show a clear difference upon the addition

of the Aβ monomer + Zn2+ (Figure 2.11). The i to i+j (j = 3, 4, 5) distance which is

defined as the intra-helix distance increases along the course of the pulling simulation as

seen in the Figure 2.11. Increase in the intra-helical distance is observed to be faster in

case of Aβ monomer compared to the Aβ monomer + Zn2+ ion. The breaking of the H-

bonds (intra-peptide) for the Aβ monomer+ Zn2+ occurs at around 40 ns during the course

of pulling. However, in case of Aβ monomer, the intra-peptide H-bonds are broken earlier
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which is seen as a steady increase of the intra-helical distance in the Figure 2.11. Hence, the

influence of Zn2+ ion on the intra-peptide H-bonding is evident. The rupture of the intra-

peptide H-bonds disrupts the secondary structure, and these H-bonds are replaced by new

peptide-water H-bonds formed in the solution. The rupture of the favorable intra-peptide

H-bonds leads to the formation of a totally coiled state in going from α-helix to coil.

The coiled conformation has no intra-peptide H-bonding to have the stability and it

forms more peptide-water H-bonds for its stability in the solution. We define the change

in the number of H-bonds as ∆Npeptide−water
HB which denotes the difference between the

final and the initial number of H-bonds (peptide-water). For the helix-coil transition for

Aβ monomer the ∆Npeptide−water
HB is 88 and for the Aβ monomer + Zn2+ it is 74. The

∆Npeptide−water
HB being positive for both the cases show that the number of peptide-water

H-bonds are increasing during the course of the helix-coil transition. The Aβ monomer +

Zn2+ requires less number of peptide-water H-bonds in the solution for the stability. This is

due to the fact that the Zn2+ cation increases the number of intra-peptide contacts with the

presence of more number of i − i+j contacts as observed in Figure 2.11. The contact map

in the case of the unbiased simulations also prove the case. The net lowering of the PMF

values with the Zn2+ ion can be attributed to the increased co-operativity of the H-bond

breaking during the alpha helix unfolding. The earlier reports show that the alpha helices

break the hydrogen bonds in a cooperative manner [109, 110, 111]. We assume that with the

inclusion of the Zn2+ ion, the co-operativity of the hydrogen bond breaking increases and

hence the work done for the unfolding decreases. From the fact that there are more number

of intra-peptide hydrogen bonds and more number of intra-peptide contacts in the contact

map, in the presence of Zn2+ ion, we can conclude that the Zn2+ ion leads to the formation

of more intra-peptide networks in the solvent. This increase in intra-peptide networks leads

to the increased possibility of co-operativity in the hydrogen bond breaking, resulting in the

decrease in net work done for unfolding in the presence of Zn2+.
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Figure 2.12: PMF for the pulling of the Zn2+ cation away from the peptide

If we consider the overall difference of the number of intra-peptideH-bonds,∆N intra−peptide
HB

(defined as number of intra−peptide H-bonds in final coil configuration minus the initial

α helix ), it is −33 in case of Aβ monomer and −27 for the Aβ monomer + Zn2+. The

negative∆NHB shows that the number of the H-bonds are decreasing during the course of

the transition. The number of intra-peptide H-bonds is higher in case of the Aβ monomer

compared to the Aβ monomer + Zn2+. The difference in the number of peptide-water H-

bonds is higher in case of the Aβ monomer (88) than that in the Aβ monomer+ Zn2+ (74).

Thus there exists an interplay of the intra-peptide and peptide-water H-bonding network in

the solution for the stability during the course of the helix-coil transition. This observation

has also been found consistent with the rat amylin peptide and also for the deca-alanine pull

that is reported elsewhere [112, 113, 100].

The well depth for the binding of the Zn2+ is calculated to be -9.11 ± 0.10 kcal/mol given

in Figure 2.12. The PMF proves the significant binding of the Zn2+ cation in the peptide.
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2.3 Conclusion

All-atom molecular dynamics simulations of Aβ monomer with and without the Zn2+ ion

were carried out to study the effect of Zn2+ binding on an intrinsically disordered protein.

Unbiased simulations reported here shows the differential hydrophobicity/hydrophilicity

with the presence of the Zn2+ cation. The interplay of the discriminating affinity of water

from zone 1 to zone 4 are evident from the corresponding RDFs. The structural differences

can also be attributed to the Zn2+ binding to the Aβ monomer, where an increasing number

of the long ranged contacts are established upon binding. The NH backbone dipoles show

a longer mean lifetime in the presence of Zn2+ and more variation at the N-terminal region.

For the steered molecular dynamics simulations, the unfolding of the complex Aβ monomer

to the coil state gives us an idea of the relative flexibility and intra-peptide H-bonding in the

presence of metal ion. The N-terminus of the Aβ monomer is more rigid compared to the

C-terminus. The difference in the mobility among the terminal residues is reduced with the

inclusion of the Zn2+ cation. The competitive intra-peptide and peptide-water H-bonding

stabilizes the peptide in the protic solvent medium. Further studies using varying pull rates

and pull force are underway in our group.
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Chapter 3

The Effect of Lipid Composition on the
Dynamics of Tau Fibrils
Tauopathies comprises of a set of central nervous system diseases such as Alzheimer’s

disease (AD), frontotemporal lobar degeneration, Pick’s disease, and progressive supranu-

clear palsy, characterized by abnormal aggregation of the microtubule-associated protein

tau (MAPT) [114]. Tau protein polymerizes tubulin to form microtubules (MT) and pro-

vides axonal support to MTs. Tau is an intrinsically disordered protein (IDP) that is soluble

in normal conditions but can form insoluble aggregates. In a healthy brain tau proteins

undergo phosphorylation which is 2-3 moles of phosphate per mole of tau protein. Hyper-

phosphorylation in tau is when the phosphate mole ratio is almost 3 fold more than a normal

brain tau [115]. Hyper-phosphorylation of tau makes it difficult for it to associate withMTs,

and causes aggregation of tau and formation of paired helical filament (PHF) and neurofib-

rillary tangles (NFT) [116].

AD is characterized by gradual accumulation of amyloid plaques consisting of aggre-

gates of Aβ peptides and aggregates of tau. Research on AD was majorly focused on Aβ

peptides but due to failures of Aβ targeting treatments in clinical trials, tau proteins are

getting the attention of researchers [117]. A total of six tau protein isoforms are expressed

in AD brain, ranging from 352 to 441 amino acids. The six isoforms of tau can be distin-

guished based on the presence or absence of inserts of 29 or 58 amino acids in the N-terminal

half, and the inclusion or absence of the 31 amino acid microtubule-binding repeat in the

C-terminal half. In general tau can be said to have four broad domains, the N-terminal

domain, the proline rich domain, repeat domain region and the C-terminal domain [118].
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Fetal brain has only three repeat domains (R3 tau) while the adult human brain has four

repeat domains (R4 tau). The repeat domains R3 and R4 form the core structure for the

paired helical filaments (PHF) and straight filaments (SF) [119]. PHFs and SFs both are

composed of two protofilaments with C-shaped subunits [119]. Cryo-electron microscopy

structures of tau filaments from the individuals with ADwere determined by Fitzpatrick and

coworkers which serves as a good starting point for MD simulations [120]. Studies have

shown that tau interacts with plasma membrane through its amino projection domain [121].

Interaction of tau with plasma membrane is observed to promote tau aggregation in vitro,

however, the exact mechanism is unknown [122]. Anionic lipid membranes facilitates the

fibrillation of tau and Aβ proteins [123, 124, 125]. Single molecule experiments have paved

the way to explain the tau morphology across the series of lipids with varying lipid packing

and net charge respectively [126, 127]. In the microtubule binding (MTB) region of tau,

three segments (253-261, 315-323 and 346-355) have been observed to bind to lipids and

take up a helical structure that facilitates protein aggregation [128, 129, 130]. Membrane

lipids like phosphatidylcholine (PC), cholesterol, and sphingolipid have been observed to

be associated with the tau proteins [131]. Membrane interactions with tau proteins show

that the membranes play an important role in fibrillation and associated toxicity as reported

in case of PHF6 hexapeptide [132].

Molecular dynamics simulations help in characterizing the intrinsically disordered pro-

teins (IDPs) which do not possess any particular three dimensional structure [133]. IDPs

possess seemingly dynamic conformation ensemble that are usually characterised by small

angle neutron/X-ray scattering (SANS/SAXS), nuclear magnetic resonance (NMR), circu-

lar dichroism, fluorescence resonance energy transfer (FRET) etc [134, 135, 136, 137]. The

data from the experimental techniques mentioned above are usually scarce for a complete

structural and dynamical characterisation of the IDPs [138]. Recent development of the

optimized force fields for the IDPs along with compatible water models [77, 139, 140]
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have further improved their computational modeling. The interaction of lipid membrane

with the amyloid fibrils are studied using both the coarse-grained and the all-atom mod-

els [141, 142]. Computer simulations have shown that in case of zwitterionic bilayers,

fibril-membrane binding is dominated by coulombic interactions [143, 144]. Jang and

coworkers have shown the possible fibril conformations along the pathways for the mem-

brane insertion [141]. The increased cholesterol level also hints at the improved binding of

the monomeric Aβ-42 to the bilayers [144]. In a different study using the replica exchange

molecular dynamics (REMD), it was found that the cholesterol prevents the penetration of

the Aβ-40 monomer into the lipid bilayer [145]. The hexapeptide 306V QIV Y K311 (PHF6)

is used as a template in a number of MD simulations due to its similarity to the tau fibrils in

vitro and also because its omission is found to prevent tau assembly [146, 147]. Few other

MD simulations describing the conformational states of the tau helical filaments have been

reported recently [148, 149, 150]. To the best of our knowledge, there are no reports of

comprehensive computational study of the entire stretch of tau proteins with various lipid

compositions. In this study, we elucidate the interaction of tau fibril (straight filament struc-

ture) at various lipid compositions using both all-atom and coarse grained MD simulations.

The schematics of the straight filament structure of tau fibril along with the model bilayer

are shown in Figure 3.1. In Alzheimer’s disease the paired helical filaments predominate,

whereas the straight filaments predominate in Pick’s disease [151].

3.1 Methodology and simulation details

3.1.1 Coarse-grained simulations

The protein structure of the pdb id – 503T was coarse grained using the Martini represen-

tation. Martini version 2.0 and 2.2 have been used to model the lipids and proteins respec-

tively [152, 153]. CHARMM-GUI was used to generate the initial configurations for the
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Figure 3.1: (a) The tau straight filament (SF) structure (PDB id- 503T) as seen from the top
with each of the chains shown in different color. The strands of β-sheet regions are named
sequentially from β1 to β8. (b) The individual chains of the tau-fibril are shown in different
colors. (c) The fibril-lipid arrangement used in our simulations. The phosphorus atoms in
the lipid head group are shown in purple, the lipid chains are shown in green and the fibril
is shown in blue. (d) The fibril-lipid arrangement as viewed from the top.

fibril and lipids [154]. The simulations were performed using the parallelized GROMACS

molecular dynamics code (version 5.1.4) [155]. The system was equilibrated after the ini-

tial energy minimization. The initial equilibration was done for the systems in six steps,

restraining the proteins and lipids sequentially, according to the CHARMM-GUI protocol.

Electrostatic and Lennard-Jones interactions were modeled up to 1.1 nm. The system was

coupled to a thermostat at 310 K with a coupling constant of 1.0 ps using the v-rescale

thermostat [156]. Pressure was maintained at 1 bar with a coupling constant of 5 ps us-
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ing the semi-isotropic Berensden algorithm [157]. Production runs were performed using

a time step of 20 fs for a duration of 10 µs. Electrostatic interactions were modeled using

the reaction field method using dielectric constant of 15, following the recommended sim-

ulation parameters for coarse-grained Martini. The potential shift Verlet scheme was used

for the Lennard-Jones cutoff at long distances. The initial velocities for the systems were

chosen from a Maxwell distribution at 310 K. Final production runs were performed using

the v-rescale thermostat and Parrinello-Rahman barostat with coupling constants of 1 ps

and 12 ps respectively [81]. The details of the studied systems are presented in Table 3.1.

3.1.2 All-atom simulations

The initial structure of the fibril was taken from the pdb id – 503T for the all atom simula-

tions with CHARMM-36m parameters [77]. The fibril was placed in the pre-equilibrated

bilayer using the CHARMM-GUImodule [154]. Water and chloride ions were added to sol-

vate and neutralize the system. TIP3P was used to model the water molecules [158]. Addi-

tional 0.15(M) of KCl was added to maintain the physiological salt concentration. The lipid

molecules and cholesterol were modeled using the CHARMM-36 parameters by Klauda et

al [159, 160]. Energy minimization was performed to avoid steric clashes. The temper-

ature was maintained at 310K using the Nosé-Hoover thermostat [161] with the coupling

constant of 1.0 ps. The equilibration of the lipid bilayers were performed at subsequent

steps using the CHARMM-GUI protocol by applying restraints on the proteins and lipids.

The final production runs were performed in the NPT ensemble for 400 ns using a time step

of 2 fs. The pressure was maintained at 1 bar using the semi-isotropic Parrinello-Rahman

barostat [81]. The long range electrostatics were treated using the particle mesh Ewald

(PME) [79]. Lennard-Jones interactions were calculated up to a cutoff distance of 1.2 nm

with a force-switch function. The bonds involving hydrogen atoms were constrained using

the LINCS algorithm [162]. All-atom simulations were carried out using the GROMACS
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(version 5.1.4) MD code [155].

The analyses have been done using the in-house codes and GROMACS tools. The β-

sheet content was analyzed using the DSSP utility in GROMACS. Clustering analysis was

done using the Gromos algorithm implemented by Daura et. al [163] with the RMSD cutoff

of 0.2 nm.

3.1.3 System Description

Wehave simulated 14 systems comprising of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) alongwith cholesterol (CHOL) at seven

different compositions. The composition of POPC/POPG/POPE + CHOL at the 7:3 ratio is

taken according to the earlier study by the Sansom group [164]. Additionally, we have sim-

ulated the tau protein in a water box. Throughout our study, we have used symmetric com-

position of lipids in the upper and the lower leaflet of the bilayer. In case of the pure POPC

system 255 POPC molecules are randomly placed both on the upper and lower leaflet with

the tau peptide being placed on the membrane surface. In case of the POPC/POPE+CHOL

systems, 179 POPC/POPE + 77 CHOL molecules are randomly placed on the upper leaflet

and 178 POPC/POPE + 76 CHOL molecules are placed on the lower leaflet and are then

packed by placing the tau-peptide over the membrane surface. In POPG+CHOL, the upper

leaflet comprises of 193 POPG and 83 CHOL, and the lower leaflet comprises of 192 POPG

and 82 CHOL. To account for the smaller surface area of the POPG lipids over the POPC

lipids according to the default setting of CHARMM-GUI membrane builder, 550 lipids are

taken for the POPG+CHOL systems to cover the entire area spanned by the tau fibril. Fi-

nally, in the POPC+POPE systems the upper and the lower leaflet comprises of 128 POPC

+ 127 POPE molecules respectively along with the tau peptides. The simulation details are

given in Table 3.1.
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Table 3.1: Details of the fibril and lipid systems used in the study.
System Number of Number of Production Number of

description lipids waters run (ns) atoms
All-atom (protein and lipids)

POPC 510 46400 400 219248
POPE 510 40692 400 197500
POPG 510 42358 400 203938

POPC + CHOL (7:3) 510 41478 400 195424
POPE + CHOL (7:3) 510 31334 400 161569
POPG + CHOL (7:3) 550 42463 400 200461
POPC + POPE (1:1) 510 44309 400 210666
protein (no-lipids) — 106819 40 332515

All-atom (pure lipids)
System Number of Number of Production Number of

description lipids waters run (ns) atoms
POPC 200 12300 40 63764
POPE 200 10856 40 56812
POPG 200 11116 40 59004

POPC + CHOL (7:3) 200 10819 40 55713
POPE + CHOL (7:3) 200 9652 40 50946
POPG + CHOL (7:3) 200 10040 40 52532
POPC + POPE (1:1) 200 11488 40 60422

Coarse-grained (protein and lipids)
System Number of Number of Production Number of

description lipids water beads run (µs) beads
POPC 510 12078 10 20162
POPE 510 9822 10 17846
POPG 510 10410 10 18864

POPC + CHOL (7:3) 510 10309 10 17739
POPE + CHOL (7:3) 510 9697 10 17468
POPG + CHOL (7:3) 550 10132 10 18273
POPC + POPE (1:1) 510 11154 10 19214
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3.2 Results and discussion

3.2.1 Area per lipid and Bilayer Thickness

Wehavemodeled different systems to study the effect of the net charge of the lipidmolecules

and the effect of cholesterol on the tau fibril. Neutral 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC)/ 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE)

and negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) are

used to form the bilayer. In addition to that, a mixed composition of POPC and POPE is

also used to build the bilayer in accordance to the earlier MD studies [165, 166]. In this way

seven compositions of the bilayer are included in our study. Further details of the simula-

tion setup is included in SystemDescription. For the subsequent analyses, the abbreviations

PC, PC+CL, PE, PE+CL, PC+PE, PG, PG+CL are used to refer to POPC, POPC+CHOL,

POPE, POPE+CHOL, POPC+POPE, POPG and POPG+CHOL lipid composition respec-

tively. All-atom simulations are done upto 400 ns for the large system size (nearly 200

thousand atoms). Coarse-grained simulations are done for 10 µs accounting for a better

sampling. Cholesterol is known to induce changes in the properties of the bilayer. Choles-

terol is necessary for the formation of lipid rafts and microdomains, and it adds stability

to membrane proteins by increasing the membrane thickness and membrane lipid rigid-

ity [167]. The adsorption and the interaction of the tau proteins with the bilayers are the

initial steps in the structural changes initiated over the cell membrane. Anionic lipids are

proven to induce the tau aggregation [123]. PC consists of zwitterionic headgroups whereas

the PE consists of ethanolamine headgroup. PG is an anionic lipid with a net charge of (-1).

Negatively charged PG lipids are found to influence the structure and conformation of other

membrane proteins [168]. To analyse the effect of tau peptide on the lipid membrane, we

have computed the area per lipids (APL) and the membrane thickness at all the lipid com-

positions with and without the presence of the tau protein. The mean bilayer thickness and
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Table 3.2: Variation of the bilayer properties with and without the tau protein.
Bilayer Area per Lipid Bilayer thickness

(nm2) (nm)
POPC 0.64 3.92
POPC + tau 0.60 3.88
POPE 0.56 4.28
POPE + tau 0.52 4.15
POPG 0.69 3.70
POPG + tau 0.63 3.64
POPC + CHOL 0.48 4.48
POPC + CHOL + tau 0.43 4.40
POPE + CHOL 0.46 4.56
POPE + CHOL +tau 0.40 4.53
POPC + POPE 0.60 4.11
POPC + POPE + tau 0.54 4.09
POPG + CHOL 0.50 4.29
POPG + CHOL + tau 0.45 4.23

the area per lipids (APL) are given in Table 3.2. The area per lipid is calculated using the x

and y dimensions of the box length and dividing the area by the total number of lipids in a

leaflet. The bilayer thickness is computed using the average intra-phosphate distance in the

bilayer. Figure 3.2 shows the change in bilayer properties depicted in a box and whisker

plot. The presence of tau protein decreases both the APL and the bilayer thickness across

all the lipid compositions. The significant decrease in the APL (0.06 nm2) is observed in

the PG, PC+PE and PE+CL systems and the largest change (0.13 nm) in the membrane

thickness is seen in the PE systems. The bilayer thickness for our model systems increases

upon the tau fibril binding whereas the area per lipids decreases across the simulation time

with the binding of tau fibril. The value for the area per lipids and the bilayer thickness

given in Table 3.2 is the average value across the simulation timescale.

To describe the local deformations of the lipid bilayers with the tau-protein, we have

calculated the variation of the bilayer thickness in the system. The variation of bilayer

thickness describing the local perturbations of the bilayer around the tau peptide in systems

with PG and PG+CL in the presence of tau peptide is shown in Figure 3.3.
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Figure 3.2: Box and whisker plots of the area per lipid and the bilayer thickness in case of
the pure bilayers and bilayers with tau fibril. (a) and (b) Area per lipids (APL) for the pure
lipids and the lipids with tau fibril respectively. (c) and(d) Bilayer thickness for the pure
lipids and the lipids with tau fibril respectively.

3.2.2 Deuterium Order Parameter (SCD)

The order parameter (SCD) is important to quantify the structural deformation and flexibility

of lipids in bilayers. Experimentally, the order parameters are derived from the NMR. The

carbon atoms near the headgroup have higher order parameter, which decreases down the

length of carbon chain since the movement of head groups are restricted and the tail regions
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Figure 3.3: (a) and (b) are two dimensional thickness plots in the PG and PG+CL respec-
tively, in the presence of tau-proteins. The thickness is shown in [nm] units in the color bar.
(c) The representative snapshot of the tau-protein perforating the lipid bilayer in case of the
POPG system. Only the head groups are shown for clarity.

are relatively free to move in the bilayer. SCD is determined using the equation

|SCD| =
(
3

2
cos2 θ − 1

2

)
(3.1)

where θ is the angle between the C-H bonds in the lipid tail and the bilayer normal.

The presence of tau fibril leads to the decrease in the lipid order parameters as seen

in case of PE systems shown in Figure 3.4. The order parameters of the pure PE lipids

match with the earlier simulation and experimental results [169, 170, 171]. The decrease

in the order parameter is observed in both sn-1 and sn-2 chains. The decreasing SCD order

parameter correlates with the membrane thickness of the lipids in presence of tau protein

62



3 Tau and lipid components

Figure 3.4: Deuterium order parameter (SCD) for the (a) sn-1 chains and (b) sn-2 chains in
case of pure POPE and POPE with tau protein.

and the pure lipids. The decreasing order parameter translates to the decreases in the bilayer

thickness for lipid bilayers in presence of tau proteins. Higher order parameter indicate

linear lipid chains which in turn leads to increase in bilayer thickness of the pure lipids.

The addition of cholesterol in the bilayer leads to an increase in the membrane order

parameters in case of both the pure lipids and lipids with tau, in accordance with the trend

observed in the bilayer thickness.

3.2.3 Tau Fibril Stability

The structural differences of the tau fibril in various lipid membranes are studied using the

root mean square deviations (RMSDs) and the root mean square fluctuations (RMSFs) of

the tau protein. The RMSD and RMSF are calculated from the 400 ns of all-atom trajectory
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of the peptide – bilayer systems. The RMSD and RMSF plots are given in Figure 3.5.

Figure 3.5: (a) RMSD of the C-α atoms of the tau peptides in the systems used in our study.
(b) RMSF of the residues in the tau-peptide across all the systems (c) Pictorial representation
of the angle of coverage (PQR) used in the discussion. Three reference C-α residues are
shown as blue VDW spheres. (d) The distribution of the corresponding angle in various
bilayer systems.
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RMSDs show that the MD simulations are converged after 30 ns. The tau proteins

in the PE+CL and PG+CL systems are the most stable as seen from the RMSF plots. Tau-

peptides in the PC+CL show the most fluctuations, followed by the those in pure PC. Hence

it is evident that the charge of the lipids and the incorporation of the cholesterol regulate the

structural fluctuations of the tau peptide.

To further analyze the dynamics of the tau proteins, we calculated the angle of coverage

which is defined by the position of C-α residues as shown in the Figure 3.5(c). The angle of

coverage defines the characteristic ”C”-letter of the tau peptide from the cryo-EM structure.

This angle is an important criterion to study the dynamics of the tau protofilament core

and describes the area spanned by the tau-protein over the membrane plane. The cryo-

EM angle for the reference structure is found to be 57◦ and the corresponding angle in the

water box simulation is found to be 54◦. The distribution of this angle in all the studied

systems are shown in Figure 3.5(d). We found that the angle of coverage depends on the

lipid composition, and the incorporation of cholesterol increases the angle of coverage.

3.2.4 β-sheet content

Composition of the lipid membranes have an effect on the secondary structure content of the

intrinsically disordered β-fibrils. The secondary structures of the intrinsically disordered

proteins in turn effect their percolation within the lipid membranes. We have analysed

the effect of the composition of the lipid membrane on the tau-structure. Previous MD

simulations have given important insights into the secondary structures of amyloid fibrils

interacting with lipid bilayer [172]. The distribution of the number of residues present as

β-sheets are shown as violin plots in Figure 3.6(a). The negatively charged PG lipids are

found to increase the β-sheet content. Cholesterol decreases the β-sheet content of the tau

fibril in case of PC and PE but increases in the case of PG lipids. The mixed PC – PE lipids

also increase the β-sheet content with respect to the pure PE and PC lipids. The number
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of β-sheet residues in case of the bulk water, with a mean value of 430 ± 12, is higher

than in presence of any lipids. The per-residue propensity of the secondary structures in the

interacting chains of these systems are shown in Figure 3.6(b)-(c). The C-terminal residues

lose significant β-sheet in the PC+CL. The decrease in the number of β-sheet residues is

more in case of the PC+CL compared to the pure PC system. The β-sheet residues near

the terminal chains of the fibril are transformed to random coil and bend structures. The

PG+CL lipids only restore a significant amount β-sheet content of the tau fibril across the

simulation timescale, whereas in case of all the other systems the β-sheet content decreases.

It is evident that the presence of the charged membranes and the incorporation of the

cholesterol modulate the β-sheet content in the tau fibrils.

3.2.5 Hydrogen Bonding

We have classified the hydrogen bonding according to the geometric criteria [90]. In a

strong hydrogen bond, the hydrogen atom and the acceptor are separated by a distance less

than 2.2 Å, and the angle made by the donor, hydrogen atom, and the acceptor is within

the range 130◦ – 180◦. The corresponding distance and angular range are 2.0 – 3.0 Å and

90◦ – 180◦, respectively, for a weak hydrogen bond. We found no strong hydrogen bonding

in any of the trajectories. Inter- and intra molecular hydrogens bonds calculated from the

simulations are useful in determining the structural properties of the bilayer at molecular

level. The hydrogen bonding information of different systems (both intra- and inter-fibril)

are given in Figure 3.7.

The probability of intra-fibril hydrogen bonding is found to correlate with the charge of

the lipid and the presence of cholesterol as shown in the correlation matrix in Figure 3.7(c).

Correlation matrix is an easy way to summarize the correlation between all the variables

in a dataset. It is calculated through the Pearson correlation coefficient with -1 meaning a

negative correlation, +1 meaning a positive correlation and 0 meaning no correlation. Each
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Figure 3.6: (a) Violin plots of the distribution of the number of residues of tau fibril present
as β-sheet across all the lipid compositions. (b)-(c) are the per residue propensity of β-
strand in the chain A and chain B of tau fibril respectively.

element of the matrix is the correlation coefficient (cij) of the intra-fibril hydrogen bonding

across the systems. The correlation matrix is defined as follows

cij =
∑
n

(zni − z̄i)(znj − z̄j)

σiσj

(3.2)
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Figure 3.7: (a) The fibril-water hydrogen bonding and (b) intra-fibril hydrogen bonding
across all the systems. (c) The probability to form intra-fibril hydrogen bonding shown
through a correlation matrix for all the lipids. The scale for the magnitude of the correlation
is shown in a color bar.

where cij denotes the ij-th element of the correlation matrix, (i, j) are the two different sets

of data points across which the correlation is calculated, zni is the number of intra-fibril

hydrogen bonds in the n-th frame of the system i, z̄i and z̄j are the mean number of intra-

fibril hydrogen bonds over all the frames in the system and σi, σj are the standard deviations

of intra-fibril hydrogen bonds in the system i, j respectively.

The negatively charged PG and PG+CL are inversely correlated whereas the systems

with PC/PE lipids are directly correlated with PC+CL/PE+CL. The trend is similar to the
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variation of the number of residues of tau present as β-sheets in the bilayer with choles-

terol, as the intra-fibril hydrogen bonds keep the β-sheet structure of the tau protein. In

presence of cholesterol, β-sheets are stabilized in negatively charged PG+CL system due

to the increase in the number of intra-fibril hydrogen bonds.

For the intermolecular hydrogen bonding between the tau and water, no clear trend is

observed. The cholesterol increases the tau-water hydrogen bonding in the PE, decreases

the hydrogen bonding in PG and shows negligible difference in the PC.

3.2.6 Number of Contacts

We calculated the number of lipid contacts with fibril to characterize the fibril–lipid interac-

tion. The timeline for the number of contacts are given in Figure 4.8(a). The coarse grained

(CG) trajectories are used to model the long timescales of the binding of proteins to the

lipids. The CG cutoff for the contacts are taken to be 0.7 nm according to the α-synuclein

binding work by Sansom group [164]. The highest number of contacts are observed in the

system with PG lipids, and the least number of contacts in system with PC lipids. Due to

the higher number of lipids in the PG+CL system, we have also checked the number of

fibril-lipid contacts per lipid molecule that still follows the same trend as the total number

of contacts. Cholesterol increases the number of contacts in both zwitterionic and anionic

lipids. The number of contacts is reduced in mixed PC+PE and is comparable to the PC

lipids. Thus the negatively charged lipids increase the binding propensity of the tau-peptides

to the membrane. The principal structures obtained by the clustering algorithm (shown

in Figure 4.8) also reveal that the tau-fibril show differential mode of interaction with the

lipids. Clustering algorithm reveals the major bindingmodes of the tau fibril with our model

lipid bilayers. We find that the binding of the tau fibrils on the lipid bilayers coincide with

the loss of β-sheet zones across the tau filament along with disrupting the lipid bilayers.

For the most probable structure in the PC lipids, the tau fibril disrupts the bilayer causing
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Figure 3.8: (a) Number of fibril – lipid contacts across all the trajectories. (b)-(h) are the
most probable structures obtained through the clustering algorithm. The peptide is shown
in new cartoon representation in color blue and the phosphorus atoms are shown as VDW
spheres.
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the β-sheet regions of the β7 region of the tau fibril (according to Figure 3.1(a)) changing

to random coil configurations. With the PC+CL lipids the β-sheet regions are disrupted for

larger portions across the β1-β4 and β7 zones of the fibril. For PE lipids the β4 shows the

most prominent loss of β-sheet. In case of PE+CL the β-sheet regions are lost across the

β5-β7 regions. In case of PG lipids the β3 and β8 zones lost the β-sheet content. With

the cholesterol in case of PG+CL lipids the tau fibril shows most conserved β-sheet zones

across the residues as explained earlier from the section describing the secondary structure.

For PC+PE lipids the β3 zone shows most significant loss of the β-sheet structure. Thus

we describe the local changes induced by the bilayer binding on the tau fibril structure.

The single molecule experiments using the Forster resonance energy transfer (FRET) and

fluorescence correlation spectroscopy (FCS) have shown that the tau proteins upon binding

to negatively charged DMPS bilayers lead to the opening of the N and C-terminal domains

[127]. Our results show that the negatively charged PG lipids show most conserved β-sheet

regions, with the inclusion of CL further mediating the conservation. The PG and PG+CL

lipids thus form most suitable binding with the tau fibrils explaining the stability of the tau

fibrils in the negatively charged membranes. On the contrary the secondary structure of the

tau fibrils are lost in the zwitterionic membranes hampering the effective intra-fibril hydro-

gen bonding. Moreover the tau binding on the lipid bilayers impact the secondary structure

content of the terminal residues of the tau protein which has been earlier shown to mediate

the liquid liquid phase separation (LLPS) of tau [173].

3.3 Conclusion

The knowledge of the interaction of the tau proteins with the lipid membranes is pivotal

to the study of the effect of tau peptides on the cell membrane. The detailed molecular

level interaction of the tau proteins with lipids and their effect in the tauopathy is still un-
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available. This is due to the complex lipid compositions and the difficulty in characterizing

the tau-peptides experimentally. The MD simulations of the tau-peptides in seven different

lipid systems, comprising of zwitterionic and charged lipids have been carried out. The tau

proteins are found to preferentially bind to anionic lipids than to the neutral lipids in agree-

ment with the experimental reports [122, 125]. The binding of the tau fibrils with the model

bilayers lead to the loss of β-sheet structures across the fibril residues. The tau binding also

induce membrane perturbations as explained from area per lipids, bilayer thickness and or-

der parameter calculations with respect to the pure lipid. Lipid packing and lipid phase

seperation has earlier been found to induce the changes in the tau construct K18 using the

atomic force microscopy (AFM) [126]. The addition of cholesterol leads to an increase in

the thickness of the bilayer and the lipid tail order, but decreases the area per lipid. Choles-

terol infused lipids in our model bilayers induce definite changes in the tau-conformational

states. The changes induced by the cholesterol also differs between the anionic PG and the

zwitterionic PC/PE membranes. Hence, our study illustrate that the composition of lipids

in the cell-membrane influences the interaction and binding of tau-peptides.
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Chapter 4

Interaction of theTauFibrils with theNeu-
ronal Membrane
The tau protein plays an important role in microtubule stabilization and aggregation [174].

In diseased neurons, tau loses the capacity for microtubule binding and forms toxic ag-

gregates [175]. These toxic aggregates are the causative agents for a series of neurode-

generative diseases collectively known as tauopathies [114]. Tauopathy comprises a set

of neurodegenerative diseases like Alzheimer’s Disease, Pick’s disease, frontotemporal lo-

bar degeneration, etc. Hyperphosphorylated tau has a positive effect on the progression

of Alzheimer’s disease (AD). Tau is an intrinsically disordered protein (IDP) that shows

a diverse conformational ensemble [176]. Tau and the other disease-forming aggregates

have been shown to evolve through the liquid – solid and liquid – liquid phase transi-

tion of the proteins [130]. The conformational dynamics of the tau fibrils has a significant

role in the pathogenesis of tauopathy as shown from the earlier molecular dynamics stud-

ies [146, 150, 177]. Owing to the failure of the amyloid-beta as the drug-binding target

for Alzheimer’s disease (AD), the current focus is mostly on the tau fibrils and their un-

derlying conformational changes in regulating the concurrent tauopathies [117, 178]. The

interaction of the lipid bilayers with the tau is pivotal in understanding the mechanism of

toxicity of the tau fibrils [179]. Our earlier MD study was focused on the effect of the

net charge of the lipids and the effect of cholesterol in determining the tau conformational

changes [34]. It has been widely accepted that the negatively charged lipids influence the

tau aggregation [125, 122].

The emergence of single molecular techniques has further enhanced our knowledge
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related to tau aggregation and conformational states of IDPs [180]. Single-molecule Flu-

orescence resonance energy transfer (smFRET) and fluorescence correlation spectroscopy

(FCS) have shown that the tau proteins bind to the DMPS membrane in a concentration

dependent manner. At low DMPS concentrations the tau proteins form oligomers. At high

DMPS concentration the tau proteins inhibit amyloid formation due to the stable binding

with DMPS [127]. Atomic Force Microscopy (AFM) study has explained the effect of PIP2

lipids on the Taumicrotubule-binding construct K18 [181]. Intrinsically disordered proteins

(IDPs) have also been characterized using molecular dynamics simulations with the emer-

gence of the optimized force fields and compatible water models [176, 138, 182, 183]. The

dynamical changes in the IDPs are experimentally derived using the small angle neutron/X-

ray scattering (SANS/SAXS), nuclearmagnetic resonance (NMR), circular dichroism (CD),

fluorescence resonance energy transfer (FRET), etc which are usually insufficient to obtain

complete dynamical information of the IDPs [135, 136, 137, 134]. Thus, molecular dynam-

ics simulations have been widely used to characterize the IDPs responsible for AD patho-

genesis, especially the amyloid-beta peptide and amyloid fibrils [184, 165, 164, 142, 141].

Strodel et al. have studied the interactions of the amyloid-beta dimer with the axonal mem-

brane [33]. In the pursuit of gaining atomic level insights into the interaction between the

tau fibril and neuronal membrane, we have modeled the paired helical filaments (PHF)

and straight filaments (SF) in the presence of model neuronal membrane for a cumulative

sampling of 4 microseconds. To the best of our knowledge, this is the first comprehensive

computational work on the tau fibrils in presence of the neuronal membrane.

The starting configuration of the lipid bilayer along with the tau fibril polymorphs are

shown in Figure 4.1. The proportion of the individual lipid molecules is shown as a pie

chart in Figure 4.1(b). We have taken the same starting configurations of the tau fibril

over the neuronal membrane. We elucidate the differences in the tau morphology in the

solution phase and the neuronal membrane from the atomistic simulations. The computa-
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tional modeling presented here only accounts for the early stages of the tau interaction with

the neuronal membrane. The entire event of the tau permeation through the neuronal mem-

brane is beyond the scope of this study due to the limitations of the computational resources

required for all-atom simulations using explicit solvation.

4.1 Methodology and simulation details

The systems modeled are composed of the PHF and SF tau fibrils taken from the PDB id

503L and 503T respectively, and were simulated in the aqueous phase and the neuronal

membrane [118]. The cryo-EM structures are having a resolution of 3.4 – 3.5 Å and are

derived from the brain of an individual having Alzheimer’s disease. The SF and PHF fibrils

are having eight zones of β-sheet regions with similar protofilament cores. The amino acid

residues in the R3-R4 stretch are
306VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ336

VEVKSEKLDFKD RVQSKIGSLDNITHVPGGGN368KKIETHKLTF378. The difference

in the structure of PHF and SF stems from the difference in the lateral contacts at the

dimer interface. The initial configuration of the tau fibrils over the neuronal membrane are

choosen in accordance to the experimental and computational reports taking into considera-

tion the affinity of the positively charged residues to bind over the anionic lipids [185, 186].

Hence, computational modeling of the dimer tau fibrils become important to account

for the tau polymorphism. The PHF and SF fibrils are also simulated in the water box to

compare with the neuronal membrane simulations. The neuronal membrane comprises 38%

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 24% 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 5% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

L-serine (POPS), 20% cholesterol (CHOL), 9% palmitoylsphingomyelin (PSM) and 4%

monosialotetrahexosylganglioside (GM1) [187, 188, 189]. The ganglioside concentration
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Figure 4.1: (a) The neuronal membrane with the phosphorus atoms, GM1 and PSM shown
as blue, yellow and purple vdw spheres respectively, and cholesterol and other lipids shown
as cyan and brown lines respectively. (b) the pie chart showing the composition of different
lipids in the neuronal membrane, (c) the PHF structure shown in new cartoon representation
with the different zones of β-sheet regions marked, (d) the SF structure, (e) the starting con-
figuration of the PHF fibril above the neuronal membrane, where the GM1 lipids are shown
as blue licorice, phosphorus atoms and other lipids are shown in blue and cyan respectively.
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of the neuronal membrane used by Nguyen et al. [190] is lower by 3-4%. Though the

neuronal membrane composition used by Nguyen at al. had five lipid components, we

used six lipid components in line with the neuronal membrane composition used by Strodel

et al. The tau fibrils are modeled using the CHARMM-36m force field which is shown

to perform best for the IDPs [191]. The neuronal membrane composition of symmetric

lipid bilayers in the PHF structure is 247 POPC, 156 POPE, 130 cholesterol, 60 PSM, 33

POPS, and 26 GM1 molecules. The corresponding symmetric bilayers in the case of SF

structure comprise of 209 POPC, 132 POPE, 110 cholesterol, 49 PSM, 28 POPS, and 22

GM1 molecules. We have modeled the neuronal membrane taking 550 lipids for SF and

652 lipids for PHF because the PHF fibril required larger number of lipids for packing.

To alleviate this discrepancy in the number of lipids used for the tau polymorphs we have

normalised our results per number of lipid molecules. The bilayers are generated using the

CHARMM-GUImembrane builder [154]. The membranes are comprised of layers of water

molecules above and beneath the upper leaflet and lower leaflet of the bilayer.

The fibrils are modeled using the CHARMM-36m force field and the lipids are mod-

eled using the CHARMM-36 force field [77, 159]. The all-atom simulations have been

performed using the GROMACS molecular dynamics software (version -5.1.4) [155]. The

systems were initially energy minimized using the steepest descent algorithm to negate the

unfavorable contacts. This was followed by the six steps of equilibration as prescribed in the

default CHARMM-GUI input generation. Finally, systems were equilibrated in the NPT

ensemble and the production runs were carried out for 1 µs. The pressure is maintained us-

ing the semi-isotropic Parrinello-Rahman pressure coupling scheme [81]. The temperature

is maintained using the Nosé-Hoover thermostat [161]. The periodic boundary condition

(PBC) is applied in all directions. Particle Mesh Ewald (PME) is used to model long-range

electrostatics [79]. The van der Waals and coulombic cutoff are set to 1.2 nm. The van der

Waals interactions are modeled using the force switch algorithm. All the bonds involving
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hydrogen atoms were restrained using the LINCS algorithm [162]. Water and chloride ions

were used to dissolve and neutralize the protein-lipid systems. The water molecules have

been modeled using the TIP3P water model [158]. Additional 150 mM of KCl was added to

model the physiological salt concentration. Two additional simulations of 100 ns each have

been performed in case of both the PHF and SF systems. Control simulations of 500 ns were

performed in the water phase with PHF and SF. These simulations are also complemented

with two independent simulations of 100 ns each. Similarly, neuronal membrane without

the tau fibril is simulated taking 200 lipids in total. The pure neuronal membrane simula-

tions have been performed for 500 ns each with two independent starting configurations.

Further details of the simulated systems are given in Table 4.1.

Table 4.1: The details of the simulated systems
System Number Composition of lipids Number Simulation time

of lipids of atoms

SF neuronal
membrane 550

22GM1 + 110 CHOL + 209 POPC
+49 PSM + 132 POPE

+ 28 POPS
293204 1µs

2 × 100 ns

PHF neuronal
membrane 652

26 GM1 + 130 CHOL + 247 POPC
+ 60 PSM + 156 POPE

+ 33 POPS
369949 1µs

2 × 100 ns

pure
neuronal membrane 200

8 GM1 + 40 CHOL + 76 POPC
+ 18 PSM + 48 POPE

+10 POPS
69580 2 × 500 ns

SF water – – 332578 500 ns
2 × 100 ns

PHF water – – 393430 500 ns
2 × 100 ns

All the analyses have been carried out with the data from the entire span of 1 µs or

500 ns unless mentioned otherwise.

The analysis codes have been written using MDAnalysis python library and gmx tools.

Clustering analysis was done using the GROMOS algorithm with the RMSD cutoff of

0.2 nm [163]. Bilayer thickness is calculated from the average position (perpendicular to

interface) of the phosphate groups in both the leaflets. The number of contacts are calcu-
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lated between the tau fibril residues and each of POPC, POPS, POPE, PSM or GM1 lipid. A

contact is defined when the distance between any two non-hydrogen atoms from the residue

and lipid in question is within 1.0 nm.

4.2 Results and Discussion

4.2.1 Structural Features

The polymorphic tau fibrils show differential stability due to the change in the environment

in going from the neuronal membrane to the water medium. SF-neuron and PHF-neuron

refers to the neuronal membrane simulations and SF-water, PHF-water refers to the simula-

tions in the water medium. To characterize the structural stability, we have calculated root

mean square fluctuations (RMSFs) of the C-α residues of the tau fibril, which are shown in

Figure 4.2(a).

The neuronal membrane decreases the structural fluctuations of both the PHF and the SF

polymorphs of the tau fibril when compared with the simulations in water. The compaction

of the tau proteins in the lipidswhen compared to thewatermedium is in accordancewith the

experimental reports published on themodel lipids [123, 192]. The RMSF of the PHF is less

than that of the SF structure conforming to the fact that the PHF structures are more stable

than the SF structures [148]. We have also calculated the angle of coverage, subtended

by the three residues as shown in Figure 4.2(b). The angle defines the characteristic ‘C’

shape of the PHF and SF structures of tau as shown earlier [34]. The most probable angle

of coverage for PHF in the water medium is 56◦, and in the neuronal membrane it is 53◦

with a small distribution at 88◦. In the neuronal membrane with SF, the angle of coverage is

peaked at 57◦ with a smaller distribution at 106◦. In case of SF in water medium, the peak is

observed at 39◦ with a small distribution at 48◦. The corresponding angle for the PHF and

the SF structures in the cryo-EM structures are 58◦ and 57◦ respectively. Thus we infer that
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Figure 4.2: (a) RMSF of the C-α atoms of the residues of the tau fibril in the presence of
neuronal membrane and in the water medium. (b)-(c) Pictorial representation of the angle
of coverage (∠PQR) and (d) the distribution of the angle of coverage in various systems.
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the PHF structures conserve their ”C”-shaped structure more than the SF strutures in going

from the neuronal membrane to the water medium. The identification of the characteristic

”C”-shape of in-vitro tau assemblies using cryo-EM is important for studying a multitude

of tauopathies as pointed by Goedert and Scheres group [193, 194].

The positively charged residues interacting with the lipid bilayers are shown to be im-

portant for the fibril-membrane interaction. This has been established in the earlier studies

related to the Aβ protofilament [143], model peptides [195] and the hIAPP fibrils [165].

The coulombic interactions are found to be important factors for fibril-lipid headgroup bind-

ing. It has also been found experimentally that the negatively charged DMPG membranes

show differential binding with the charged and acetylated N-terminus of the tau hexapep-

tide [132]. Also, the attachment of the human tau on the human brain lipid membranes are

dependent on the cation present providing evidence of the electrostatic forces governing the

interaction [125]. Sodium (Na+) is found to facilitate the attachment, whereas potassium

(K+) inhibits the process. Hence, it has been proven that the coulombic interactions are

pivotal to the tau-membrane interactions and the associated toxicity.

The distance profile of the positive charged residues with the P atoms of the bilayer as a

function of time are shown in Figure 4.3. The positively charged residues are shown in blue

surface representation. The mean distances of the positively charged PHF residues with the

P atoms of the headgroups are shown to be less than that of the SF structures. T

To study fibril membrane interaction, we calculated the two-dimensional profiles for

the fibril – lipid and intra-fibril contacts to the fibril approach distance, which is shown in

Figure 5.10. The fibril – lipid contacts are normalised with respect to the total number of

lipid molecules. The approach distance is calculated as the distance along z-axis between

the center of mass of the membrane and that of the fibril. PHF is more closer to the neuronal

membrane than the SF structure. The average number of fibril-lipid contacts are found to

increase with closer approach of the fibril to the bilayer. The PHF approaches closer to the
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Figure 4.3: (a)-(b) are the distance profiles of the positively charged residues of the tau
fibril with the phosphorus atoms of the lipid head groups. (c)-(d) are the representative tau
fibril conformations showing positively charged residues in blue surface representation and
other groups in cyan surface representation.

bilayer than the SF fibril. In the SF structure, the distribution of the fibril-lipid contacts and

the approach distance are broader. Thus, we infer that in the timescale of our simulations,

PHF has more fibril-lipid contacts, which results in the closer approach to the membrane.

PHF also shows a higher number of intra-fibril contacts at a smaller approach distance

compared to the SF structure. The higher number of intra-fibril contacts suggests higher

stability of PHF structure with respect to the SF structure with the concomitant approach of

the tau fibril towards the neuronal membrane.
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Figure 4.4: The two dimensional depth profile of the fibril center of mass along the z-axis
and the fibril – lipid and intra-fibril contacts. (a) and (c) are the profiles of fibril – lipid
and intra-fibril contacts respectively with the approach distance for PHF and (b) and (d) are
corresponding graphs for the SF structures.

4.2.2 Radius of Gyration (Rg) and Solvent Accessible Surface Area
(SASA)

To further characterize the conformational dynamics of the tau fibrils over the neuronal

membrane and in the water medium, we have studied the radius of gyration (Rg). The

distribution of the radius of gyration for the tau structures in the neuronal membrane and

the water medium are shown in Figure 4.5. The straight filament structures show a larger

deviation in the radius of gyration values in the water medium compared to the neuronal

membrane. In comparison, the paired helical filaments show a more conserved conforma-

tional ensemble in the neuronal membrane and the water medium. This is in accordance

with the results obtained in the earlier RMSF values which show that the PHF structure is
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more stable than the SF structure. The higher flexibility of the SF structure in turn leads to

the increase in the radius of gyration (Rg) compared to the PHF structure.

The solvent accessible surface area (SASA) is calculated using a probe radius of 0.14 nm

to trace the effect of neuronalmembrane on the tau fibril polymorphs. The distribution of the

SASA values are shown in Figure 4.5(b). The SF structure is more soluble than the PHF

structure in the presence of the neuronal membrane. The SF structure is also marginally

more soluble in the water medium than the PHF structure. The distribution of the SASA

values is broader in the water medium than in the neuronal membrane. The difference of

the SASA values of SF structure in water and neuronal membrane are minimal with the

mean value of SASA being 355.51 nm2 in water and 353.33 nm2 in neuronal membrane.

The corresponding values for the PHF structures are 345.90 nm2 and 344.61 nm2 respec-

tively, in the water medium and the neuronal membrane. Thus, the influence of the neuronal

membrane on the SASA values compared to the pure water medium is negligible. The SF

structure has higher SASA with respect to the PHF structure.

4.2.3 Dimer Interface and Cation-π contacts

The core residues of the PHF and SF structures are the same. The polymorphism arises

from a difference in the dimer interface. The dimer interface of the PHF and SF fibrils is

stabilized by a few specific amino acid residues. The important amino acid residues with the

intra-residue distances between them are shown in Figure 4.6(a)-(b). The residues L315,

K317, K321 are the primary residues at the SF dimer interface. In the PHF dimer inter-

face, the saltbridge interactions between K331–E338 and the residues G334 play important

role in stabilizing the fibril. The distance profiles between the dimer residues are shown

in Figure 4.6. The cation – π interactions between the I308–Y310 residues play an impor-

tant role in the tau stabilization and self-assembly as shown from the earlier experimental

reports [196, 197]. As a key residue of the steric zipper PHF6 fragment, Y310 plays an
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Figure 4.5: Distribution of (a) radius of gyration (Rg) and (b) solvent accessible surface
area (SASA in nm2) for the tau fibrils in the neuronal membrane and water medium.

important role in tau fibrillization [198, 146, 199]. The cation – π contact is defined if the

distance between the isoleucine and tyrosine residue is within 0.6 nm.

Our results have shown that in the case of the SF dimer, the dimer interface consisting

of L315–K321 has a distance of 0.935 nm in the cryo-EM structure. The average L315–

K321 distance changes from 0.860 nm in the neuronal membrane to 0.783 nm in the water

medium. The distance between K317–K321 also decreases in going from the neuronal

membrane (1.31 nm) to the water medium (1.26 nm). The corresponding cryo EM distance

in the pdb structure is 1.213 nm. Hence, the cryo EM distances for the interface residues

change in the MD simulations both in the neuronal membrane and water medium. The

L315–K321 distance decreases whereas, the K317–K321 distance increases from its value

in the cryo EM structure.
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In the PHF structures, G334–G334 distance in the cryo EM structure is 0.599 nm,

whereas the distance in the neuronalmembrane andwatermedium are 0.458 nm and 0.484 nm,

respectively. That is, G334–G334 distance decreases both in the case of the neuronal mem-

brane and the water medium. For the salt bridge interactions between K331–E338 residues,

the distance between theNH+
3 andCOO− groups in the cryo EM structure is 0.693 nmwhich

changes to 0.423 nm in the neuronal membrane and 0.371 nm in the water medium. Thus,

the saltbridge interaction increases in both the neuronal membrane and the water medium.

Hence, in the MD simulations in both the neuronal membrane and the water medium; the

intra-residue distances in the dimer interface change in both the tau polymorphs. Moreover,

the PHF dimer interface is strengthened by the decrease in the intra-residue distance in the

neuronal membrane and the water medium compared to the cryo EM structure.

4.2.4 Secondary Structure Content

The molecular dynamics simulations of the IDPs shed light on the secondary structure con-

tent [184]. The choice of the appropriate force field along with the choice of the water

model used in molecular dynamics simulations influence the secondary structure of the

IDPs [200, 201, 202]. As shown from the earlier studies with regards to the Aβ monomer

and fibril structures, secondary structure content is dictated by the nature of the interaction

with the bilayer membranes[33, 142, 203, 204]. In the neuronal membrane, the β-sheet

structures are reduced in the case of SF structures whereas β-sheet content increases in the

case of PHF structures as shown in Figure 4.7A. There is nearly a 8% decrease in the β-sheet

content in case of PHF structures in the water medium compared to the neuronal membrane

whereas in case of SF structure, the β-sheet content increases nearly 8% in going from

neuronal membrane to the water medium. The cryo-EM structure of the tau fibril cover

the residues V306–K311 in β1, V313–C322 in β2, N327–K331 in β3, Q336–S341 in β4,

K343–K347 in β5, R349–I354 in β6, S356–V363 in β7 and N368–F378 in β8. Thus, these
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Figure 4.6: The primary amino acid residues at the dimer interface of the (a) SF and (b)
PHF fibrils.

eight zones of β-sheet residues are studied using the DSSP utility in gmx. The residue-wise

propensity of the secondary structures are shown in Figure 4.7B(a-d) for the tau structures

in the neuronal membrane and aqueous medium. The decrease in the β-sheet content in the

water medium for the PHF structure is seen prominently at the C-terminal regions. This

decrease of the β-sheet content leads to the concomitant increase in the coil conformations.

Similarly, in the SF structures, the β-sheet content is increased in the C-terminal region

along with the increase of the coil conformations. It is to be noted that the C-terminal re-

gion is spanned by the β8 region of the tau between N368–F378 residues in the cryo-EM

structures which shows maximum changes in going from the neuronal membrane to the
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aqueous medium.

The experimental results show contrasting behavior regarding the secondary structure

content on tau fibril binding to the lipid membranes. The tau K19 protein interacting with

vesicles show the formation of helices in the R3–R4 domain [205]. The formation of the

α-helix conformationsmight be observed at much larger timescales, or the absence of R1 re-

gion might be limiting the biophysical modeling. On the contrary, the hexapeptide fragment

(PHF6) shows the formation of the β-sheet structures in complexation with the dissolved

lipids containing negatively charged DMPG lipids[132].

4.2.5 Number of Contacts

To characterize the fibril – lipid interactions, we have calculated the number of contacts

per lipid molecule in the neuronal membrane which is shown in Figure 4.8(a)-(b). The

contact is defined using a cutoff of 1.0 nm between the atoms of the protein molecule and

the lipid molecules. The GM1 lipids show most number of contacts with PHF structure.

The second highest contacts with PHF are observed for POPC lipids. In case of the PHF

structure, the number of contacts between the fibril, and POPC and GM1 lipids are 64.93

and 72.61 respectively. PSM and POPS lipids have the least and second lowest number

of contacts with the PHF fibril with the values of 10.19 and 13.17 respectively. The most

number of contacts in SF structure are found in case of negatively charged GM1 lipids

(53.61), followed by POPC lipids (57.80). The number of contacts for the zwitterionic

PSM and negatively charged POPS are 18.94 and 17.08. Thus, the GM1 and POPC lipids

preferentially interact with both the tau polymorphs in the neuronal membrane.

To further resolve the interaction of the tau fibrils with the GM1 lipids, the number

of contacts between the neuraminic acid and the sugar molecules were determined and are

shown in Figure 4.8(e). The number of contacts for the neuraminic acid and the sugar groups

are normalised with respect to the total number of GM1 lipids present in the two systems.
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Figure 4.7: (A) The total number of β-sheet residues in the four systems, shown in a box
and whisker plot. (B) (a)-(b) are the plots showing the average residue-wise secondary
structure propensity in case of PHF and SF structures in neuronal membrane and (c)-(d)
are the average secondary structure propensities for the PHF and SF structures in the water
medium. (C)-(D) are the DSSP timelines for the PHF and SF structures in the neuronal
membrane.

The representative snapshot of GM1 lipid showing the sugar molecules and the neuraminic

acid is given in Figure 4.8(f). The sugar molecules show only a small increase (nearly

10 %) in the number of contacts with the tau polymorphs compared to the neuraminic acid.

The large number of contacts in case of the GM1 lipids are due to its protein localization

ability through the formation of suitable carbohydrate-amino acid interactions. The GM1
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lipids with their sugar groups can anchor the tau filaments over the membrane thus inducing

higher number of contacts as shown in Figure 4.10(d)-(e). Our findings are also consistent

with the earlier reports related to the role of GM1 lipids in the amyloid β and α-synuclein

aggregation [206, 207, 208, 32].

The most populated structure generated from the simulation trajectories through clus-

tering algorithm are shown in Figure 4.8(c)-(d). The PHF and SF structures are seen to

interact with the neuronal membrane in a different manner. In the PHF structure, S324 is

seen to interact with the phosphorus head group of the bilayer, whereas in the SF structure,

positively charged R349 is found to interact with the phosphorus head group.

4.2.6 Hydrogen Bonding

To characterize the interactions between the tau fibril and the neuronal membrane, we have

calculated the number of hydrogen bonds in all the systems. We have classified the hy-

drogen bonding according to the geometric criteria [90]. In a strong hydrogen bond, the

hydrogen atom and the acceptor are separated by a distance less than 0.22 nm, and the an-

gle made by the donor, hydrogen atom, and the acceptor is within the range 130◦ – 180◦.

The corresponding distance and angular range are 0.2 – 0.3 nm and 90◦ – 180◦, respectively,

for a weak hydrogen bond. We did not find strong hydrogen bonding in any of the systems.

The hydrogen bonding numbers in the studied systems are given in Table 4.2. The

intrafibril hydrogen bonding stabilizes the fibril and helps conserve the β-sheet. Thus, the

variation in the tau fibril hydrogen bonding among the two polymorphs and in the twomedia

follows similar trend as the number of β-sheet residues. The number of intrafibril hydrogen

bonds decreases in going from the neuronal membrane to the water medium in the case of

PHF structure, whereas it increases in the case of SF structure. The changes in the number

of intramolecular hydrogen bonds are small in both the systems (3.38% and 0.47% in the

PHF and SF structures respectively). The fibril-GM1 hydrogen bonding is predominant
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Figure 4.8: (a)-(b) are the number of contacts per lipid molecules for the PHF and SF struc-
tures. (c)-(d) are the most populated cluster for the tau fibril over the neuronal membrane
obtained using the clustering algorithm. The protein is shown in new cartoon representation
and the phosphorus headgroups are shown as blue VDW spheres. The interacting residues
are marked in the figure for the two structures. (e) is the bar plot showing the number of
contacts of the GM1 lipid groups with the fibrils per GM1molecule. (f) show the individual
groups within the GM1 lipids. The ceramide tail and neuraminic acid are shown in cyan
and blue respectively.
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which stabilizes the fibril-membrane interaction.

To further characterize the stability of the neuronal membrane, we calculated the hydro-

gen bonding between the lipid molecules which are shown in Table 4.3. The number of hy-

drogen bonds is averaged over all the lipid molecules. The pure membrane lipid molecules

have less number of intra-lipid hydrogen bonds with respect to the tau fibril incorporated

neuronal membranes. The intra-PSM hydrogen bonds are higher in number than the intra-

POPS, intra-POPC and intra-POPE hydrogen bonds. This increase of hydrogen bonding

within the PSM lipids in mixed membranes is also illustrated earlier [209].

Table 4.2: Number of hydrogen bonds observed in the studied systems. Fibril – lipid hydro-
gen bonds have been normalised with respect to the number of individual lipid components.

PHF SF
Neuronal membrane Water Neuronal membrane Water

intra-fibril 613.54 592.79 582.98 585.75
Fibril – GM1 0.462 – 0.385 –
Fibril – POPS 0.215 – 0.360 –
Fibril – POPC 0.018 – 0.021 –
Fibril – POPE 0.028 – 0.062 –
Fibril – PSM 0.008 – 0.042 –

Table 4.3: Number of intra-species hydrogen bonds among the lipid species for the different
systems calculated per number of lipid molecules.

GM1 – GM1 POPS – POPS POPE – POPE PSM – PSM POPC – POPC
PHF 4.12 0.28 0.37 0.96 0.44
SF 4.16 0.19 0.39 0.98 0.43

pure membrane 3.88 0.18 0.36 0.94 0.40

4.2.7 Contact Map

The analysis of the contact map of the residues are shown in Figure 4.9 for the water medium

and the neuronal membrane in case of both the polymorphs. The contact maps are calcu-

lated through the intra-residue distances with the distance being shown in a colorbar. The

residue contact maps show the difference between the tau ensemble conformation in the two

92



4 Tau with neuronal membrane

Figure 4.9: (a)-(b) are the residue-residue contact maps for the PHF and SF structures in
the water medium. (c)-(d) are the contact maps in the neuronal membrane.

different environment. The structures are stabilized by the contact between far separated

residues. The contact map show signature of the antiparallel β-sheet arrangement involving

residues I308–F347 and residues K348–K370. These regions are dominated by the β-sheet

regions in both the media. Additional V354–I372 contacts of the tau fibrils are less in the

neuronal membrane compared to those in the water medium.

4.2.8 Bilayer Properties

It is difficult to study the effect of intrinsically disordered proteins on the membrane bilayer

using conventional experimental techniques. Thus molecular dynamics simulations helps

to elucidate the membrane protein interactions at an atomic resolution. To characterize the

perturbations in the neuronal membrane due to the presence of the tau fibril over it, we

have calculated the bilayer properties. The bilayer thickness in case of the tau incorporated

membranes are similar to those of the pure membrane as shown in Table 4.4. The bilayer

thickness is calculated by taking the headgroup to headgroup distance of the P-atoms in
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Table 4.4: Bilayer thickness (nm) and the area per lipid (nm2) in the neuronal systems and
the pure neuronal membrane.

Bilayer thickness (nm) Area per lipid (nm2)
PHF 4.497 0.573
SF 4.495 0.569

Pure membrane 4.496 0.641

POPC, POPS, POPC, and PSM. The two dimensional bilayer thickness projected over the

bilayer plane is shown in Figure 4.10(a)-(b). The area per lipid of the tau incorporated

membranes is lower than that in pure membrane system. The change in bilayer thickness is

negligible upon the incorporation of the tau fibrils. The cholesterol tilt angle is calculated

taking the angle subtended by the C3–C17 carbon atoms of cholesterol with the bilayer

normal.

The bilayer thickness has more uniform distribution in the presence of tau fibrils. In

comparison, the bilayer thickness for the amyloid β dimer over the neuronal membrane is

calculated to be 4.65±0.03 nm by Fatafta et.al [33]. In general, we find that the bilayer

properties like the bilayer thickness, cholesterol tilt angle show negligible change with the

presence of the tau filaments. The relatively higher change in the bilayer properties is found

in the area per lipid (APL). This result is found to be correlating with the earlier study

concerning the amyloid β dodecamer and fibril over the neuronal membrane [190].

4.2.9 Density Profile

The number density of the lipid components in the presence and absence of the tau poly-

morphs is shown in Figure 4.11. The density of the individual lipid molecules is projected

over the bilayer plane and shown in a colorbar. Even without the tau fibrils the lipid

molecules are distributed heterogeneously. GM1 tails (ceramide), POPS and PSM show

distinct islands of high density. POPE and POPC lipids have a more uniform distribution.

In case of POPE and POPC lipids, we observe large areas of high lipid distribution which

94



4 Tau with neuronal membrane

Figure 4.10: (a), (b), (c) are the two dimensional bilayer thickness projected over the bilayer
plane for PHF, SF and pure membrane respectively. (d) and (e) are the final snapshots of
the PHF and SF structures over the neuronal membrane respectively. The GM1 lipids are
shown in blue licorice representation, phosphorus atoms are shown as VDW spheres and
the tau fibril is shown in new cartoon representation.

results in uniform distribution of lipid molecules in the bilayer membrane.

With the incorporation of tau fibril, the distribution of the lipid molecules is altered es-

pecially of the GM1 tails and POPS lipids. GM1 tails tend to cluster more in the absence of

tau fibril. The distribution of cholesterol (CHOL) becomes even with the incorporation of

tau fibril. The distribution of the lipid molecules is different in case of the PHF and SF struc-

tures. For the GM1 tails, the distribution is more widespread in the case of the PHF fibrils

than the SF fibrils. The interaction of the tau fibrils with the neuronal membrane decreases

the relatively broader distribution of the lipids. Hence, we conclude that the distribution

of the lipid molecules over the bilayer changes in the presence of the tau polymorphs. Our

results are consistent with the earlier studies related to the Aβ proteins over the neuronal

membrane.[33, 190]
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Figure 4.11: The density distribution of the lipid molecules projected over the bilayer plane
in case of neuronal membrane with (a) PHF polymorph and (b) SF polymorph, and (c) pure
neuronal membrane. The relative density is shown as a colorbar.

4.3 Conclusions

Tau proteins have emerged as the important contributors to the tau pathogenesis. The impact

of the tau fibrils on the neuronal membrane is pivotal to the understanding of the neuronal

toxicity. We aim to understand the effect of tau fibril polymorphs on the neuronal mem-

brane through all-atom molecular dynamics simulations. Control simulations have been

performed on the pure neuronal membrane and the tau fibrils in water box. This is the first

report of computational modeling aspiring to study the effect of tau fibrils on three or more

lipid molecules forming the bilayer. The paired helical filament (PHF) in general show

higher stability in the neuronal membrane compared to the straight filament (SF) structure

as shown from the structural analyses. The tau binding over the neuronal membrane is

predominantly due to the GM1 lipid molecules interacting with the tau fibril. The PHF

structure is also found to be more compact in both the neuronal membrane and the water
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medium. The use of the entire cryo-EM structure for the initial configuration helps us to

understand the changes that occur in the fibril interface of the PHF and the SF structures

in aqueous solution and neuronal membrane. PHF and SF structures in the neuronal mem-

brane show distinct differences in the number of β-sheet residues when compared with the

simulations in the water medium. In the timescale of our simulations, we find that among

PHF and SF, the PHF approaches closer to the neuronal membrane. There is a marked dif-

ference in the distribution of the lipid molecules in the presence of PHF and SF structures

over the neuronal membrane. Overall, our study helps to describe the atomistic interac-

tions responsible for the tau fibril binding to the neuronal membrane. Even though more

extensive computational sampling starting with different initial conformations are required

to unravel the fibril insertion into the membrane, the current study captures the disparate

behavior of the tau polymorphs over the neuronal membrane. This in turn leads to pertinent

questions like how the various set of polymorphs cause different tauopathies, which will

require further studies despite a plethora of published literature on this field.
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Chapter 5

Phosphatidylinositol (PI) LipidsModulate
the Binding of Tau Fibrils on Lipid Bilay-
ers
Neurodegenerative diseases like Alzheimer’s disease (AD), Pick’s disease, frontotemporal

lobar degeneration, and progressive supranuclear palsy are all characterized by aggregation

of tau protein [210, 114]. The collective term for all such diseases is tauopathies. The tau

protein polymerizes tubulin into microtubules (MTs) and provides axonal support to the

microtubules [211]. Tau protein undergoes phosphorylation in post-translational modifica-

tion, but sometimes hyperphosphorylation occurs when the concentration of phosphates is

almost three times that of a healthy brain [212, 115]. The abnormal increase in phosphate

concentration hinders the association of tau protein with microtubules and results in the ag-

gregation of tau into paired helical filaments (PHF) and neurofibrillary tangles (NFT) [116].

ADs are characterized by the formation of plaques which contain aggregates of amy-

loid beta peptides and aggregates of tau in the form of NFTs. Research on AD is now being

focussed on tau after amyloid beta targeting treatments failed in clinical trials [117, 213].

Broadly tau has four domains, the N-terminal domain, the proline rich domain, repeat do-

main region and the C-terminal domain. Adult brain has four repeat domains (4R tau) and

the R3 and R4 repeat domains form the core of for paired helical filament (PHF) and straight

filament (SF) [119]. PHFs and SFs comprise of two protofilament cores with C-shaped sub-

units in different conformation, as elucidated by the cryo-EM structure by Fitzpatrick and

coworkers [118].

Studies suggest that tau interacts with the plasma membrane (PM) from its N-terminal
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and aggregation of tau is promoted by the PM in vitro, however, the mechanism is un-

known [121, 214, 122, 192]. Membrane lipids like phosphatidylcholine (PC), cholesterol,

and sphingolipid have been observed to be associated with tau proteins [131, 215]. Stud-

ies suggest that anionic lipid bilayers have a greater possibility of fibril formation in tau

and Aβ proteins [216, 217, 123]. Phosphatidylinositol 4,5-bisphosphate (PIP2), which is

an anionic lipid, is of great interest in the study of aggregation of tau proteins. In an ear-

lier work, tau and PIP2 binding has been reported, though structural information regarding

the binding of tau over PIP2 lipid was absent [218]. A more recent experimental study has

shown that PIP2 induces aggregation of repeat domains of the tau protein and increases the

random coil content in the tau protein [181]. Phosphorylation of the phosphatidylinositol

(PI) molecule at the 3, 4, and 5 positions of the inositol gives rise to seven different phos-

phoinositide derivatives. PIP2, a major form of phosphorylated PI, is a signaling lipid that

facilitates the binding of intracellular proteins to membranes. PIP2 has a negatively charged

inositol headgroup which can accommodate a negative charge of up to (-5), although (-3)

or (-4) charge is observed in some cases [219]. The mammalian cell membrane has around

5-10% of PIs and even though it is not a major component, it serves many important biolog-

ical purposes like controlling the cell death [220]. PIP2 is also involved in the generation

of messenger molecules, membrane trafficking and membrane protein interaction, protein-

protein interactions and protein oligomerization [221, 222, 223, 224]. PI lipids are found

to significantly influence the dynamics and the structure of the PC membranes [225]. An

experimental study has shown that PIP2 induces aggregation of repeat domains of the tau

protein and an increased number of random coil content in the tau protein [181].

Molecular dynamics simulations have paved the way to study the interaction of interac-

tion of lipid bilayers with amyloid fibrils [141]. MD studies also show that in zwitterionic

lipids, the interaction of bilayer and protein is mostly coulombic [143]. However, most of

the works on protein-membrane have been done on amyloid beta fibrils. MD simulation
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studies on tau fibril are still lacking involving the lipid bilayers. MD study of the full-length

tau fibril was done by Nussinov group but without any lipid bilayer [148]. In our earlier

work, we studied the effect of cholesterol in lipid bilayer on the interaction of tau fibril with

differently charged lipid molecules [34]. Also we have studied the effect of tau polymorphs

on the model neuronal membrane comprisiong of six different lipid components [226]. But

due to the lack of study on the effect of PI lipids on the interaction of tau fibril with the lipid

bilayer, we carried out all-atom and coarse-grained molecular dynamics simulations taking

a similar starting configuration.

5.1 Methodology and simulation details

5.1.1 Coarse-grained simulations

Martini is used tomodel the lipids and tau protein for coarse graining. Martini model 2.0 and

2.2 is used to model the lipids and the proteins respectively, using CHARMM-GUI [154].

The simulations are run using the parallelized GROMACS (v-2019.4). The systems were

initially energy minimized and then subsequently equilibrated in six steps restraining the

proteins and lipids. Electrostatics and Lennard Jones cut-off was set upto 1.1 nm with the

reaction field method and potential shift Verlet method respectively. The initial velocities

of the simulations were choosen from a Maxwell distribution at 310K. The temperature

and the pressure for the production run was kept constant using v-rescale thermostat and

Parrinello-Rahman barostat. The coupling constant of v-rescale thermostat was 1 ps and

the coupling constant of the Parrinello-Rahman barostat was 12 ps. The production runs

were performed for 5 µs with a time step of 20 fs. Electrostatic interaction was modelled

using the reaction field method using the dielectric constant of 15. The inital velocities are

taken from the Maxwell distribution at 310 K. The final production runs were run using the

v-rescale thermostat having a coupling constant of 1 ps and Parinello-Rahman barostat with
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a coupling constant of 12 ps.

5.1.2 All-atom simulations

The initial structures of the protein were taken from the pdb ids 5O3T and 5O3L. The

proteins have been modelled using the CHARMM-36m force field. CHARMM-36m is

shown to perform best for the PHF6 motif of the tau peptides among a series of force

fields [77, 191]. The simulations were performed using the GROMACSMD code (version-

5.1.4) [155]. The fibril was initially placed above the lipid bilayers containing PIP2 in the

ratio of 9:1 lipid:PIP2. The water model TIP3 is used along with the additional 0.15(M)

KCl to maintain the physiological conditions. The lipid molecules and PIP2 were mod-

elled using the CHARMM-36 parameters developed by Klauda et al [227, 159]. Lipids

were subjected to six steps of equilibration (by applying restraints on proteins and lipids

subsequently) after the initial energy minimization following the CHARMM-GUI proto-

col [154, 228]. The final production runs were performed at the temperature of 310K using

the Nosé-Hoover thermostat using the coupling constant of 1.0 ps. Production runs were

performed in the NPT ensemble for 200 ns using the time step of 2 fs. Long ranged electro-

statics were modelled using the Particle Mesh Ewald (PME) with a cut-off of 1.2 nm [79].

Force switch function was used to model the long range interactions. The bonds with the

hydrogen atoms were restrained using the LINCS algorithm [162].

For the water box simulations, the polymorphs (SF and PHF) of the tau fibrils are packed

in a cubic box with edge length of 1.4 – 1.5 nm. The water box simulations are also run

using GROMACS (v-2019.4).

Pure lipid systems without the protein are modelled using 200 lipid molecules in the

ratio of 9:1 of the POPC/POPG and PI lipids. The lipids are packed symmetrically with

100 lipids in both the upper and the lower leaflet. The bilayer models were generated us-

ing the CHARMM-GUI Membrane Builder. 200 ns of trajectory was generated from the

101



5 Tau with phosphatidylinositol lipids

production runs in the NPT ensemble at 310 K and 1 bar. All the analyses were done using

gmx tools and using in-house scripts invoking MDAnalysis python module using the entire

length of the trajectory [229]. The PI clusters are calculated using DBSCAN (Density-

based spatial clustering of applications with noise) algorithm from sklearn.cluster library.

The distance cutoff of 1.5 nm is choosen to calculate the clusters.

5.1.3 System Description

We have simulated symmetrical lipid bilayers consisting of POPC/POPG + PI lipids. The

tau lipids are placed above the lipid bilayers consisting of PI lipids in accordance with the

earlier studies [34]. To increase the configurational sampling we have replicated the sim-

ulations twice. The results are calculated as the average of these two simulations. Further

details of the simulated systems are given in Table 5.1. The lipids are having a composi-

tion of POPC/POPG and PI lipids in the ratio of 9:1. In the subsequent discussion, PC, PG

and PI are used to refer to POPC, POPG and PIP2 lipids, respectively. The structures of

straight filament and paired helical filament are shown in Figure 5.1 (a)-(b) respectively.

The fibril-lipid starting configuration is given in Figure 5.1(c), and the schematics of the

lipid molecules used in our study are shown in Figure 5.1(d)-(f).
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Figure 5.1: (a) and (b) are the straight filament (SF) and paired helical filament (PHF)
corresponding to the PDB ids 5O3T and 5O3L respectively, along with the PI lipids as
viewed over the top. The PI lipids are shown in lines representations in VMD. Residues
K317, K321 of SF and the residues G334, Q336 of PHF are shown in blue. (c) is the initial
configuration with the fibril and the PI lipids. The PI lipids are shown as blue sticks and
the phosphorus headgroups of the POPC lipids are shown in black. (d)-(f) The schematics
of the bilayer molecules used in our all-atom study. The nitrogen, phosphorus, carbon and
oxygen atoms are shown in blue, grey, cyan and red, respectively.
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Table 5.1: Summary of the simulations of tau fibrils in PI-containing and PI-depleted mem-
branes.

System Number of Number of Production Number of
description lipids waters run atoms

All-atom (protein and lipids)
POPC+PIP2 510 48414 200 ns × 2 225094

600 94099 200 ns × 2 374443
POPG+PIP2 510 66184 200 ns ×2 275756

600 30000 200 ns × 2 178524
Pure Lipids
POPC+PIP2 510 12088 400 ns 63086
POPG+PIP2 510 11006 400 ns 58754

Tau-protein (water box)
— — 106819 500 ns 332515
— — 137356 500 ns 424302

Coarse-grained (protein and lipids)
POPC+PIP2 510 15368 10 µs 54972

510 15562 10 µs 56060
POPG+PIP2 510 14056 10 µs 51463

510 13904 10 µs 51539

5.2 Results and Discussions

5.2.1 Tau Fibril Stability

The root mean square fluctuations (RMSFs) of the C-α atoms of the tau fibrils are given in

Figure 5.2(a). The angle of coverage as defined in our earlier work is shown in Figure 5.2(d).

RMSF provides information about the mobility and flexibility of atoms or residues within

a protein. High RMSF values indicate higher flexibility and greater deviation from the av-

erage position, suggesting dynamic regions or regions undergoing conformational changes.

Conversely, low RMSF values suggest more rigid or less mobile regions. If the distribution

of the C shape angle of coverage is narrow and centered around a specific value, it suggests

that the tau fibril adopts a stable and well-defined C-shaped conformation. This indicates

that the fibril structure is relatively rigid and maintains its characteristic shape throughout

the simulation. If the distribution of the C shape angle is broad, it suggests that the tau fibril

exhibits conformational flexibility. The PHF residues exhibit greater stability compared
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to the SF structures. The difference between the RMSF values in the PC and PG with PI

is greater in the SF structure compared to the PHF structure. Also, the residues are more

flexible in the presence of the PC+PI lipids in the SF structure. This is due to the lower

affinity of the tau fibril to bind with the bilayer in PC+PI systems, which is discussed in a

later section.

The angle of coverage is defined by the residues as shown in Figure 5.2(b)-(c). The

increase in the angle of coverage is correlated with the stability of the tau residues in case

of the PHF fibril in PG+PI systems. The angle of coverage increases from 53◦ in the SF

structure in PC+PI lipids to 59◦ in the PHF structure in PG+PI lipids. We infer that the

increase in the angle of coverage is due to the higher affinity of the fibril to bind with PI

infused lipid bilayer. Moreover, the increase of the angle of coverage correlates with the

increase of fluctuations.

5.2.2 Bilayer Properties

Area per lipids and Bilayer thickness

The bilayer thickness refers to the distance between the two leaflets of the lipid bilayer. It

is typically measured as the distance between the phosphate groups of the two lipid layers.

Bilayer thickness is affected by several factors, including the length and saturation of the

lipid tails, the size and shape of the lipid headgroup, and the presence of cholesterol or other

membrane proteins [230, 40]. The thickness of the bilayer can influence the diffusion of

small molecules and the conformational dynamics of membrane proteins [231].

The area per lipid refers to the amount of area that each lipid occupies in the bilayer. It

is typically measured as the total area of the lipid bilayer divided by the number of lipids

in the bilayer. Area per lipid is influenced by the size and shape of the lipid headgroup

and the length and saturation of the lipid tails. The area per lipid can affect the packing

and fluidity of the membrane, which can impact the diffusion of small molecules and the
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Figure 5.2: (a) RMSF of the C-α residues of the tau fibrils. (b)-(c) are the angle of coverage
PQR used in the discussion. (d) The distribution of the angle of coverage in different sys-
tems. PHF/SF-PC/PG stands for the PHF or SF structures in POPC/POPG + PIP2 bilayers.

activity of membrane proteins [232, 40, 233]. In general, changes in bilayer thickness and

area per lipid can alter the physical properties of the lipid bilayer, which can have important

biological consequences.

To elucidate the fibril lipid interactions, we have looked at the changes in the bilayer

properties. The area per lipids (APL) and the bilayer thickness in the systems shed light

on the effect of the fibrils on the bilayers. The bilayer thickness is calculated by taking the

average distance between the phosphate groups on either leaflets. The APL for the systems

along with the bilayer thickness are shown in Figure 5.3. The bilayer thickness and APL
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describe the membrane deformations induced by the tau binding. The tau binding leads to

membrane thinning and also leads to the decrease of APL compared to the control systems

comprising of pure lipid bilayers.

Figure 5.3: (a)-(b) are the box plots for the area per lipids and bilayer thickness averaged
over the entire trajectory. The APL and bilayer thickness for the control systems without
the tau fibrils are shown as box plots in (c) and (d), respectively.

The two-dimensional bilayer thickness in various bilayers and the control system with-

out the tau fibril are shown in Figure 5.4. The thickness is projected over the bilayer plane

and is shown as a colorbar. We find that the inclusion of tau fibrils induces local defor-

mations in the membrane surface. The local thinning of the bilayer is most important to

decipher the binding of tau fibrils. In case of the PHF structure in PC+PI lipid the bilayer

thickness is high and is distributed throughout the bilayer. In comparison, the SF structure

in PC+PI lipid shows two distinct islands of lower thickness seperated by higher thickness.

The PHF strcuture in the PG+PI lipids show a comparatively thinner bilayer surface with

respect to the PC+PI system, while in the case of SF structure in the PG+PI lipids there are
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Figure 5.4: (a)-(b) are the bilayer thickness for the systems projected over the bilayer plane
for the PC+PI and PG+PI systems respectively. The bilayer thickness (nm) is shown in a
colorbar. (c) shows the snapshots of the tau incorporated PC+PI (left) and PG+PI (right)
systems.

certain smaller regions of higher thickness in comparison to the SF structure in the PC+PI

lipids. Overall we find that the PG+PI bilayer in presence of PHF structure show the largest

decrease in the bilayer thickness in the tau-incorporated membrane.

Order Parameter

Order parameter (SCH) of the lipid tails signify the time-averaged C–H bond angle, with

respect to the bilayer normal. The Order Parameter of the acyl chains is defined as follows

SCH =

⟨
3cos2θ − 1

2

⟩
(5.1)
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Table 5.2: Mean value of the area per lipid (nm2) and bilayer thickness (nm) of tau incor-
porated systems and control systems.

Area Per Lipid (nm2) Bilayer Thickness (nm)
Pure PI-PC 0.644 ± 0.01 3.888 ± 0.06
Pure PI-PG 0.686 ± 0.01 3.695 ± 0.05
PHF-PC 0.554 ± 0.009 3.832 ± 0.05
PHF-PG 0.597 ± 0.008 3.671 ± 0.03
SF-PC 0.588 ± 0.008 3.862 ± 0.04
SF-PG 0.649 ± 0.008 3.527 ± 0.02

The SCH value of 1 corresponds to completely ordered acyl chains, and SCH value → 0

signifies randomly oriented acyl chains. The SCH values of the sn-1 chains and the sn-2

chains in all the systems are shown in Figure 5.5 for PC and PG lipids. For both chains, the

first seven carbon atoms show larger SCH values than atoms in the membrane core region,

suggesting higher membrane fluidities near the lipid core. The highest values of the acyl

chains are found for the pure PC-PI systems followed by SF-PC system. The least ordering

of the acyl chains are found in the SF fibril with PG+PI lipids. Incorporation of PHF and

SF tau fibrils decreases the lipid ordering as found from the earlier studies [34, 123]. Yet,

there is only negligible change (approximately 2%) in the PC+PI systems in going from

the pure membrane to the tau-infused membrane. On the other hand, there is a significant

decrease in the order parameter in going from the pure PG+PI lipids to the fibril-infused

lipid membrane with the highest decrease in the PHF structure (nearly 16%). Hence, we

conclude that the PHF fibril perturbs the PG+PI more effectively compared to the SF fibril.

Also, the negatively charged PG lipids are more affected by the tau fibrils compared to the

PC lipids.

Tilt Angle

The tilt angle of the lipid molecules is important to decipher the lipid packing in the bi-

layer [234, 235]. The tilt angle is defined as the angle between the bilayer normal and the
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Figure 5.5: (a)-(b) are the order parameters of the lipid tails of PC/PG for the sn-1 and sn-2
chains of respectively.

individual vectors of P→ C2 in PG lipid, P→ C14 in PI lipid, and P→N in PC lipid [236].

If the tilt angle of the lipid is too large or too small, the membrane may become more rigid

or more permeable [237, 238]. The tilt angle of the lipid molecules discerns the impact

of the lipid packing and ordering of the bilayers. The earlier studies have found that the

interdigitation, lipid order along with the lipid tilt angle is interrelated [239]. The increase

in the lipid tilt angle leads to the decreasing lipid order due to the increase of the kink of the

acyl chains. The phosphorylated inositol ring of the PI lipids are important to regulate the
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Table 5.3: Tilt angle (◦) for the lipid vectors for all the systems.
System PI PC PG

pure PI-PC 59.78 88.28 –
pure PI-PG 48.09 – 40.61
PHF-PC 52.53 89.66 –
PHF-PG 51.63 – 37.74
SF-PC 23.96 91.5 –
SF-PG 52.12 – 40.58

specificity of the protein binding through electrostatic interactions [240]. It has also been

observed that when the inositol rings move away from the membrane, the clustering of PI

lipids is favoured [241]. The presence of the negatively charged PS lipids is also found to

influence the inositol tilt angle in deciding the hydrogen bonding strength [225]. The mean

tilt angle for all the systems is given in Table 5.3.

In general, the tilt angle of the PI molecules decrease in the presence of the both SF and

PHF fibrils in the PI-PC system. On the other hand, the tilt angle increase in the presence of

tau fibrils in the PI-PG system. The tilt angle can influence the accessibility and exposure

of the PI headgroup, which in turn can affect protein binding specificity. Understanding

the relationship between PI tilt angle and protein binding specificity can provide insights

into the molecular mechanisms underlying protein-lipid interactions and the regulation of

cellular processes involving PI signaling pathways [242].

Membrane Roughness

Membrane roughness is defined by the following equation [236]

R =
1

n

n∑
i=1

|(zi − zm)| (5.2)

where n is the total number of reference atoms, zi is the z-coordinate of reference atom i, and

zm is the mean z-position of reference atoms. The values of the membrane roughness are

given in Table 5.4. The membrane roughness is calculated through the average z-position
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Table 5.4: Membrane Roughness (nm) of tau incorporated systems and control systems.
System Roughness (nm)

pure PI-PC 0.863 ± 0.01
pure PI-PG 0.773 ± 0.01
PHF-PC 0.881 ± 0.01
PHF-PG 0.953 ± 0.08
SF-PC 0.872 ± 0.01
SF-PG 0.796 ± 0.02

of the lipid which describes the vertical fluctuations of the lipid molecules in the bilayers.

For our results across all the systems, we have taken the PC or PG lipid as the reference in

calculating the roughness. Membrane roughness canmodulate the availability, accessibility,

and organization of PI molecules, thereby impacting the binding affinity and localization

of proteins that interact with PI lipids. Leonenko’s group showed experimentally that the

membrane roughness of the diseased membrane model in the presence of the Aβ changes

over time [243]. The higher membrane roughness correlated with increasing accumulation

of Aβ aggregates over the membrane. In our study, we found that the presence of tau fibrils

in the system increase the membrane roughness compared to the pure PC+PI and PG+PI

systems. Interaction with the PHF structure leads to the increase in themembrane roughness

much more than the SF structure.

Lipid Interdigitation

The interdigitation of the membrane lipids is calculated through the degree of interdigita-

tion between the acyl tails [244]. Lipid interdigitation is calculated from the corresponding

width of the overlapping regions (wρ). Earlier studies have found that membrane binding

with the proteins leads to the thinning of the membrane which in turn leads to the mass over-

lap of the acyl chains in the opposing leaflets [245, 239]. The values of the interdigitation

metrics for all the systems are given in Table 5.5.

We find that the decrease in the bilayer thickness correlates with the increasing inter-
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Table 5.5: The interdigitation metrics for all the systems.
System wρ (nm)

pure PI-PC 0.51 ± 0.03
pure PI-PG 0.58 ± 0.02
PHF-PC 0.59 ± 0.03
PHF-PG 0.78 ± 0.08
SF-PC 0.60 ± 0.05
SF-PG 0.88 ± 0.05

digitation with the interaction of the tau fibrils. The interdigitation is more prominent in

PG+PI in presence of SF fibrils. The interdigitation of the pure PG+PI lipids increases by

nearly 0.20 nm with the inclusion of the PHF, whereas it increases by 0.30 nm in presence

of SF fibril. The change in interdigitation values of the acyl chains is minimal in the PC+PI

lipids upon inclusion of tau polymorphs. Thus, we conclude that lipid interdigitation and

bilayer thinning occur simultaneously with the inclusion of tau polymorphs, and the change

in interdigitation is most prominent in the SF system comprising PG+PI lipids.
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5.2.3 Tau bilayer interaction

Number of Contacts

Tomodel longer timescales of the tau-membrane interaction, we calculated the total number

of contacts between the membrane and the tau structures from the coarse grained simula-

tions. The cutoff for the contacts is chosen to be 0.7 nm. The total number of contacts be-

tween the membrane and the tau structure is shown in Figure 5.6. The change in the number

of contacts is marginal in both the PC+PI and PG+PI systems. PHF in PC+PI bilayer shows

a lower number of contacts compared to the PG+PI. On the other hand, the changes in the

number of contacts in SF with PC+PI and PG+PI are minimal which is nearly 1%. Hence,

it is observed that the PHF structure shows the most stable binding with PG+PI bilayer.

The clustering of the PI lipids is a necessary phenomenon responsible for cell signalling

that is critical for cell health [246, 247, 248, 249]. The clustering is mediated by the influ-

ence of cations like Ca2+, which is also observed in physiological conditions [250]. Based

on the coarse grained simulations studies of our earlier report [34], we have compared the

number of tau – lipid contacts in the SF fibril in the pure PG bilayer with that in the PG-PI

bilayer. The presence of PI lipids in the bilayer increases the number of contacts between

the tau fibril and the bilyaer in both the bilayers formed of PC and PG lipids. Thus, we can

infer from the coarse grained simulations that PI lipids facilitate the tau fibril binding over

the bilayer. The inclusion of the PI lipids show a more consistent tau interaction between

the zwitterionic PC in comparison to the anionic PG lipids. We also observe clustering of

the PI lipids in the bilayer during the course of the simulations, which is shown in Fig-

ure 5.6(b)-(c). The number of PI lipids found in the clustering is shown in Figure 5.6(d).

We predict a possible correlation between the clustering of the PI lipids and the increasing

number of contacts between the tau fibril and the PI containing bilayers.
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Figure 5.6: (a) The number of contacts between the tau fibrils and the bilayer from the
coarse-grained simulations. (b)-(c) are the snaphots of the bilayer at various timesteps from
the coarse grained simulations in PC and PG systems, respectively. The PI headgroups are
shown as blue VDW spheres, the PC/PG beads are shown in cyan. (d) The histograms of the
number of PI lipids forming clusters which is obtained from the coarse grained simulations
in PHF system.

Per Residue Contacts

To analyse the fibril–lipid contacts, we have calculated the per residue contacts of the tau

polymorphs. The per residue contacts for the SF and PHF structures are shown in Figure 5.7.
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The contacts are calculated taking a cutoff value of 1.0 nm from tau residue to the lipid taken

from the all atom simulations. This will help us understanding which specific amino acid

residues of the tau fibrils come close to the lipid molecules providing valuable insights

into the molecular interactions that may be relevant for understanding the tau mediated

pathogenesis.

The PHF structures show more number of contacts with both the POPC and PIP2 lipids

in comparison to the SF structures. In the case of the PHF structures, N-terminal region

shows a higher number of contacts with the PIP2 lipids, especially between the I308 and

K317 residues. The higher number of PIP2 lipid contacts leads to the concomitant decrease

of the POPC contacts. The POPC contacts are highest in K321 residue. Similarly, for the

PHF with POPG+PIP2 lipids, the peaks for POPG lipids are seen at K317, K321 residues

and I371 for the PIP2 lipids. The least number of contacts are seen for the SF structure

with POPC+PIP2 lipids with the peaks at 327–328 residues for the PIP2 and POPC lipids

respectively.

Tau dimer interface

The tau R3–R4 structure is stabilized by certain key residues in the interface. The poly-

morphism arises from the difference in the dimer interface though the core residues of

the R3–R4 fragment are the same. The important amino acid interactions stabilizing the

dimer interface are shown in Figure 5.8. In the PHF interface, the important interactions

are salt-bridge contacts between K331–E338 and the interaction between G334 residues in

the adjacent chains. In the SF structure, the dimer interaction is between L315–K321 and

K317–K321 residues.

In the PHF structure, the G334–G334 distance is 0.599 nm in the cryo-EM structure

which decreases in all the systems. The average distance between the G334–G334 residues

in PG+PI and PC+PI is nearly 0.440 nm. The salt bridge distance between the NH+
3 and
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Figure 5.7: (a)-(b) are the per residue contacts for the PHF structure and (c)-(d) are the per
residue contacts of the SF structure for the individual lipid components.

COO− groups in the cryo-EM structure is 0.693 nm and in the water medium it is 0.371 nm.

Hence the G334–G334 and salt bridge distance decreases in both the water medium and the

PI infused lipids.

In the SF structure, L315–K321 residues have a distance of 0.935 nm in the cryo-EM

structure and 0.783 nm in the water medium. This distance changes to 0.839 nm and

0.729 nm in the PC+PI and PG+PI systems. The distance between the K317–K321 residues

changes to 1.316 nm and 1.119 nm in the PC+PI and PG+PI lipids respectively. The K317–

K321 distance in the water medium is 1.260 nm and the corresponding distance in the cryo

EM structure is 1.213 nm. Thus, the cryo EM distances for the interface residues changes

117



5 Tau with phosphatidylinositol lipids

Figure 5.8: (a)-(b) are the L315–K321 distance and K317–K321 distance for SF structures.
(c)-(d) are the K331–E338 distance and G334–G334 distance for PHF structures. (e)-(f)
are the snapshots for the tau fibril interface showing the key residues.

in both the water medium and in the PI infused membranes. We predict the tighter packing

of the tau dimers in the PI infused bilayers in the timescales of our simulations.

Secondary structure content

The secondary structure content of the tau polymorphs shed light on the changes in the

secondary structure upon binding with the PI-infused lipids. The earlier studies have shown

that the composition of the lipid bilayers have an effect on the secondary structure content

of the tau fibrils and the interaction of the tau fibrils with the lipid bilayers lead to the

concomitant loss of the β-sheet structures [34, 185]. The cryo-EM structure of the tau R3–
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R4 fragments span the residues V306–K311 in β1, V313–C322 in β2, N327–K331 in β3,

Q336–S341 in β4, K343–K347 in β5, R349–I357 in β6, S356–V363 in β7 and N368–F378

in β8. The per residue propensity of the tau residues is shown in Figure 5.9(a)-(b). The total

number of the β-sheet residues is shown in a violin plot in Figure 5.9(c).

The secondary structure content of the tau fibrils varies considerably in the presence of

the PI-infused bilayers. The PHF structures show only a marginal change in the per-residue

propensity in going from PC+PI to PG+PI. The C-terminals show considerable change in

the proportion of the β-strand and the coil conformation in the SF structures in the PC and

PG-infused PI lipids. Also, the β6 region betweenR349–I357 and β7 region between S356–

V363 show most notable changes. In the PI-PC lipids the β3 region and the C-terminal

region show most difference in the β-sheet content. In terms of the total number of β-

sheet residues, we find that the negatively charged PG+PI lipids preserve most of the β-

sheet region in the SF structure. The least number of β-sheet residues is found in the PHF

structure with the PC+PI lipids. In comparison with the tau-PI systems, the total number of

beta-sheet residues in the water medium is 379±22 for the PHF fibrils and 401±21 in the

case of SF structures. Hence we conclude that the interaction of the negatively charged PG

with PI lipids preserves the most number of β sheet residues in tau. The interaction of the

tau fibrils with the lipid bilayers lead to the change in number of β-sheet residues.

Bilayer Fibril Depth

To characterize the binding of the tau fibrils over the membrane bilayers, we have computed

the z-coordinate center of the mass distance between the tau fibrils and the bilayer. The z-

coordinate represents the vertical axis perpendicular to the surface of the bilayer, and it

is used to describe the position of molecules along this axis. This describes how far the

tau fibrils are from the lipid bilayer, providing valuable information about the interaction

between them. This bilayer fibril approach depth is shown in Figure 5.10(a). The final
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Figure 5.9: (a)-(b) are the per residue propensities in tau polymorphs PHF and SF structures
respectively in the PI infused PG lipids, and (c)-(d) are the per residue propensities in the
PI infused PC lipids (e) is the violin plot of the total number of β-sheet residues in the four
systems. PHF/SF – PC/PG stands for the PHF or SF structures in PC/PG+PI bilayers.
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snapshots of all the systems are shown in Figure 5.10(b)-(e). The tau fibrils approach PI-

infused PG lipids closer compared to the PC-infused PI lipids. The depth is less for the

SF–PG system with respect to the PHF–PG system. On the contrary, the SF is farthest from

the center of mass of the bilayer in PC systems among all the systems. Thus, tau fibrils in

the presence of the PG-PI lipids show the most effective binding over the membrane. To

further corroborate this fact, the final snapshots are also included in Figure 5.10. As found

in the case of the SF–PC system, the final snapshot shows the fibril moving away from the

bilayer.

Binding specificity of PI lipids with the tau fibrils

The PI lipids cluster spontaneously in the lipid membrane which is responsible for cell sig-

nalling and calcium influx in the cell [249]. The calcium ions bridge between the negatively

charged phosphate groups in the PI lipids and facilitate the aggregation [247]. It is known

that the tau binding on the lipid membranes are mediated by the positively charged residues

of the tau surface and the negatively charged lipid headgroups, hence we looked into the

possible docking mechanism of the tau fibril over the PI domains on the bilayer [132, 226].

Figure 5.11 shows the snapshots of the interaction of tau filament (PHF) with PI lipids at

different timeframes. Arg 349 and Lys 353 residues are shown along with a neighbouring

PI lipid. The PI lipid is bound to the Arg 349 residue initially upto 55 ns. Once the PI lipid

is unbound, it binds to the neighboring Lys 353. This binding of Lys 353 with the PI lipid

has a longer residence time and it lasts nearly 160 ns. The distance between the -NH3
+ of

Arg/Lys and the -PO4
3− of PI lipid is also included in Figure 5.11(e).

We prostulate that the PI binding is mediated by the negatively charged PG lipids, the

presence of which makes the positively charged tau residues move closer to the PI head-

groups. On the contrary, the initial interaction of the tau residues with the PC lipids are

less as the PC is zwitterionic. The positively charged residues of the tau are hence far away

121



5 Tau with phosphatidylinositol lipids

Figure 5.10: (a) The bilayer approach depth of the fibril and the bilayer along the z-direction.
(b)-(c) are the final snapshots for the PHF-PG and PHF-PC systems and (d)-(e) are the final
snapshots of the SF-PG and SF-PC systems.

from the negatively charged phosphate groups of PI lipids which causes reduced affinity of

tau binding in PC-PI lipids.

Corbin et al. proposed a two-step search process based on their investigation of the

GRP1 PH domain and PI lipid [251, 225]. Initially, the PH domain engages in transient
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and weak electrostatic interactions with the anionic lipids (PS/PI) in the background. This

interaction enhances the protein’s residency time on the membrane surface and enables a

two-dimensional search for PI. Once PI is located, the PH domain binds to it specifically

and with a high affinity. The first step involves proteins being attracted to the membrane

surface by anionic lipids (PS and PI) through nonspecific electrostatic interactions. This

interaction reduces the search dimension from three to two, facilitating efficient protein

diffusion without tight binding. In the second step, proteins may encounter their target PIs

in a distinct region during two dimensional diffusion, where the PI are bound to adjacent an-

ionic lipids (PS and PI) through hydrogen bonding. Alternatively, proteins can locate target

PI through orientational changes when the PI are bonded to the PS/PI in the same region.

Finally, proteins bind to PIPs through specific interactions with the phosphate groups of the

inositol ring or through stronger nonspecific electrostatic interactions with basic residues

in the protein.

5.3 Conclusion

The interaction of tau with the cellular membrane appears to be an important factor in the

development of tau-related pathologies, and further research is needed to fully understand

the mechanisms underlying this interaction and its contribution to disease. MD simulation

studies of the tau polymorphs (PHF and SF) in presence of the model membrane composed

of PC/PG and PI lipids in the ratio of 9:1 have been carried out to probe the interaction

of phosphatidylinositol (PI) with tau fibrils. PHF structures are found to be more stable

than the SF in the PI infused POPC and POPG PI lipids. The tau binding over the PI

containing bilayer causesmembrane deformationwhich is evident from the order parameter,

tilt angle and membrane roughness. Though simulations done in the timescales described

cannot capture all modes of interaction and adsorption of tau over themembrane, our studies
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Figure 5.11: The snapshots of tau filament (PHF) interacting with the PI lipids at four
different timeframes. Only the first chain of the tau fibril interacting with the lipid is shown
for clarity. The positively charged residues (Arg, Lys, His) and the interacting PI lipid are
shown in licorice representation. The second column is the snapshot viewed from the xz
plane.
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provide insights into the interaction of PI with tau fibrils in bilayers composed of POPC and

POPG infused with PI lipids. Multiple starting configurations with different orientations of

the tau are required to capture other modes of interaction. Also, metadynamics and umbrella

sampling can be done taking suitable collective variable. But, even with the inclusion of

most powerful computational hardwares and optimized MD codes, 300,000 atoms still can

be computationally demanding for theMD simulations carried out here in the current report.
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Conclusion
Neurodegenerative diseases have a significant impact on global health, affecting millions

of people worldwide. These diseases pose a substantial burden on individuals, families, and

healthcare systems due to their chronic and progressive nature. These are a group of disor-

ders characterized by the progressive degeneration and dysfunction of neurons (nerve cells)

in the central nervous system. These diseases primarily affect the structure and function of

the brain and spinal cord, leading to a gradual decline in cognitive function and overall

neurological health. The important cause of neurological disorders (like Alzheimer’s Dis-

ease and several other tauopathies) are correlated with the aggregation of the amyloid beta

and tau in the extracellular membrane and neurofibrillary tangles intracellularly. Even with

the advent of modern biophysical techniques and imaging techniques the progression of

Alzheimer’s and its correlation with the decline of cognition is poorly understood. We aim

to investigate the structural and biophysical characteristics of these aggregating proteins that

lead to neurological disorders. Though most of the research has been guided towards the

amyloid β protein and its aggregation, tau proteins are less studied and still not understood

properly. With the rise of cryo-electron microscopy and sophisticated structure refinement

protocols along with NMR, the neurodegenerative protein ensembles are characterized in a

better way.

The helix→ coil transition is an important collective variable used earlier to characterize

the folding of the α-helix rich small peptides. We find that the helix→ coil transition of the

amyloid β monomer is affected by the inclusion of Zn2+ ion with the monomer. The Zn2+

ion is found to stabilize the regions with α-helix residues.
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Since the importance of the cell membrane mediated tau toxicity is poorly understood,

we modeled the interaction of the tau fibrils (derived from the cryo-EM) through the all-

atom and coarse-grained simulations. Lipid composition is found to affect the conforma-

tional ensemble of the tau fibrils. Molecular dynamics simulations show that tau proteins

interact differentially with the zwitterionic compared to the charged lipid membranes. The

negatively charged POPG lipid membranes increase the binding propensity of the tau fib-

rils. The addition of cholesterol is also found to modify the tau binding to the membrane.

The binding of tau fibril leads to the concomitant loss of the β-sheet structures across the

tau residues alongside the change in the membrane properties (like area per lipid, bilayer

thickness, and order parameter of the lipid tails) over the pure bilayers.

Molecular mechanisms underlying the tau interaction with the neuronal membrane are

hitherto unknown and difficult to characterize using experimental methods. Using the struc-

ture of the tau-fibrils we have used atomistic molecular dynamics simulation to model the

tau fibril and neuronal membrane interaction using explicit solvation. The dynamics and

structural characteristics of the tau fibril with the neuronal membrane are compared to the

tau fibril in the aqueous phase to corroborate the effect of the neuronal membrane in the

tau structure. Tau fibrils have been modelled using CHARMM-36m force field and a six

component neuronal membrane composition is taken. The timescale conceivable in our

molecular dynamics simulations is of the order of microseconds which captures the onset

of the interaction of the tau fibrils with the neuronal membrane. This interaction is found

to impact the tau pathogenesis that finally causes neuronal toxicity. Our study initiates the

understanding of tau conformational ensemble in the presence of neuronal membrane and

sheds light on the significant tau- neuronal membrane interactions.

Phosphatidylinositol (PI) lipids act as important members for the domain formation in

the cell membranes. We also have studied the influence of the PI lipids on the structure and

conformation of tau proteins. Tau proteins have emerged as important candidates in caus-
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ing a number of tauopathies including Alzheimer’s Disease. We have carried out molecular

dynamics simulations (both coarse-grained and all-atom) using PI lipid incorporated lipid

patches having POPC and POPG to study the conformational changes of the R3–R4 section

of the tau fibrils. We observe varying degree of perturbation by the tau polymorphs in the

lipid membrane, which is studied through various lipid membrane properties (like mem-

brane roughness, acyl chain order parameter, tilt angle, etc). We also elucidate the docking

sites of the PI lipids on the tau fibrils mediated by the electrostatic interactions between the

negatively charged PI lipid headgroups and the positively charged tau residues in the tau

surface. The negatively charged POPG along with PI lipids synergistically facilitates this

binding of tau on the PI infused lipid membranes.
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Appendix A

Figure A.1: End-to-end distance being plotted with respect to the number of frames for the
pulling simulations.
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A

Figure A.2: Final snapshot of the tau fibril over the POPC lipid with the tau shown in new
cartoon representation and the phosphorus headgroups shown in VDW representation.
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